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Introduction
Intervertebral discs (IVDs) are pads of white-fibro cartilage 
located between consecutive vertebral bodies. In normal adults, 
IVDs provide flexibility and facilitate movements of the vertebral 
column, allowing bending (flexion, extension) and torsion. They 
also act as minor shock absorbers and help in the even distribution 
of compressive forces on the vertebral bodies [1]. Individual 

thoracolumbar IVDs are approximately 40 mm in diameter 
along the mid-sagittal plane, and their thickness increases from 
approximately 7-10 mm between thoracic and lumbar regions [2]. 
Each disc comprises of three distinct regions: a centrally located 
nucleus pulposus (np), a peripherally located annulus fibrosus 
(af), and cartilaginous endplates (cep) located above and below 
each individual disc [3,4]. Disc cells are present within the 
nucleus and annulus regions, and they undergo considerable 
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Abstract 
Background context: The greatest risk factors for intervertebral disc degeneration 
are age, spinal level, excessive mechanical loading and genetic inheritance, a major 
cell-mediated change that occurs during degeneration is increased cell clustering. 
In fact, cell clusters formations are a histological hallmark behind intervertebral 
disc degeneration, yet a systematic review focusing on the cell clusters of the 
intervertebral disc is unknown. Therefore, the main purpose of this article is to 
discuss the role of cell cluster in intervertebral disc degeneration.

Methods: PubMed database was searched to identify studies about cells of the 
intervertebral discs from 1980 to 2016, and a total of 2824 published papers were 
identified. The inclusion criteria for this review was morphological, biochemical 
and molecular changes the cells of nucleus pulposus, inner and outer annulus 
regions undergo with advancement in disc degeneration. Large cell clusters of the 
intervertebral disc were the penultimate search. Exclusion criteria were whether 
the selected papers provided a firm relevance to the main purpose of this review.

 

Results: Recent and past studies confirm that cells clusters of the intervertebral 
disc are immunopositive to Ki-67 and proliferating cell nuclear antigen (PCNA) 
which are a marker for cellular proliferation. These proliferating clusters were of 
common occurrences in the nucleus and inner annulus regions increased around 
fissures and were especially abundant in Pfirmann grade IV and grade V disc which 
represents later stages of disc degeneration. Single cells and cell clusters were 
also reported to act as progenitor cells with immunopositive markers and gene 
expressions analysis, thus indicating that cell clustering phenomenon may be a 
repair response towards tissue damage.

Conclusion: Current evidence suggests that cluster formations are indicative of 
attempted repair response in intervertebral disc degeneration, and the innate 
capacity of these disc cells to act as progenitor cells signify that development of 
regenerative therapies is possible

Keywords: Intervertebral disc; Cell clusters; Chondrocyte-like cells; Progenitor 
cells; Regeneration 
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changes with age, excessive mechanical loading, and pathologies 
that weakens the disc tissue [5,6]. These changes are known 
to increase expression of matrix-degrading enzymes and other 
catabolic molecules that progressively contribute towards 
accelerated degradation of the tissue. Intervertebral disc cells 
attempt to restore the damaged matrix possibly by forming cell 
clusters [7] which may indicate repair attempts. Thus, the main 
purpose of this review is to evaluate the role of intervertebral 
disc cell clusters in degeneration and repair.

Methods
Micro-anatomy of IVDs
Nucleus pulposus (np) is the inner soft core of the intervertebral 
disc (Figure 1). It originates from the notochord and in the fetus 
and infants, it contains actively-dividing notochordal cells, which 
disappear at approximately eight years of age [8]. Interspersed 
at low density in the nucleus are chondrocyte-like nucleus 
pulposus cells [9], which may be present singly, or in pairs, and 
may frequently form small to large clusters, and occurrence of 
large clusters are considered to be a histological hallmark of 
intervertebral disc degeneration [10]. Along with the cells, the 
nucleus also contains type II collagen fibers which are randomly 
organized, and account for almost 20% of its dry weight [11]. 
Type III, V, VI, IX, and type XI collagen fibers are usually sparse 
and pericellular in location [12]. The collagen along with sparse 
elastin fibers normally hold the highly hydrated aggregating 
proteoglycan gel [13]. Proteoglycans are abundant in the nucleus 
pulposus, and the main proteoglycan aggrecan has a protein core 
to which up to 100 sulfated cationic glycosaminoglycans (GAG) 
chains are covalently attached [14]. The anionic charge carried 
on the surface by each GAG has a high affinity to attract ions and 
water making the water content of the nucleus approximately 
80% [15]. Such organization of the nucleus tissue reinforces its 
hydrostatic pressure resisting capacities which is approximately 
0.05 MPa in an unloaded cadaveric disc and up to 3 Mpa in 
loaded discs [16].

