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Abstract

In this study we undertook a global assessment of the morphological characteristics
of disccellsin several species. Morphological cellular characteristics in mouse, deer,
human foetal and ovine intervertebral disc (IVD) were assessed using histological
and immunohistological techniques. Notochordal cells of differing morphologies
were identified in these species. Progenitor cell nests were identified in mice in the
outer AF at its juncture with the vertebral growth plate. The NP of adult ovine IVDs
also contained distinctive colonies of dividing chondroid-like cells within a well-
defined basophilic aggrecan rich but versican negative matrix. These cells were
of a different morphology to authentic disc fibrochondrocytes in the surrounding
NP in a fibrous versican rich matrix. HA was also identified as a component of
the chondroid cell-nests in the NP. These may represent a progenitor cell niche,
HA has been shown to be associated with stem cell niches in a number of tissues
where it has a role in the regulation of stem cell quiescence and maintenance of
stem cell viability. Chondroid cell nests were also identified in IVDs in which disc
degeneration had been induced by an annular lesion, these may be a source of
cells for repair processes. The chondroid-disc cell population in the central adult
ovine NP differed from all other cell types in foetal and newborn ovine, murine, or
cervine IVDs and may represent resident adult progenitor cell population worthy
of further study. Similar cellular arrangements have recently been identified in
human IVDs, isolated and cultured and shown to express stem cell markers in
monolayers and by flow cytometry. The animal species examined in the present
study are commonly used in IVD repair studies, the remarkable biodiversity of disc
cells observed across species indicate caution should be made in any extrapolations
to the human IVD.
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which contain the hoop stresses generated in the IVD upon axial
compression of the spine, these provide the AF with tensile

Introduction

Theintervertebral disc (IVD) is an intricate collection of connective
tissues of disparate structure and function, which collectively act
as a weight-bearing cushion between the bony vertebrae of the
spine [1]. The outer region of the IVD is the annulus fibrosus (AF),
a collagen-rich tissue consisting of successive layers or lamellae

properties which aid in the dissipation of these compressive loads
[2]. The AF encloses the central region of the IVD, the nucleus
pulposus (NP) which is a gelatinous tissue (at least in infancy)
rich in proteoglycans (aggrecan) that imbibe water and provide
hydrodynamic weight bearing properties to the composite
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IVD. Superior and inferior layers of hyaline-like cartilage, the
cartilaginous endplates (CEP), further contain the NP cranially
and caudally interfacing between the IVD and adjacent vertebral
bodies (VBs) preventing the extrusion of the NP into the VBs
under the very considerable compressive loads it experiences
during axial spinal loading [3]. The IVD tissue components are
synthesised, assembled and maintained by a number of different
cell types. The AF contains an elongated fusiform fibroblast-like
collection of interconnected cells which are layed down between
and within the fibrillar collagenous lamellar layers. In the inner
AF these cells assume a plumper more rounded morphology
than the outer AF cells. The cells of the NP are reported to be
large and vacuolated in the newborn but soon after birth they
become smaller and occur as single rounded chondrocyte-
like cells surrounded by a well-defined pericellular matrix set
within an abundant interstitial and interterritorial matrix rich
in aggrecan and type Il collagen. The cells of the CEP have
rounded chondrocyte-like morphologies and are surrounded
by a glassy hyaline cartilaginous matrix which merges with the
fibrocartilaginous NP and AF and the bone of the vertebral body.

Ontogeny of IVD cells

During embryogenesis the notochord is surrounded by
mesenchymal cells which have important roles to play in the
development of the AF, NP and VB. The earliest stages of vertebral
development are identified in the primitive streak germ layers
and notochord during the first 3 weeks of gestation. Cellular
migration occurs from the primitive streak to form the somites,
dermatomyotome and sclerotome [4]. Cells subsequently migrate
from the sclerotome to surround the notochord and areas of
high and low sclerotomal cell density subsequently develop by
weeks 5-6, these will give rise to the IVD and VBs [5]. Condensed
notochordal cells centrally within the developing AF subsequently
give rise to the NP over weeks 7-9. Progressive maturation of the
annularlamellae and NP occurs over weeks 9-12 of gestation along
with a gradual regression of the notochord with chondrogenesis
driving early spinal development. Hypertrophy of central
chondrocytes in the VB rudiment cartilages initiate formation
of the primary ossification centres which begin to mineralise
from week 10 of gestation. The IVD undergoes progressive
maturational changes over foetal weeks 10-20 better defining the
AF and NP, increases in IVD glycosaminoglycan content also occur
and the development of the characteristic collagenous annular
arcades inserting into the VBs.