Annulus fibrosus forms the outer part of the disc. Unlike the 
nucleus, the outer annulus contains a relatively dense population 
of fibroblast-like cells (Figure 1) which tend to be elongated and 
aligned parallel to the layers or lamellae of collagen fibers [9]. 
Towards the inner annulus region, the cells are more chondrocyte-
like in appearances, and not necessarily aligned parallel to the 
collagen lamellae [17], these cells may appear in pairs or small 
clusters between the lamellae. Collagen types II, III and VI are 
present in the pericellular matrix of clustered and non-clustered 
inner annulus cells [12]. Each lamella consists of oblique and 
regularly arranged collagen fiber bundles, which are orientated 
at 30 degrees to the horizontal plane, with the direction of fibers 
alternating between adjacent lamellae [18]. Collagen forms 70% 
of the dry weight of the annulus [19], sparse elastin fibers are 
also present within and between the collagen fibers possibly 
helping the disc to return to its original arrangement following 
large deformations [20]. Elastin also binds the collagen lamellae 
together as these fibers pass radially from one lamella to the next, 
and exhibit a planar zigzag “crimp” pattern when viewed under 

a polarising microscope [21]. Glycosaminoglycans are suggested 
to be present between the collagen fibers and comprise 10% of 
dry weight of outer annulus and 30% of the inner annulus [14].

Cartilage end plates are the third morphologically distinct region 
of the disc. They usually are present in the form of a thin hyaline 
cartilage layer approximately 1 mm thick which is loosely 
bonded to the underlying vertebral endplate of perforated 
cortical bone [22]. The latter has abundant blood vessels and 
capillaries [23]. Cells of the cartilage endplate may also exist 
in pairs or clusters [24]. Function wise, cartilage endplate acts 
as a physical and chemical barrier helping to prevent nucleus 
herniating into the spongiosa of the vertebral bodies [25] and 
as a pressure distributor during loading [26] that consequently 
allows nutrition into the disc by the process of diffusion [27]. The 
cartilage endplate thus maintains internal pressurization of the 
discs by hindering expulsion of water and proteoglycan from the 
disc into the vertebrae [28,29].

Intervertebral disc cells 
Two cell types normally populate the adult intervertebral discs: 
rounded chondrocyte-like cells of the nucleus pulposus and 
inner annulus fibrosus regions, and the flattened fibroblasts-like 
cells of the outer annulus fibrosus [30]. Both cell types differ in 
their developmental origins. The rounded chondrocyte-like cells 
are suggested to be an embryological derivative of notochordal 
cells while the flattened fibroblast-like cells of the outer annulus 
region are mesodermal in origin [31]. 

Notochordal cells are the common cell type seen in the nucleus 
pulposus region in a fetus of 26-28 weeks. Notochordal cells are 
closely packed and have extensive intra-cytoplasmic glycogen 
storage capacities. Electron microscopic studies reveal that cell 
membranes of these closely packed cells are joined by a variety 
of cell-cell junctions [32]. In fetal tissue, the notochordal cells 
may also appear elongated and they lack a distinct pericellular 

Figure 1  a) Normal adult lumbar intervertebral disc showing 
the nucleus pulposus and lamellae of the annulus 
fibrosus (Figure adapted from Adam et. al., The 
Biomechanics of back pain, 3rd edition 2013, Churchill 
Livingstone, reproduced by permission). b) Nucleus 
and annulus cells are stained with hematoxylin and 
eosin (H&E), scale bar 50 µm. (Figure adapted from 
Lama et al. Doctoral thesis, University of Bristol, UK).
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matrix [33]. After birth and with increasing age, notochordal cells 
separate, become rounded or irregular, develops a conspicuous 
pericellular matrix around it and the overall cell density begins 
to decline and totally disappear by the age of 8-10 years [34-36].

Cells of the nucleus pulposus embryologically originate from 
the notochord, and they completely transform into being more 
chondrocyte-like by 8-10 years of age [31], and appear in pairs 
or small, moderate and large-sized cell clusters. Viable and 
necrotic cells can both co-exist within a single cluster [34] but the 
mechanism of formation of heterogeneous “cell clusters” is still 
unclear and so is their significance. Presumably, cluster formation 
reflects the influence of the immediate pericellular matrix on the 
cells through continued accumulation of cell products, as the np 
region of the IVDs occurs in a relatively confined environment 
[25]. Cluster formation in the nucleus pulposus and inner annulus 
regions has been linked to gross structural changes that occur 
mainly during aging or injury [37]. 

Fibroblast-like cells of the annulus fibrosus are most numerous 
in the outer annulus regions. In IVDs they are usually elongated, 
thin and aligned parallel to type I collagen fibers [38]. Fibroblasts 
are often also termed “fixed cells” [39], and electron microscope 
studies show these cells can be spindle-shaped with a flattened 
nucleus and numerous branching processes [40]. The volume 
of cytoplasm and organelles inside the fibroblast depends on 
its activity and inactive fibroblast are known to have scanty 
cytoplasm with few organelles [41]. In contrast, activated 
fibroblasts increases it cytoplasmic activity especially when there 
is a need to lay down collagen fibers [42]. Fibroblasts divide to 
form more fibroblasts, but they cannot convert to other cell types 
and are prone to oxidative DNA damage and senescence [43]. 
Fibroblast-like cells of the IVDs aggregate in the outer annulus 
regions (Figure 2) especially during injuries, but they don’t form 
clusters nor differentiate into cluster-like cells [30].

Cell clusters
In non-degenerate and young intervertebral discs, rounded 
cells of the nucleus and inner annulus often appear singly, in 
pairs or in small-sized clusters [44]. With age and degeneration, 
large clusters tend to appear in the nucleus pulposus and inner 
annulus regions [45]. Cell cluster can, therefore, be defined as 
three or more cells (Figure 3) in close proximity to each other 
within a large lacuna [46]. They have a distinct pericellular 
matrix rich in proteoglycans, fine fibrillar collagens, and non-
collagenous molecules [47]. Clusters have been suggested to 
arise from cellular proliferation, increases its size, and is regarded 
as a histological hallmark of disc degeneration [10]. The principal 
mechanism behind cluster growth is not completely understood 
and they are suggested to arise due to cellular proliferation, as 
rabbit intervertebral discs in whole organ culture experiments 
show clusters being formed mainly by proliferation [35]. Similarly, 
in animal models of osteoarthritis, chondrocyte proliferation has 
been suggested to represent repair responses to tissue damage 
[48], and it has been demonstrated that compressive loading 
in rats promote clustering of the nucleus pulposus cells [49]. 
There is also evidence that disc cell proliferation can arise due 

Figure 2 H&E stained fibroblasts-like cells of the annulus which 
are seen to exist in aggregation (arrows) in the outer 
annulus regions of a degenerated disc, Scale bar 100 
µm (Figures adapted from Lama et. al.).

Figure 3 a) Groups of cell clusters around disorganised collagen 
lamellae in the inner annulus region of a degenerated 
disc with Giemsa stain. Scale 100 µm. b and c) H&E and 
Giemsa stained cell clusters under high magnification 
to show the cell number in each cluster, cell nuclei 
stained blue, scale bar 50 µm. d) DAPI stained cell 
nuclei with live cell imaging, scale 50 µm. e) Double 
immunofluorescence staining to co-localise DAPI-
stained blue nuclei with integrin receptor α5β1 in 
red (white arrow) and focal adhesion kinase (green 
arrow) in green, scale bar 20 µm. (Figures adapted 
from Lama et al.).



ARCHIVOS DE MEDICINA
ISSN 1698-9465

2017
Vol. 3 No. 3: 15

4  This article is availabel in: http://spine.imedpub.com/

Spine Research
ISSN 2471-8173                                                                                        

to stimulation of chondrocytes by diffusible growth factors [50]. 
Similarly, cyclic mechanical compression has been shown to 
increase proteoglycans, collagen production and proliferation 
of nucleus pulposus cells [51]. However, as cell clusters are also 
most marked in tissues that are degenerate, clustering process 
can be suggested as failed tissue repair response [52], and it has 
also been hypothesized that increased density of cell clusters 
particularly those occurring at later stages of disc degeneration 
creates a nutrient-substrate deficit and interferes with the 
organization of the extracellular matrix [53].

Changes in disc cells with advancing 
degeneration
Disc degeneration has been suggested to be a phenomenon 
characterized by an imbalance between anabolism and catabolism 
of the matrix molecules [54]. Reduction in viable cell density has 
been associated with degeneration and aging. Recent research 
also suggests focal structural and cellular changes in the disc are 
often a consequence of radial fissures, disc prolapse, endplate 
fracture, internal or external collapse of the inner annulus [22]. 
Degenerative changes triggered by such intrinsic or extrinsic 
factors creates a stressful microenvironment for the disc cells 
and possibly reprograms it to increase synthesis of inflammatory 
cytokines [6,55] and may even allow it to enter into stages such 
as senescence [56,57]. The presence of senescence in the human 
disc cells has been shown by culturing them with B-galactosidase, 
and a recent study has shown that mean telomere length of the 
disc cells decreases as cellular expression of P16INK4A increases 
[58]. These studies show that cell senescence plays a direct role in 
disc aging and degeneration. There are two ways for the induction 
of cellular senescence: the first one is replicative senescence, 
caused by telomere shortening. Thus, replicative senescence 
may partly contribute to the higher percentage of senescent cells 
in clusters and this is also probably why senescence occurs along 
with the proliferating ones [59]. The second type of senescence is 
called stress-induced premature senescence, which results from 
oxidative stress [43,60] or overexpression of catabolic cytokines 
[61] leaving the cells unable to divide further even though they 
remain viable and metabolically active [62,63]. Both forms of 
senescence may make the disc cells function inappropriately in 
such a way that clusters of metabolically active senescent cells 
could effectively degrade a large surface area due to increased 
synthesis of matrix-degrading enzymes by these senescent cells 
and may widen the already existing fissure as cell clusters that 
produce degradative enzymes tend to aggregate around fissures. 
In general, matrix-degrading enzymes such as MMP-1, 2, 3, and 
9 have been shown to increase with disc degeneration, and 
MMP’s has been suggested to play a pivotal role in degrading the 
collagenous matrix of the intervertebral discs [30,64,65]. 