Characteristics of notochordal cells

Notochordal cells are the progenitor cell type for the small
rounded fibrochondrocytic NP cells (~10 um diameter) which
populate the adult IVD. Foetal notochordal cells are large (25-
85 um) and contain intracellular vacuole-like structures leading
to their description as a physalipherous (foamy) cell type, with
an amorphous nucleus, well demarcated Golgi and extended
endoplasmic reticulum [6]. At birth, ECM deposition within the NP
notochordal remnant separates the compact foetal notochordal
cells into looser cell clusters (chorda reticulum). In man it is
suggested that these foetal notochordal cells disappear by 11
years of age however there are also reports of a small percentage
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of notochordal cells which persist in the adult IVD. This change
from large notochordal cell to small NP cell in the adult IVD occurs
in humans, bovine, horse and chondrodystrophic dogs however
pigs, rabbits, non-chondrodystrophic dogs, mice and rats retain
the large vacuolated NP cell phenotype till much later in life and
some strains of these animals even retain the large vacuolated
notochordal cell type into old age [7]. Fate mapping cell lineage
studies using tamoxifen inducible ShhCreERT2 and NotoCre
mice have shown unequivocally that all NP cells including those
in the adult have a notochordal origin [8]. Large and small cells
in the adult NP have also been shown to express Brachyury, a
notochord specific protein. Rats, chondrodystrophoid dogs,
adult bovine, degenerate and non-degenerate human NP cells
all express Brachyury in adulthood [9]. Furthermore, analysis
of morphologically different NP cells ie small chondrocyte-like
and large vacuolated cells showed a significant overlap in gene
expression profiles including Brachyury which suggests a common
ancestry. The expression of Brachyury by all NP cells also shows
that adult NP cells with morphologies dissimilar from what are
considered notochordal cells also exist. These may represent
adult "notochordal cells" which have undergone maturational
change resulting in a different morphology from the cells residing
in the foetal notochord [10,11]. Isolation and culture of single cells
and cell clusters from degenerate human IVDs has shown that
the clustered cells proliferate more slowly in monolayer culture
[12]. Both cell populations expressed notochordal and progenitor
cell markers including the CS sulphation motifs 3B3(-), 7D4, 4C3
and 6C3; Notch-1, and cytokeratins -8 and -19. Flow cytometry
also demonstrated stem cell marker (CD73, CD90, CD105) profiles
similar to those displayed by bone marrow derived stem cells.

In an alternative approach, time-lapsed cell tracking methodology
on single notochordal cells and a robotic automated real-time cell
imaging system has shown that some notochordal cells grown in
3D culture eventually displayed a chondrocyte-like phenotype
synthesising type Il collagen and aggrecan, these notochordal cells
therefore represented a progenitor cell population responsible
for the formation of the NP cells [13], other notochordal cells
formed giant cells in culture but did not divide.

The adult notochordal cell controversy

Most adult mammals have IVDs containing fibroblastic and
chondrocytic cells but few notochordal cells, or at least cells of
a physalipherous morphology [14]. Some authors have however
reported the persistence of the notochord in the adult human
spine and the presence of IVD cells which express typical
notochordal markers, these cells however are not of the same
morphology as the foetal notochordal cells. Their identity in the
adult IVD is based on their relatively large size, occurrence in cell
clusters in the NP and the expression of well-defined notochordal
markers such as Brachyury. Adult notochordal cells also express
cytokeratin-8 and -19 and a number of progenitor cell markers
(Notch-1, 3B3[-], 4C3, 7D4, CD73, CD90, CD105) which are less
specific [12]. A major problem is that a clear description of the
definitive morphological characteristics of an adult notochordal
cell does not exist in the literature. This leaves authors to make
the assumption that cells of a different morphology to that of
the small fibrochondrocytic NP cells must therefore represent an
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adult notochordal cell population and a number of researchers
have now shown that these cells express notochordal markers.
We consider that calling these cells notochordal is not helpful
and that they should be considered as an adult progenitor cell
population derived from a notochordal cell population which
has undergone maturational change into this progenitor cell
population. In the present study we have identified such a
population of cells of very similar morphology to NP cells recently
identified in human IVDs and which expressed notochordal
cell markers and displayed CD marker profiles similar to stem/
progenitor cells [12]. In future work we aim to fully characterise
this cell type and determine its suitability for IVD repair.

Materials and Methods

Chondroitinase-ABC was obtained from Sigma-Aldrich, Castle
Hill, NSW, Australia. Keratanase | and Keratanase Il were
obtained from Seikegaku Japan. Menzel and Glaser SuperFrost
ultraPlus, positively charged microscope sides were obtained
from Fisher Scientific, Braunschweig, GmbH. Biotinylated anti-
mouse, IgG secondary antibody, and streptavidin horseradish
peroxidase conjugate were obtained from Dako, Botany, NSW,
Australia. Histochoice® was an Amresco product (Solon, OH,
USA). Monoclonal antibody (mAb) to aggrecan G1 domain
(clone 969D4D11) was obtained from Biosource Europe, Nivelle,
Belgium through Bioclone, Sydney, Australia. MAb 12C5 to
versican G1 domain originally developed by Dr R Asher [15,16]
was obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained by
The University of lowa, Department of Biological Sciences, lowa
City, IA 52242. NovaRED substrate was obtained from Vector
laboratories, Burlingame, CA, USA.

Tissues
Histological processing of IVDs

Prior to fixing the spinal segments or individual IVDs, the
specimens were trimmed of all surrounding soft connective
tissue and subjected to "En-bloc" fixation for 48h in 10% neutral
buffered formalin or Histochoice (human foetal and mouse
specimens). The specimens were then decalcified in 10% (v/v)
formic acid 5% (v/v) neutral buffered formalin with constant
agitation and frequent changes of decalcification solution for
up to 10 days. The decalcifications were carefully monitored to
an end point where a pin could be inserted into the vertebral
bodies with modest pressure. Entire mouse and human foetal
spinal segments, individual fallow deer or sheep newborn IVDs or
vertical tissue blocks (~5 mm thick) of fixed and decalcified IVD-
vertebral body segments were dehydrated in graded ethanols
and xylene and embedded in paraffin wax. Four micron vertical
microtome sections were cut from the fixed decalcified tissue
blocks. These were attached to SuperFrost Plus glass microscope
slides (Menzel-Glaser, Germany), de-paraffinised in xylene (2
changes x 5 min), and re-hydrated through graded ethanol
washes (100-70% v/v) to water.
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Histochemistry

Toluidine blue staining

Mid-line longitudinal sections of the mouse and human foetal
spinal segments (4 m) were prepared. Vertical sections (4 m) of
IVD and superior and inferior vertebral bodies of the fallow deer
and sheep specimens were stained for 10 min with 0.04% (w/v)
toluidine blue in 0.1 M sodium acetate buffer, pH 4.0, to visualize
the anionic glycosaminoglycans followed by a 2-min counterstain
in 0.1% (w/v) fast green FCF.

Haematoxylin and Eosin staining

Selected tissue sections were stained in Mayers Haematoxylin (5
min) to assess cellular morphology, rinsed in tap water blued in
Scotts Blueing solution (1 min) and counterstained in 0.0001%
eosin (5 min), dehydrated in 95% (v/v) ethanol then absolute
ethanol, cleared in xylene and mounted.

Immunohistochemistry

Aggrecan and Versican were immunolocalised using a Sequenza
vertical cover-plate immunostaining system [17-20]. Endogenous
peroxidase activity was blocked by incubating the tissue sections
with 3% H,O, for 5 min and after washing in water non-specific
binding sites were blocked with 10% swine serum for 10 min.
The sections were pre-digested for 2h at 37°C with 0.05 U/
ml chondroitinase ABC prior to incubation with anti-versican
12C5 MAb (1/2000 dilution) or anti-aggrecan MAb Clone
969D411 (1/10,000 dilution) overnight at 4°C. The primary
Ab's were subsequently localised using biotinylated anti-mouse
IgG secondary antibody. Horse-radish peroxidase conjugated
streptavidin was used to visualise the tissue immune complexes
using Nova RED substrate for colour development. Negative
control sections were also prepared where an irrelevant isotype
matched mouse IgG directed against Aspergillus niger glucose
oxidase, was substituted for authentic primary antibody.
The stained tissue specimens were examined by bright field
microscopy using a Leica photomicroscope linked to a DFC 480
digital camera.

Localisation of hyaluronan (HA) and hyaluronan
binding protein (HABP)

HA and HABP were localised in a similar manner to that described
earlier [21-23] using biotinylated HA oligosaccharide and a
biotinylated aggrecan G1-G2-KS probe (bG1-G2-KS) was prepared
by partial digestion of bovine nasal cartilage with testicular
hyaluronidase, isolation and labelling as outlined earlier [21-23].
The avidin-HRP detection system was used to visualise the HA and
HABP localisations using NovaRED as substrate. MAb 5-D-4 was
also used to localise the bG1-G2-KS in tissue sections and rabbit
anti mouse IgG HRP secondary antibody used for detection. Tissue
sections destined for HA localisations were pre-treated for 8h at
37°C with Chondroitinase ABC (0.1 U/ml), keratanase-1 (K'ase-I)
(0.05 U/ml), and keratanase-2 (K'ase-Il) (0.5 mU/ml) in 0.1 M Tris
acetate buffer (pH 6.5) to deplete the section of aggrecan prior
to addition of bG1-G2-KS. In sections where HABPs were to be
visualised the tissues received a pre-digestion step with bovine
testicular hyaluronidase.
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Localization of hyaluronan

HA was visualised by incubation of IVD tissue sections with
biotinylated aggrecan G1-G2-KS HA binding link complex (5 pg/
ml in phosphate buffer pH 7.4 containing 1% BSA) overnight
at 4°C. Colour development was undertaken with avidin-
biotin-peroxidase complex and NovaRED substrate. MAb 5-D-4
(1/50,000 dilution) was also used to localise the KS component of
the bG1-G2-KS in tissue sections and rabbit anti mouse IgG HRP
secondary antibody used for detection. Control sections were also
processed in which primary or secondary reagents were either
omitted, or tissue sections were predigested with Streptomyces
hyaluronidase to remove the endogenous HA.

Localisation of HABPs

Tissue sections were predigested with bovine testicular
hyaluronidase (1 mg/ml) in 0.1 M sodium acetate buffer pH 5.3
containing 0.15 M NaCl for 1 h at 37°C, rinsed in TBS and the
bHA oligosaccharide (2 pg/ml) in TBS was added for 1 h at 37°C.
Avidin HRP conjugate (0.1 mg/ml) in 50 mM Tris-HCl buffer pH 7.2
was used for the detection step (1 h at room temperature) using
NovaRED substrate. Negative control samples, did not receive the
hyaluronidase pre-digestion step.

Results

Figure 1 outlines the main anatomical regions of the normal
adult human intervertebral disc and adjacent spinal tissues.
The annular lamellae are well defined, the NP bulging evident
in this vertical section indicates high aggrecan content. The ring
apophysis on the outer margins of the CEP are also evident.
These are the annular attachment points into the VBs and an
area where Sharpeys fibres are found. The anterior longitudinal
ligament is also evident extending past the IVD down the spine.