Cell clustering increases synthesis of degradative 
enzymes
With increasing grade of disc degeneration, cells of the nucleus 
and inner annulus increasingly form clusters, and clustering cells 
express elevated levels of matrix-degrading enzymes (Figures 4a 
and 4b) especially MMP-1, 2, 3, 7, 9, 10 and 13 [66,67]. Matrix-

degrading enzyme concentration and type (Figure 5) varies in the 
disc, with MMP-1, 3 and 13 being produced in greater quantities 
within the nucleus and inner annulus regions [68,69]. MMP’s also 
tend to be localized mainly near clefts or tears (Table 1) in the 
inner annulus regions [65]. 

Elevated levels of matrix-degrading enzymes subsequently 
cleave collagen fibers, glycosylated, non-glycosylated protein 
and proteoglycan molecules into smaller fragments and may 
evoke rigorous inflammatory responses [70]. Loss of significant 
amount of extracellular matrix proteins and proteoglycans could 
additionally create a suitable environment for ingrowth of vessels 
and nerves. 

Herniated and degenerated discs show cell clusters that tend to 
accumulate around fissures or proteoglycan-depleted regions 
(Table 1), and these cell cluster are usually greatest in tissues 
that are degenerated to Pfirrmann grade IV or V which indicates 
clusters may be a failed tissue repair process (10), thus depending 
upon whether the clusters appear in early, intermediate and 

Figure 4 MMP-1 immunopositive cell clusters in its pro and 
active form in a herniated disc. a) MMP-1 positive 
cluster stained with Alexa red fluorophore 594 and 
visualised with confocal microscope, scale 50 µm b) 
Fast-red stained cell cluster, scale bar 50 µm. (Figures 
adapted from Lama et. al.). 

Figure 5 Schematic representation to show the link between 
matrix fissures, MMP’s synthesis and cell clusters 
in IVD’s and why they contribute in widening the 
existing fissures.
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advanced stages of disc degeneration it may have an influence 
on the pathological state of the tissue.

Cell clusters behind attempted repair responses
Cell cluster formation mainly occurs in degenerated discs, 
so it has been suggested to be a distinctive feature of disc 
degeneration, but it can also be suggested as an attempted repair 
mechanism as cell clusters contain proliferating cells that are 
immunopositive to Ki-67 and proliferating cell nuclear antigen 
[10]. It has been shown that remodeling of matrix may occur 
by cluster formation, and this phenomenon usually involves 
swelling and distension of chondron allowing chondrocyte 
division and proliferation [71], which subsequently allow matrix 
synthesis. Clusters are also abundant in disc regions that show 
loss of fibrillar orientation [72] and are specifically located near 
lesions in experimental animal models [73]. Spatial association 
in human disc also indicates that disc cell clusters are around 
abundant near fissures (Figures 3a and 6a) and proteoglycan-
depleted regions (Figure 6b), which is to perhaps replenish the 
lost proteoglycans and glycoproteins molecules. This shows that 
formation of clusters may occur as an intrinsic repair response 
to tissue damage, and it signify as a healing response that fails 
in the later stages of disc degeneration due to highly cross-
linked collagen being beyond the repair capacities of the cells in 
clusters to completely remodel the matrix. Also, problems with 
metabolite transport, unavoidable daily loading stresses, age-
related changes such as senescence, and continued exposure to 
environmental and genetic risk factors may progressively weaken 
the existing matrix molecules and attempted clustering response 
may not sufficiently allow adequate restoration of the matrix. In 
this cycle of attempted repair, especially at a later stage of disc 
degeneration clustering cells often abort its proliferative function 
by undergoing apoptosis, and may contribute towards enlarging 
existing fissure as the MMP’s in discs do thus cell in clusters may 
act as a “double edged sword”. 

Progenitor capacities of disc cells
Recent evidence has shown that cells of the nucleus pulposus 
have the distinctive capacities to form colonies ex-vivo, and they 

are immunopositive to stem as well as progenitor cell markers 
such as GD-2, a disialoganglioside that has been identified as 
a marker of bone marrow and umbilical cord mesenchymal 
stem cells [74]. Further, nucleus cells also have been shown 
to be immunopositive to Tie-2, a tyrosine kinase receptor that 
forms ligand with angiopoietin-1, that maintains the progenitor 
potential of the cells and protects them from apoptosis [75,76]. 
Progenitor populations of nucleus pulposus cells have been 
shown to be multipotent, and are capable of differentiating 
into adipocytes, osteocytes and chondrocytes [77] but these 
nucleus pulposus cells do not terminally differentiate as stem 
cell do, and maintain their phenotype as cartilage cells, a 
number of intercellular signalling mechanism is shown to be 
upregulated during proliferation and differentation (Table 2), 
but understanding about these regulators and how they control 
accurate differentiation of the progenitor cells are still at a 
preliminary stage of investigation. However, with the current set 

Figure 6 Cell clusters in the nucleus pulposus region of a 
degenerated disc to shows: a) diminished levels of 
proteoglycan staining with toluidine blue stain, scale 
bar 100 µm, and b) cell clusters localized around 
tears/fissures, scale bar 50 µm. (Figure adapted from 
Adams and Lama et al.).