Macroscopic examination of longitudinal toluidine blue-fast
green stained sections of a 12 and 20 week gestational age
human foetal spine identified notochordal remnants (Figures
2 and 3). Examination of the cellular morphologies revealed
condensations of smaller cells in the notochord at 12 weeks
however these were less densely packed at 20 weeks in the
developing IVD interspace with the lamellae of the AF becoming
evident (Figure 4). Notochordal remnants were evident centrally
in the developing NP containing densely packed notochordal
cells. Some of the notochordal cells were vacuolated however
they contained little surrounding ECM and the notochord was
surrounded by a sheath. Evidence of notochordal tract regression
longitudinally in the central VB was evident at 12 weeks (Figure
4b). The vertebral rudiment cartilages were highly cellular and
contained cells of a chondrocytic morphology. By 12 weeks many
of the VB cells were undergoing hypertrophy becoming arranged
centripetally in the VB rudiment in regions destined to become
the ossification centres. Chondrogenesis is the major driving force
at this stage in foetal spinal development and there are at least
four populations of cells of a differing size range and morphology.

Definition of some of the cellular morphologies evident in
a normal young adult ovine IVD (Figure 5). The cells in the AF
have characteristic elongated fusiform morphologies and cellular
extensions between adjacent cells forming short strings of
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Figure 1 Anatomical regions of the intervertebral disc (IVD) and
associated tissues in a vertical mid-sagittal section of adult
human lumbar spine. 1. Outer annulus fibrosus (AF) of
anterior IVD; 2. Lamellar layers of the inner AF; 3. Nucleus
pulposus (NP); 4. Superior cartilaginous endplate (CEP);
4a superior ring apophysis where AF insertions into the
vertebral body (VB) occur; 5. Inferior CEP; 5a inferior ring
apophysis showing the discontinuity with the CEP evident
here; 6. Inferior VB; 7. Superior VB; 8. Posterior AF; 9. Spinal
canal.

Macroscopic longitudinal view of a 12 week old gestational
age human foetal spine (a). The boxed areas in (a) are also
shown at higher magnification in (b), (c). The remnant
notochord is evident within the central NP, the residual
notochordal tract is also evident in (c) within an area of
hypertrophic chondrocytes in the cartilaginous vertebral
body rudiment.

. J

Figure 2

communicating cells layed down along the annular collagen fibre
bundles (Figure 5a). Inner cells of the AF were plumper than those
of the outer AF however evidence of cellular interconnections
were still evident (Figure 5b). The cells of the CEPs were rounded
cells of a chondrocytic morphology, at the CEP margins the cells
were arranged into small columns along the collagen fibres
inserting into the VB at the ring apophysis (Figure 5c) whereas
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Figure 3 Macroscopic longitudinal view of a 20 week old gestational
age human foetal spine (a). The boxed areas in (a) are also
shown at higher magnification in (b), (c) which shows the

\_ remnant notochord within the central NP. )

in the central CEP they were more uniformly distributed (Figure 5d).
Cells in the NP had a rounded morphology and a dense pericellular
matrix visualised by toluidine blue staining (Figure 5e).

Examination of the spinal components and cellular morphologies
evident in newborn deer demonstrated some interesting
features. The vertebral growth plates were very prominent and
highly cellular containing rounded chondrocytes in an ECM with a
relatively high GAG content compared to the adjacent developing
IVD (Figure 6a). The AF regions of the IVD were discernable but
contained very little GAG, the inner AF lamellae were stained with
toluidine blue. Closer examination of the central NP identified
small groups of cells arranged in discrete bag-like structures
which stained with toluidine blue (Figure 6b). These cells stained
intensely with fast green counterstain, some had distorted
shapes, many were interconnected with small extensions of their
plasma membranes, their morphologies however were neither
fibroblastic or chondrocytic (Figure 6b). Newborn ovine IVDs
also displayed a prominent highly cellular vertebral growth plate
rich in GAG however it was not as extensive as in the deer and
it was also separated from the developing IVD by a secondary
ossification centre (Figure 7a). Ovine newborn IVDs contained
similar cellular arrangements in the central NP (Figure 7b and 7c)
to those observed in the newborn deer IVD.

Examination of the cellular morphologies evident in mouse spinal
development demonstrated some differences with the human,
deer and sheep cellular populations. In foetal murine spines the
notochord was a prominent feature occupying a large area of
the developing IVD (Figure 8a). In the newborn murine spine the
notochordal cells were not surrounded by an extensive ECM but
were densely packed and extensively interconnected (Figure 8b
and 8d). The notochord was displaced dorsally in the newborn
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murine spine towards the spinal canal and surrounded by a dense
arrangement of chondrocyte like cells in a GAG rich ECM (Figure
8c). Hypertrophic cells in the developing VB segments was also
evident in the newborn murine spine (Figure 8b). At 3 weeks the
murine VGPs were prominent with small columns of flattened
hypertrophic cells observed, the notochord was prominent within
the NP but flattened (Figure 8e). The NP was defined around the
notochord with GAG layed down around the prominent larger
chondrocyte like cells surrounding the notochord (Figure 8e).
The CEP contained cells of chondrocyte-like morphology. An
additional population of prominent densely packed large cells
was evident on the margins of the VGP with the CEP (Figure 8e,
dotted lines). These may represent a progenitor cell population.
At 8 weeks the notochord was still flattened and highly cellular

4 N

IVD

IVD

VB

High power views of toluidine blue fast green stained
vertical mid-sagittal sections of week 12 gestational age
lumbar human foetal spinal segments (a, b). The developing
IVDs are evident as condensed cellular arrangements in the
spines and are outlined; the residual notochord (N) within
the central NP is also labelled. The regressing notochordal
tract through the vertebral body (VB) anlagen is also
indicated (red dotted lines) in (b). Chondrogenesis drives
spinal development at these gestational ages. Prominent
hypertrophic chondrocytes evident in the central VB
rudiment cartilage subsequently develop to form a
centripetal arrangement of small columns of flattened
hypertrophic cells reminiscent of the columnar cells of the
long bone growth plates to become the primary ossification
centres of the VB.

- J
5

Figure 4




Figure 5 The morphology of annular fibrochondrocytes from the
outer AF (a), inner AF (b), rounded chondrocyte-like cells
of the cartilaginous end plate (CEP) at the ring apophysis
AF insertion points (c) central CEP (d) and nucleus pulposus
(e). Toluidine blue fast green (a, b, e) and H & E stained
sections (c, d) are presented of a young adult ovine IVD (2
year old).

\_ J

in the murine spine (Figure 8f). The NP cells surrounding the
notochord however had a prominent GAG rich ECM and the CEP
was better defined than at 3 weeks. The VGPs and associated
progenitor cell population were even more prominent at 8 weeks,
GAG layed down in the annular arcades in the inner AF aided in
the identification of the AF cells (Figure 8f).

Close examination of the ovine spines from the 12, 18 and 48
month sample groups showed that all IVDs examined contained
typical fusiform fibroblastic cells in the annular layers, rounded
fibrochondrocytes in the NP and rounded chondrocyte-like cells
in the CEPs. A further population of cells of dissimilar morphology
to these aforementioned cell types was also identified in 63 of
the 72 IVDs examined (Figure 9). These cells also had a rounded
morphology but were larger than the other IVD cell types and
a significant proportion of these cells were undergoing division
(Figure 9d and 9e). These chondroid cell nests were confined
within bag-like structures with defined edges demarcating them
from the surrounding NP (Figure 9b). The surrounding NP matrix
had discernable ECM fibrillar material in the toluidine blue stained
tissue sections however the aforementioned cell nests were
surrounded by an ECM devoid of such fibrillar material (Figure
9c¢). The cells within such cell nests were surrounded by a well-
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defined basophilic pericellular matrix which stained positively
with toluidine blue (Figure 9d and 9e).

Immunolocalisation of aggrecan and versican, two major CS-
proteoglycans of the IVD ECM showed that the chondroid cell
nests identified in Figure 7 also contained aggrecan (Figure 10a
and 1b) but not versican (Figure 10c and 10d). Versican was
an ECM proteoglycan of the surrounding NP (Figure 10d). The
pericellular matrices surrounding the discrete groups of cells in
the chondroid cell nests did not contain aggrecan (Figure 10a and
10b). The cells in the chondroid cell nests were noticeably larger
than the NP cells in the surrounding tissue (Figure 10f). Many of
the cells in such chondroid cell nests were undergoing cell division
(Figure 10g). A few dead cells and residual organelles and vesicles
from resorption of a dead cell were also detected in some cell
nests (Figure 10h). Small cells containing small vesicles occurred
around the periphery of the chondroid cell colonies (Figure 11a)
these appeared to be escaping or were being transported out
of the chondroid cell mass. Localisation of HABPs and HA in the
chondroid cell colonies showed that the prominent pericellular
matrix surrounding these cells contained cell associated HABPs,
intracellular HABPs were also detected (Figure 11b). HA had a
more diffuse distribution around these cells (Figure 11c and 11e).

" N

Figure 6 Toluidine blue stained vertical section of a newborn Fallow
deer IVD (a) with detail of the atypical cells observed in
the central NP depicted at higher magnification (b). These
cells had morphology distinct from cells elsewhere in the
surrounding NP or the vertebral growth plate chondrocytes,
which were prominently featured in the newborn Fallow
deer IVD (a).

. J
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Figure 7 Toluidine blue fast green stained vertical sections of
newborn ovine IVD. Macro view depicting the area of
interest in the central NP (boxed area) which is shown at
higher magnification in (b) and (c). The vertebral body
(VB) primary centre of ossification and secondary centre
of ossification in the ovine spine is indicated (a). Small
groups of cells with prominent communicating cytoplasmic
extensions in the central NP (b) are also shown at higher
magnification (c). These cells were larger than the IVD
fibrochondrocytes in the NP and AF or the characteristic
rounded chondrocyte-like cells of the CEP and occurred
only in the central NP in discrete cell groupings.