 

Variables

Scoliosis Disc 
(SD)

Degenerated 
Disc (DD)

Herniated Disc 
(HD)

np iaf oaf np iaf oaf np iaf oaf

Tears/Fissures + + + ++ ++ *** ++ *** ***

PG loss + ++ + ++ ++ *** *** *** ***

Cell clusters + ++ - *** *** - *** *** -

MMP-1 (cell 
count/mm2) + ++ + *** *** *** *** *** ***

amodified table from Lama et al. Absent: -; Rarely Present: +; Moderately 
Present: ++; Abundant: ***

Table 1 Comparisons of tears/fissures, proteoglycan (PG) loss, cell 
clusters and MMP-1 immunopositive positive cells in nucleus pulposus 
(np), inner annulus (iaf) and outer annulus (oaf) regions in ‘scoliotic disc’ 
(SD), ‘degenerated-in-situ’ (DD) and ‘herniated disc’ (HD)a.

Intracellular 
regulator Activation Cell clustering

SMADs

TGB-β on the cell 
surface activates SMADs 
protein complex during 
growth, differentiation, 
regeneration, and stress 

response

SMADs in the cell nucleus 
binds to DNA and control 
the activity of genes and 
regulate cell proliferation

SOX9

Chondroprogenitor cells 
requires transcription 
factor Sox9 along with 

expression of Col2a1 for 
activation

SOX9 and Col2a1 directly 
regulates transcription 

and proliferation of 
chondrocytes

Notch-1

Transmembrane ligand-
activated protein that 

directly transduces 
extracellular signals on the 

cell surfaces

Notch-1 changes gene 
expression in nucleus 

that regulates interaction 
between physically 

adjacent cells

Integrin α5β1

Receptor for fibronectin 
transduces extracellular 

signals by Focal Adhesion 
Kinases inside the cell

Regulates inflammatory 
cytokine production 
essential for human 

chondrocytes to enter 
various stages in cell cycle

Table 2 Intracellular regulators influencing disc cell cluster formations.
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of evidences it can be rationalized that proliferating progenitor 
nucleus cells has the potential in restoring cell numbers and 
proteoglycan content which is essential for maintaining tissue 
homeostasis and for re-establishing biomechanical stability.

Discussion
Progenitor cell therapy 
The clinical use of adult disc cells with proliferative and progenitor 
properties offers potential to regenerate tissue and this process 
requires correct identification and ex-vivo expansion of this 
progenitor cell line source in the disc. This is of importance to 
the present health-care environment as the use of allogeneic 
progenitor cells as a universal cell line could allow it to be of use 
in all suitable patients [78]. Cell therapy could replace damaged/
apoptotic cells and restore cell numbers in injured tissues. Further, 
viable cells from non-disrupted disc regions can be extracted 
and used along with engineered constructs such as scaffolds to 
restore the fissured region, suitable scaffolds may temporarily 
resist the loss of proteoglycans from the disc and re-establish 
disc pressure to promote stability. Viable disc cells may also 
find a matrix to adhere and promote further restoration of the 
matrix. But, as the disc cell proliferate to form clusters they also 

undergo senescence and produce mediators such as cytokines, 
MMPs and reactive oxygen species and these known changes has 
the potential to retard cell based therapies. Therefore, extended 
research on intervertebral disc cell and its matrix is important 
for successful development of less invasive cell-based therapies. 

Conclusion
Cell clustering occurs in physically disrupted tissue that shows 
an elevated level of MMPs. Clusters may represent an attempt 
at repair that is frustrated by inadequate metabolite transport 
and is aborted by means of apoptosis. Clustering process may 
be repeated several times during tissue disruption to initiate a 
successful healing response, but these attempts fail. However, 
the finding of a distinct population of progenitor nucleus pulposus 
cells offers scope for enhancing the reparative capacities of disc 
tissue. Since the progenitor nucleus cells display high replicative 
potency strategies can be contemplated to allows these cells to 
successfully regenerate the matrix. Greater understanding on 
the intracellular mechanisms behind cell cluster formations and 
its regulation is of importance and in-depth knowledge behind it 
may even facilitate control over intrinsic healing responses that 
is initiated at early stages of disc degeneration.

References
1	 Adams MA, McNally DS, Dolan P (1996) 'Stress' distributions inside 

intervertebral discs. The effects of age and degeneration. J Bone 
Joint Surg Br 78: 965-972.

2	 Urban J, Roberts S (2003) Degeneration of the intervertebral disc. 
Arthritis Res Ther 5: 120-130.

3	 Humzah MD, Soames RW (1988) Human intervertebral disc: 
Structure and function. Anat Rec 220: 337-356.

4	 Adams M, Bogduk N, Burton K, Dolan P (2013) The Biomechanics of 
back pain. Edinburgh: Churchill Livingstone, UK. p. 336.

5	 Adams MA, Lama P, Zehra U, Dolan P (2015) Why do some 
intervertebral discs degenerate, when others (in the same spine) do 
not? Clinical Anatomy 28: 195-204.

6	 Urban JP (2002) The role of the physicochemical environment in 
determining disc cell behaviour. Biochem Soc Trans 30: 858-864.

7	 Kim KS, Yoon ST, Li J, Park JS, Hutton WC (2005) Disc degeneration in 
the rabbit: A biochemical and radiological comparison between four-
disc injury models. Spine 30: 33-37.