\_ J

In the course of our sheep work on the large annular lesion model
of experimental disc degeneration we have collected a histology
archive of the cellular populations associated with areas of the
IVD where the lesion has entered or in areas where remodelling
consistent with an attempted repair response had occurred
(Figure 12a and 12b). Examination of this histology archive
identified small groups of rounded cells in the vicinity of a lesion
which had entered into the inner AF (Figure 12c and 12f) and
a chondroid clone of rounded cells surrounded by an annular
lesion which had propagated around them in the NP close to
the central CEP (Figure 12g and 12i). The cells in the chondroid
colony were arranged into small discrete arrangements of cells
closely grouped together, these were surrounded by a dense GAG
matrix (Figure 12i). Such cells may represent an adult progenitor
cell population which had yet to be released to migrate to defect
sites to effect repair processes (Figure 12c and 12f). Many of the
cellular arrangements identified in Figure 12 resembled those
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previously identified in adult chondroid cell nests in adult ovine
IVDs (Figures 9-11).

Discussion

In the present study, we detected cell clusters of a similar
morphology to NP cells recently proposed to be a progenitor
cell population in the human IVD (12). These cells were evident
in adult ovine IVDs (1-4 years old) enclosed in a capsule-like
structure within the NP. Aggrecan was immunolocalised both
in the surrounding NP and within these capsules. Versican
was not localised within these structures but was detected in
the surrounding NP, consistent with its identity as a marker of
fibrocartilaginous tissue. Similar, enclosed, smaller groups of
cells were also observed in the newborn ovine and cervine NP

NP CEP VGP

Toluidine blue-fast green stained C57BL/6 mouse spinal
tissues depicting GAG distribution and cellular morphology.
The images are provided as macro (a-e), medium (f-j) and
high power images (k-n). Newborn 1VDs have well defined
notochords in the central NP, the vertebral growth plates
(VGPs) are GAG rich and appreciable GAG levels are evident
in the IVD surrounding the notochord. The notochordal
cells are large, highly interconnected and contain very little
cell associated GAG however they are readily identified
through the fast green counterstain. At 3-14 weeks the
VGP becomes progressively better defined and contains
less GAG at 14 weeks (e). The notochord is prominent at
all ages but becomes associated with progressively greater

Figure 8

\_ levels of GAGs . J
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Toluidine blue fast green stained tissue sections of an
adult ovine IVD (4 year old). Macroscopic view depicting a
chondroprogenitor cell nest in the central NP (a), medium
power view of the cell nest showing small clusters of
rounded chondrocyte like cells (b) and higher power views
depicting cellular detail in the surrounding NP (c) and

Figure 9

typical cell clusters within the cell nest (d, e).

. J

however these had a differing morphology to the notochordal
cells of the murine IVD. Notochordal cells are reported to have
a physalipherous morphology with a bubbly or vacuolated
cytoplasm containing large intracytoplasmic droplets of mucoid
material. Results presented in the present study question this
generalisation. The chondroid cells observed in the present study
had a similar morphology to human IVD progenitor cells (12) and
to clustered notochordal cells previously described [24-27]. Cells
within these cell clusters were undergoing cell division, consistent
with their identity as a progenitor cell population contained
within a hyaline-like chondroid matrix but not typical of mature
IVD cells which rarely undergo cell division. The capsule around
these cells in the central NP may have a mechano-protective
role. While small enclosed groups of cells were observed in the
newborn ovine and cervine IVD they had a dissimilar morphology
to these adult cell nests but may be a less mature form of these
entities. The notochordal cell is responsive to its weighted
environment and this may be the driving force for maturational
changes in these progenitor cell nests with the physical properties
(stiffness, elasticity) of the matrix surrounding progenitor/stem
cells directing their differentiation in-vitro [28,29].
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Another important observation in the present study was that
the well-defined pericellular matrices surrounding the chondroid
cell nests contained HABPs and HA. HA controls stem cell
differentiation, maintaining them in a quiescent, slowly recycling
phenotype in the niche environment and is a component of
bone marrow, skin, renal and neural stem cell niches [30-33].
Surrounding the stem cell in HA provides a means of controlling
its interactive properties with cell surface integrins and other
matrix components such as the cadherin family of structural
matrix glycoproteins [31]. While HA prevents activation of the
stem cell progenitors to a migratory and proliferative phenotype,

Immunolocalisation of aggrecan (a, b), versican (c, d, e)
and detail of the small NP fibrochondrocytes surrounding
a chondroprogenitor cell nest (f) with examples of the
discrete groups of chondrocyte-like progenitor cells
surrounded by a dense basophilic pericellular matrix
stained with toluidine blue fast green (g). Examples of dead
cells (white arrows) within the chondroprogenitor cell nest
undergoing progressive stages of resorption (h). Aggrecan
is a matrix component of the surrounding NP and is also
present within the chondroprogenitor cell nest (a, b) but is
absent from the well-defined pericellular matrix of the cell
clusters within the cell nest. Versican is present in the NP
surrounding the cell nest (c) but not the cell nest (d) and is
associated with discrete fibrillar material (e). This fibrillar
material in the NP surrounding a cell nest is also discernable
in toluidine blue stained tissue sections (f) however the cell
nest matrix appears devoid of such material (g, h).

Figure 10
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Figure 11 Toluidine blue stained chondroprogenitor cell colony
situated in the central NP of an adult ovine IVD (4 year
old) showing the typical morphology of the progenitor
cells (a). Single vacuolated cells (arrowed) are evident
around the periphery of the colony which are being lost
or transported out into the surrounding NP. Localisation
of HABPs (b) and HA (c, e) in cell groups. Negative control
for HA and HABP localisations (d). In (c) the bG1-G2-KS
probe was visualised with avidin HRP, in (e) the bG1G2-
KS was detected using the anti-KS antibody 5D4 but after
removal of endogenous aggrecan using chondroitinase
ABC, and keratanase | and Il. In this latter case a HRP
conjugated secondary Ab was used for detecion of
immune complex using NovaRED as substrate.

. J

matricryptin ECM fragments, gradients of ECM molecules layed
down by pericellular matrix proteoglycans such as perlecan and
growth factors from the FGF and TGF-f3 families promote stem
cell migration to sites of tissue damage, cell lineage development
and stem/progenitor cell proliferation. In the present study we
also showed that HABPs were localised intracellularly and on the
progenitor cell plasma membranes. Cell surface (CD-44, RHAMM/
IHABP, TLR-2, TLR-4) and intracellular (HABP4, IHABP, HABP1/
p32/C1gBP) HABP members have been identified in intracellular
organelles such as the mitochondria (HABP1), nucleus and
nucleoli (RHAMMY/IHABP) and in cytoplasmic vesicles. HABPs have
important cell-signalling properties and can bind HA preventing
oxidative damage. HABPs also have interactive properties with
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cytoskeletal proteins (Talin, ezrin, moesin, radixin), influencing
actin and tubulin microdynamics controlling cell signalling,
regulating cell shape and migratory properties and assembly
of mitotic spindle formations with attendant effects on cell
proliferation. CD-44 has roles in the stabilisation of the HA coats
of many cell types [30].

Loss of notochordal cells has been observed in a needle stick
disc degeneration model in mice [32]. IVD degeneration was
accompanied by a shift in the NP cell notochordal phenotype to

Examples of cell clusters and a progenitor cell nest
adjacent to an annular tear, which has propagated
from the induction site on the left hand side of the disc
(arrow). (a) Schematic of the annular tear (indicated in
red) propagation from the outer AF through the inner
AF and around and into the NP towards the contralateral
AF. (b) Toluidine blue fast green stained low power
view of the lesion affected IVD depicting the two major
areas of interest. Higher power views of cell clusters
located on the margins of the NP and inner AF in areas
of proteoglycan depletion associated with the annular
tear (c-f). Toluidine blue fast green stained progenitor
cell nest adjacent to the central CEP with an annular
tear surrounding it (g). The boxed area in (g) is also
shown at higher magnification in (h). Medium power
view of the progenitor cell nest (h). Detail of the discrete
rounded cellular arrangements located within the
chondroprogenitor cell nest surrounded by a GAG rich
matrix (i).

. J

Figure 12
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chondrocytic and fibrochondrocytic forms suggesting that the
notochordal cell population in the mouse may act as a cell reserve
or a progenitor cell niche which regulates tissue homeostasis and
promotes IVD repair [32].

The progenitor cell nests we observed in the adult ovine IVD
occupied a similar central location in the NP to the notochordal
cells described in mouse IVDs. The cells within progenitor cell
niches in tissues are generally a quiescent or slowly proliferating
cell type until a stimulus for them to differentiate occurs such as a
change in their biomechanical microenvironment in the event of
an injury or some other directive cue from an ECM component. If
the chondroid cell nests observed in the present study are an adult
stem cell niche this would be advantageous for IVD homeostasis.
When activated, these committed NP cells could differentiate and
synthesise the correct ECM required for NP repair, a primary area
of importance in IVD degeneration. This has prompted the search
for endogenous progenitor cells in the IVD and their therapeutic
application for the preservation and maintenance of IVD
homeostasis. Evidence from the present study indicates that the
chondroid cell nests identified may well represent a progenitor
cell population, similar cell populations have also been identified
in the human IVD [12]. We also observed small vacuolated cells
at the periphery of these progenitor cell colonies about to be
released into the surrounding NP, these may be replacement
cells for the resident NP cells which have undergone cell death
through apoptosis, senescence or autophagy. A protective
role for these chondroprogenitor colonies is also suggested
from our findings in an ovine large annular lesion model of IVD
degeneration [33]. Examination of IVDs where degeneration
had been induced by a controlled outer annular lesion allowed
us to identify small reactive clusters of cells around the annular
lesions which penetrated into the inner AF in areas depleted of
proteoglycan [33]. Mechanostransductive signals arising from
altered biomechanical cues to such cells may have initiated cell
division as part of an attempted repair response, cell division is
not a normal response in inner AF cells. We also observed discrete
NP cell nests enclosed in a well-defined colony adjacent to an
annular lesion with some evidence of release of small vacuolated
cells from the its margins presumably to effect repair of the lesion.
Culture of individual NP cells and cell clusters from such colonies
in human IVDs demonstrated stem cell markers [12]. Significantly,
the single cells displayed a greater proliferative capacity than the
clustered cell arrangements however if these clustered cells were
similar to the cell nests observed in the present study surrounded
by HA then this may have inhibited their proliferative properties.
As the disc degenerates and loses proteoglycan its weight
bearing properties are compromised and changes in the local
biomechanical microenvironment of progenitor cell colonies
may direct stem cell differentiation in-situ ([34-36]. Progenitor
cells are responsive to forces they experience in-vitro and in-
vivo, a better understanding of these biomechemical cues and
the molecular signals that control progenitor cell differentiation
and proliferation in-situ will be invaluable in future therapeutic
applications.
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Considerable evidence now exists that notochordal cells are
beneficial in NP repair, they produce more proteoglycans in
culture than the small resident NP cells and when co-cultured with
NP cells they assume a directing role, up-regulating production of
ECM components [37-40] and also protect the small NP cells from
IL-1 induced cell death [41]. Thus the progenitor cells observed
in the present study are certainly worthy of further investigation.