8	 Urban JP (1994) The chondrocyte: A cell under pressure. Br J 
Rheumatol 33 :901-908.

9	 Errington RJ, Puustjarvi K, White IR, Roberts S, Urban JP (1998) 
Characterisation of cytoplasm-filled processes in cells of the 
intervertebral disc. J Anat 192: 369-378.

10	 Johnson WEB, Eisenstein SM, Roberts S (2001) Cell cluster formation 
in degenerate lumbar intervertebral discs is associated with 
increased disc cell proliferation. Connect Tissue Res 42: 197-207.

11	 McMillan DW, Garbutt G, Adams MA (1996) Effect of sustained 
loading on the water content of intervertebral discs: Implications for 
disc metabolism. Ann Rheum Dis 55: 880-887.

12	 Roberts S, Menage J, Duance V, Wotton S, Ayad S (1991) Volvo award 

in basic sciences. Collagen types around the cells of the intervertebral 
disc and cartilage end plate: an immunolocalization study. Spine 16: 
1030-1038.

13	 Roughley PJ, Melching LI, Heathfield TF, Pearce RH, Mort JS (2006) 
The structure and degradation of aggrecan in human intervertebral 
disc. Eur Spine J 15: 326-32.

14	 Roughley PJ (2004) Biology of intervertebral disc aging and 
degeneration: Involvement of the extracellular matrix. Spine 29: 
2691-2699.

15	 Roughley PJ, Alini M, Antoniou J (2002) The role of proteoglycans in 
aging, degeneration and repair of the intervertebral disc. Biochem 
Soc Trans 30: 869-874.

16	 Adams MA, Freeman BJC, Morrison HP, Nelson IW, Dolan P (2000) 
Mechanical initiation of intervertebral disc degeneration. Spine 25: 
1625-1636.

17	 Bruehlmann SB, Rattner JB, Matyas JR, Duncan NA (2002) Regional 
variations in the cellular matrix of the annulus fibrosus of the 
intervertebral disc. J Anat 201: 159-171.

18	 Eyre DR, Matsui Y, Wu JJ (2002) Collagen polymorphisms of the 
intervertebral disc. Biochem Soc Trans 30 :844-848.

19	 Eyre DR (1979) Biochemistry of the intervertebral disc. Int Rev 
Connect Tissue Res 8: 227-291.

20	 Yu J, Fairbank JC, Roberts S, Urban JP (2005) The elastic fiber 
network of the anulus fibrosus of the normal and scoliotic human 
intervertebral disc. Spine 30: 1815-1820.

21	 Pezowicz CA, Robertson PA, Broom ND (2006) The structural basis 
of interlamellar cohesion in the intervertebral disc wall. J Anat 208: 
317-330.

22	 Adams MA, Roughley PJ (2006) What is Intervertebral disc 
degeneration, and what causes It? Spine 31: 2151-2161.



ARCHIVOS DE MEDICINA
ISSN 1698-9465

2017
Vol. 3 No. 3: 15

7© Under License of Creative Commons Attribution 3.0 License

Spine Research
ISSN 2471-8173                                                                                        

23	 Roberts S, Menage J, Urban JP (1989) Biochemical and structural 
properties of the cartilage end-plate and its relation to the 
intervertebral disc. Spine 14: 166-74.

24	 Lama P, Zehra U, Balkovec C, Claireaux H, Flower L, et al. (2014) 
Significance of cartilage endplate within herniated disc tissue. Eur 
Spine J 1-9.

25	 Roberts S, Evans H, Trivedi J, Menage J (2006) Histology and pathology 
of the human intervertebral disc. J Bone Joint Surg Am 88: 10-14.

26	 Veres SP, Robertson PA, Broom ND (2010) ISSLS prize winner: How 
loading rate influences disc failure mechanics: A microstructural 
assessment of internal disruption. Spine 35: 1897-1908.

27	 Rajasekaran S, Vidyadhara S, Subbiah M, Kamath V, Karunanithi R, et 
al. (2010) ISSLS prize winner: A study of effects of in vivo mechanical 
forces on human lumbar discs with scoliotic disc as a biological model: 
results from serial postcontrast diffusion studies, histopathology and 
biochemical analysis of twenty-one human lumbar scoliotic discs. 
Spine 35: 1930-1943.

28	 Moore RJ (2006) The vertebral endplate: Disc degeneration, disc 
regeneration. Eur Spine J 15: 333-337.

29	 Rodriguez AG, Rodriguez-Soto AE, Burghardt AJ, Berven S, Majumdar 
S, et al. (2012) Morphology of the human vertebral endplate. J 
Orthop Res 30: 280-287.

30	 Lama P, Le Maitre CL, Dolan P, Tarlton JF, Harding IJ, et al. (2013) Do 
intervertebral discs degenerate before they herniate, or after? Bone 
Joint J 95: 1127-1133.

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

32	 Trout JJ, Buckwalter JA, Moore KC, Landas SK (1982) Ultrastructure 
of the human intervertebral disc. I. Changes in notochordal cells with 
age. Tissue Cell 14: 359-369.

33	 Urban J, Roberts S (2013) Cells of the intervertebral disc: Making the 
best of a bad environment. The Biochemist 25: 15-7.