The use of the resident progenitor stem cells for repair of the
degenerate IVD is an appealing proposal however major technical
obstacles still need to be overcome before this may become a
therapeuticreality. Currently, LinkN is the only biological treatment
that can delay disc degeneration. Initial findings using intradiscal
bone marrow derived stem cells in laboratory based pre-clinical
studies and in clinical trials have also been very promising
[35,36,42-46]. The NP progenitor cells examined in the present
study may represent the ideal cell type for therapeutic purposes.
The question of how the stem cells are activated in-situ, their
proliferation, differentiation and development of appropriate cell
lineages for repair purposes still remain to be resolved [47-50].
How the HA pericellular coat around the progenitor cell nests
is dismantled in the IVD also remains to be determined. The
hypertrophic cells of the growth plate are also surrounded by
a pericellular matrix of condensed HA however this disappears
when the growth plate undergoes maturational changes during
endochondral bone formation. Oocytes are also surrounded by
an extensive HA coat which is depolymerised post-fertilization
this is a relatively poorly researched area of ECM remodeling
however with scant details available on how this actually occurs.
The human genome contains 6 hyaluronidase-like genes Hyall,
Hyal2, Hyal3, Hyald, HyalP1 and PH20 [51]. HyalP1 is an inactive
pseudogene and PH20 is a testicular enzyme. The remaining
enzymes are expressed in cartilage and bone however, Hyall
and Hyal2 are the major hyaluronidases. These act as N-acetyl
hexosaminidases cleaving CS with lower efficiency than HA. Hyall
is a lysosomal enzyme while Has2 is a GPl anchored enzyme on
the outer surface of the plasma membrane. Hyal2 may initiate
the degradation of HA into fragments which are subsequently
endocytosed for further intracellular breakdown by Hyall. HA
oligosaccharides released from this HA depolymerisation step
can also synergize with VEGF and promote angiogenesis during
vascular invasion of the calcified growth plate leading to bone
formation. HA oligosaccharides also promote MMP synthesis
and activation and the synthesis of selected ECM components
such as type | collagen thus they also have roles to play in ECM
remodeling. Glycan-degrading enzymes are emerging as agents
which promote ECM remodeling and wound repair [52,53].
Heparanase 1 and 2 expression are elevated in disc degeneration
and promote angiogenic wound repair [54]. Heparanase 1 and 2
are produced by osteoblasts these degrade growth plate perlecan
releasing HS bound growth factors such as FGF-2 which promote
angiogenic processes and bone formation [55,56]. Future
research may delineate further the role of glycan depolymerising
enzymes in ECM remodeling in health and disease.

How the activated stem cell attains migratory properties and
homes to tissue defects is also still an unresolved technical issue.
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Changes in the intrinsic biomechanical stresses to the stem cells
may be one factor which contributes to stem cell activation,
stem cells are known to be influenced by extrinsic forces [28,31]
and there is also evidence from our ovine annular lesion model
of IVD degeneration of this possibility [34], disc degeneration
has also been shown to alter the properties of the resident NP
progenitor cells [34]. The ECM molecules which tether the stem
cells are also important determinants of their differentiation [57]
and migratory properties [58]. Migratory stem cells also express
stromal cell derived factor -1(SDF-1) and its specific binding
partner, chemokine (C-X-C motif) receptor-4 (CXCR4). These have
potent chemotactic activity and their expression is upregulated
in the degenerate IVD [59], moreover intradiscal administration
of SDF-1/CXCR4 over-expressing stem cells promotes repair of
degenerate IVDs [60]. SDF-1/CXCR4 mediated cell signalling
promotes digit regeneration in mice a process driven by BMP-2
[61,62].

Many ECM components undergo limited enzymatic cleavages
during the turnover of connective tissues resulting in the release
of bioactive fragments of ECM components (matrikines) or
exposure of bioactive cryptic epitopes (matricryptins) on ECM
components [63]. The bioactivities displayed by the Matricryptins
and Matrikines normally differ markedly from those of the native
molecules from which they are derived leading to the release of a
diverse array of bioactivities which regulate an extremely diverse
range of physiological processes including wound repair and
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ECM remodeling [63]. Many of the released fragments of ECM
molecules stimulate MMP and ADAMTS production, nitric oxide,
chemokines and cytokines. Considerable interest exists around
the identification of matricryptins to stimulate tissue repair.
Cryptic peptides [64] which recruit resident progenitor cells to
sites of tissue damage to effect ECM/remodelling to promote
repair processes have been described [65] and of relevance to
repair of the degenerate IVD. Link-N, a cryptic fragment of link-
protein has been applied to a number of IVD studies and shown to
stimulate the resident IVD cell populations as well as progenitor
stem cells to upregulate production of collagen and aggrecan and
stimulate repair of the degenerate IVD [66-72]. Future studies
will hopefully uncover basic data applicable to the application of
the resident progenitor stem cell population we have observed as
a therapeutic cell type.
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