34	 Trout JJ, Buckwalter JA, Moore KC (1982) Ultrastructure of the 
human intervertebral disc: II. Cells of the nucleus pulposus. Anat Rec 
204: 307-314.

35	 Kim KW, Lim TH, Kim JG, Jeong ST, Masuda K, et al. (2003) The origin 
of chondrocytes in the nucleus pulposus and histologic findings 
associated with the transition of a notochordal nucleus pulposus to 
a fibrocartilaginous nucleus pulposus in intact rabbit intervertebral 
discs. Spine 28: 982-990.

36	 Boos N, Weissbach S, Rohrbach H, Weiler C, Spratt KF, et al. (2002) 
Classification of age-related changes in lumbar intervertebral discs: 
2002 Volvo Award in basic science. Spine 27: 2631-2644.

37	 Melrose J, Smith SM, Little CB, Moore RJ, Vernon-Roberts B, et al. 
(2008) Recent advances in annular pathobiology provide insights 
into rim-lesion mediated intervertebral disc degeneration and 
potential new approaches to annular repair strategies. Eur Spine J 
17 :1131-1148.

38	 Urban JP, Roberts S (2003) Degeneration of the intervertebral disc. 
Arthritis Res Ther 5: 120-130.

39	 Standring S (2005) Gray's anatomy. The anatomical basis of clinical 
practice 932.

40	 Adzick NS (1997) The molecular and cellular biology of wound repair, 
(2nd edn). Annals of Surgery 225: 236.

41	 Alberts B (2015) Sensory substitution in bilateral vestibular a-reflexic 
patients. Physiol Rep 12835.

42	 Moore EE, Bendele AM, Thompson DL, Littau A, Waggie KS, et al. 
(2005) Fibroblast growth factor-18 stimulates chondrogenesis and 
cartilage repair in a rat model of injury-induced osteoarthritis. 
Osteoarthritis Cartilage 13: 623-631.

43	 Chen Q, Fischer A, Reagan JD, Yan LJ, Ames BN (1995) Oxidative DNA 
damage and senescence of human diploid fibroblast cells. Proc Natl 
Acad Sci USA 92: 4337-4341.

44	 Roberts S (2002) Disc morphology in health and disease. Biochem 
Soc Trans 30: 864-869.

45	 Johnson W, Roberts S (2007) 'Rumours of my death may have 
been grossly exaggerated': A brief review of cell death in human 
intervertebral disc disease and implications for cell transplantation 
therapy. Biochem Soc Trans 35: 680-682.

46	 Lotz MK, Otsuki S, Grogan SP, Sah R, Terkeltaub R, et al. (2010) 
Cartilage cell clusters. Arthritis Rheum 68: 2206-2218.

47	 Poole CA, Ayad S, Gilbert RT (1992) Chondrons from articular 
cartilage. V. Immunohistochemical evaluation of type VI collagen 
organisation in isolated chondrones by light, confocal and electron 
microscopy. J Cell Sci 103: 1101-1110.

48	 Cucchiarini M, Madry H, Ma C, Thurn T, Zurakowski D, et al. (2005) 
Improved tissue repair in articular cartilage defects in vivo by rAAV-
mediated overexpression of human fibroblast growth factor 2. Mol 
Ther 12: 229-238.

49	 Ramakrishnan PS, Hong J, Martin JA, Kurriger GL, Buckwalter JA, et 
al. (2011) Biomechanical disc culture system: Feasibility study using 
rat intervertebral discs. Proceedings of the Institution of Mechanical 
Engineers, Part H: Journal Eng Med 225: 611-620.

50	 Ashton IKD, Eisenstein SMPF (1996) The Effect of substance p on 
proliferation and proteoglycan deposition of cells derived from 
rabbit intervertebral disc. Spine 21: 421-426.

51	 Buschmann MD, Gluzband YA, Grodzinsky AJ, Kimura JH, Hunziker 
EB (1992) Chondrocytes in agarose culture synthesize a mechanically 
functional extracellular matrix. J Orthop Res 10: 745-758.

52	 Freemont AJ (2009) The cellular pathobiology of the degenerate 
intervertebral disc and discogenic back pain. Rheumatology 48: 5-10.

53	 Nerlich AG, Weiler C, Weissbach S, Schaaf R, Bachmeier BE, et al. 
(2005) Age-associated changes in the cell density of the human 
lumbar intervertebral disc. Spine 27: 2631-2644.

54	 Yoon S, Patel N (2006) Molecular therapy of the intervertebral disc. 
Eur Spine J 15 :379-388.

55	 Le Maitre CL, Freemont AJ, Hoyland JA (2005) The role of interleukin-1 
in the pathogenesis of human intervertebral disc degeneration. 
Arthritis Res Ther 7: 732-745.

56	 Roberts S, Evans E, Kletsas D, Jaffray D (2006) Eisenstein S. Senescence 
in human intervertebral discs. Eur Spine J 15: 312 - 316.

57	 Coates P (2002) Markers of senescence? J Patholm 196: 371-373.

58	 Le Maitre CL, Freemont AJ, Hoyland JA (2007) Accelerated cellular 
senescence in degenerate intervertebral discs: A possible role in the 
pathogenesis of intervertebral disc degeneration. Arthritis Res Ther 9:45.

59	 Zhao CQ, Wang LM, Jiang LS, Dai LY (2007) The cell biology of 
intervertebral disc aging and degeneration. Ageing Res Rev 6: 247-261.

60	 Martin J, Buckwalter J (2001) Telomere erosion and senescence in 
human articular cartilage chondrocytes. J Gerontol A Biol Sci Med 
Sci 56: 172-179.



ARCHIVOS DE MEDICINA
ISSN 1698-9465

2017
Vol. 3 No. 3: 15

8  This article is availabel in: http://spine.imedpub.com/

Spine Research
ISSN 2471-8173                                                                                        

61	 Dai SM, Shan ZZ, Nakamura H, Masuko-Hongo K, Kato T, et al. 
(2006) Catabolic stress induces features of chondrocyte senescence 
through overexpression of caveolin 1: possible involvement of 
caveolin 1-induced down-regulation of articular chondrocytes in the 
pathogenesis of osteoarthritis. Arthritis Rheum 54: 818-831.

62	 Gruber HE, Ingram JA, Norton HJ, Hanley EN, Jr. (2007) Senescence 
in cells of the aging and degenerating intervertebral disc: 
immunolocalization of senescence-associated beta-galactosidase in 
human and sand rat discs. Spine 32 :321-327.

63	 Gruber H, Hoelscher G, Ingram J, Zinchenko N, Hanley E (2010) 
Senescent vs. non-senescent cells in the human annulus in vivo: 
Cell harvest with laser capture microdissection and gene expression 
studies with microarray analysis. BMC Biotechnol 10: 5.

64	 Roberts S, Caterson B, Menage J, Evans EH, Jaffray DC, et al. (2000) 
Matrix metalloproteinases and aggrecanase: Their role in disorders 
of the human intervertebral disc. Spine 25: 3005-3013.

65	 Weiler C, Nerlich AG, Zipperer J, Bachmeier BE, Boos N (2002) SSE 
award competition in basic science: Expression of major matrix 
metalloproteinases is associated with intervertebral disc degradation 
and resorption. Eur Spine J 11: 308-320.

66	 Crean JKG, Roberts S, Jaffray DC, Eisenstein SM, Duance VC (1997) 
Matrix metalloproteinases in the human intervertebral disc: Role in 
disc degeneration and Scoliosis. Spine 22: 2877-8284.

67	 Le Maitre CL, Freemont AJ, Hoyland JA (2004) Localization of 
degradative enzymes and their inhibitors in the degenerate human 
intervertebral disc. J Pathol 204: 47-54.

68	 Maclean JJ, Lee CR, Alini M, Iatridis JC (2004) Anabolic and catabolic 
mRNA levels of the intervertebral disc vary with the magnitude and 
frequency of in vivo dynamic compression. J Orthop Res 22: 1193-200.

69	 Vo NV, Hartman RA, Yurube T, Jacobs LJ, Sowa GA, et al. (2013) 

Expression and regulation of metalloproteinases and their inhibitors 
in&#xa0; intervertebral disc aging and degeneration. Spine 13: 331-341.

70	 Haglund L, Bernier SM, Önnerfjord P, Recklies AD (2008) Proteomic 
analysis of the LPS-induced stress response in rat chondrocytes 
reveals induction of innate immune response components in 
articular cartilage. Matrix Biol 27: 107-118.

71	 Sandell LJ, Aigner T (2001) Articular cartilage and changes in arthritis. 
An introduction: cell biology of osteoarthritis. Arthritis Res 3: 107-113.

72	 Pearle AD, Warren RF, Rodeo SA (2005) Basic science of articular 
cartilage and osteoarthritis. Clin Sports Med 24: 1-12.

73	 Melrose J, Shu C, Young C, Ho R, Smith MM, et al. (2012) Mechanical 
destabilization induced by controlled annular incision of the 
intervertebral disc dysregulates metalloproteinase expression and 
induces disc degeneration. Spine 37: 18-25.

74	 Martinez C, Hofmann TJ, Marino R, Dominici M, Horwitz EM (2007) 
Human bone marrow mesenchymal stromal cells express the neural 
ganglioside GD2: a novel surface marker for the identification of 
MSCs. Blood 109: 4245-4248.

75	 Sakai D, Nakamura Y, Nakai T, Mishima T, Kato S, et al. (2012) 
Exhaustion of nucleus pulposus progenitor cells with ageing and 
degeneration of the intervertebral disc. Nat Commun 3: 1264.

76	 Zhang Y, Xiong C, Chan CW, Sakai D, Chan D (2014) Roles of progenitor 
cells for intervertebral disc regeneration in “Healer” Mice. Global 
Spine J 34.

77	 Mizrahi O, Sheyn D, Tawackoli W, Ben-David S, Su S, et al. (2013) 
Nucleus pulposus degeneration alters properties of resident 
progenitor cells. The spine journal: official journal of the North 
American Spine Society 13: 803-814.

78	 Evans C (2006) Potential biologic therapies for the intervertebral 
Disc. JBJS 88: 95-98.


