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Abstract 

Low back and neck pain are prevalent conditions in developed societies, and are 

linked to degeneration of the intervertebral disc (IVD), where aberrant cell biology, 

particularly in cells of the nucleus pulposus (NP) is thought to drive these 

degenerative changes. Recent microarray investigations have shed some light as to  

the phenotype of NP cells; an area of IVD research previously undefined, but the 

unique gene markers identified have yet to be investigated in a cohort of specimens 

representative of a range of ages and  stages of degeneration, as well as localised to 

cells of the disc. Additionally, evidence regarding the expression of novel marker 

genes at the protein level is to date, largely unaddressed, but is imperative in order to 

fully characterise the adult human NP cell phenotype, as it is not understood whether 

all NP cells will express these proteins, or just a subset of cells. Similarly, few 

studies have assessed variations in the novel gene and protein expression profile of 

adult NP cells with ageing and degeneration, and it is therefore essential to determine 

this and identify whether the phenotype of NP cells alters as a consequence of such 

variables.  Furthermore, the cervical NP cell phenotype is at present poorly 

characterised and it is therefore assumed that it is comparable to that of lumbar NP 

cells, with regards to chondrogenic and catabolic gene expression.  Elucidation of 

whether NP cells derived from the two spinal regions are comparable with regards to 

phenotype may allow for the interchangeable use of cervical and lumbar IVD 

specimens for in vitro purposes.  

This study aimed to investigate the adult human NP cell phenotype, through 

comparison of gene expression levels determined by quantitative real-time PCR in 

specimens obtained from a range of adult human disc levels of varying ages and 

degenerative grades, and to assess the expression of novel NP and notochordal (NC) 

cell marker proteins by immunohistochemistry, in order to ascertain whether 

expression is ubiquitous, or whether discrete NP cell sub-populations exist in vivo, 

particularly with regards to NC cell marker expression using flow cytometry 

techniques. It has been postulated that the phenotype of NP cells is influenced by 

microenvironmental factors akin to those observed in vivo, and therefore an ex vivo 

model system for studying the effects of microenvironmental factors on the gene 

expression and histological profiles of cells within the NP was developed. 
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Analysis of the cervical NP cell gene expression profile, and comparison to lumbar 

specimens confirmed that specimens from the two spinal regions were 

phenotypically similar and could therefore be used interchangeably. Following this, 

investigation of novel NP and NC cell marker expression in a cohort of degenerate 

human IVD samples identified differential expression of a range of markers, 

indicative of cell sub-populations existing within the tissue. It was subsequently 

demonstrated that discrete NC cell-like and NP cell-like cellular sub-populations 

exist, but crucially, provided support against the loss of NC cells from the NP with 

ageing, and intimate either that they differentiate into chondrocyte-like NP cells or 

that the subsets of NP cells are discrete with regards to ontogeny. The mechanisms 

underlying this required elucidation, and a novel ex vivo model system has been 

developed here, allowing for the assessment of NC cell phenotypic response to 

microenvironmental factors. Preliminary testing has indicated that hypoxic culture of 

porcine IVD explants results in alterations in the NP ECM and cellularity as 

compared to normoxic cultures, suggesting that microenvironment may influence 

alterations to NC cell phenotype. 

Taken together, these findings suggest that adult human NP tissues are comprised of 

heterogeneous cell populations, with differential expression of both NP and NC cell 

markers. Future work to investigate whether the functions of these phenotypically 

distinct cells differs may elucidate an optimal cell type for recapitulation in novel 

cell-based regenerative therapies for repair of the degenerate IVD. 

 

 

 

 

 

 

 

 



 19   
 

Declaration 

No portion of the work referred to in the thesis has been submitted in support of an 

application for another degree or qualification of this or any other university or other 

institute of learning. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 20   
 

Copyright Statement 

I. The author of this thesis (including any appendices and/or schedules to this thesis) 

owns certain copyright or related rights in it (the “Copyright”) and s/he has given 

The University of Manchester certain rights to use such copyright, including for 

administrative purposes. 

 

II. Copies of this thesis, either in full or in extracts and whether in hard or electronic 

copy, may be made only in accordance with the Copyright, Designs and Patents Act 

1988 (as amended) and regulations issued under it or, where appropriate, in 

accordance with licensing agreements which the University has from time to time. 

This page must form part of any such copies made. 

 

III. The ownership of certain Copyright, patents, designs, trade marks and other 

intellectual property (the “Intellectual Property”) and any reproductions of copyright 

works in the thesis, for example graphs and tables (“Reproductions”), which may be 

described in this thesis, may not be owned by the author and may be owned by third 

parties. Such Intellectual Property and Reproductions cannot and must not be made 

available for use without the prior written permission of the owner(s) of the relevant 

Intellectual Property and/or Reproductions. 

 

IV. Further information on the conditions under which disclosure, publication and 

commercialisation of this thesis, the Copyright and any Intellectual Property and/or 

Reproductions described in it may take place is available in the University IP Policy 

(see http://www.campus.manchester.ac.uk/medialibrary/policies/intellectual-

property.pdf), in any relevant Thesis restriction declarations deposited in the 

University Library, The University Library’s regulations (see 

http://www.manchester.ac.uk/library/aboutus/regulations) and in The University’s 

policy on presentation of Theses. 

 

 

 

 

 



 21   
 

Abbreviations 

°C   Degrees Celsius 

ΔCt   Delta cycle threshold 

µg   Microgram 

µl   Microlitre 

µm   Micrometer 

3D   Three-dimensional 

A2M   Alpha-2-macroglobulin 

ABC   Avidin-biotin complex 

AC   Articular chondrocyte 

ACAN   Aggrecan 

ADAMTS A disintegrin and metalloproteinase with thrombospondin 

motif 

AF   Annulus fibrosus 

AJ   Apophyseal joint 

ANXA3  Annexin A3 

β2-M   Beta-2-microglobulin 

BASP1  Brain acid soluble protein 1 

BCP   1-bromo-3-chloropentane 

BDNF   Brain-derived neurotrophic factor 

BHQ1   Black hole quencher 

BMP   Bone morphogenic protein 

bp   Base pair 

BSA   Bovine serum albumin 

CAXII   Carbonic anhydrase-12 

CDH2   Cadherin-2 

cDNA   Complimentary deoxyribonucleic acid 

CEP   Cartilaginous endplate 

CHRD   Chordin 

cm   Centimetre 

CLEC2B  C-type lectin domain family 2 member B 

CO2   Carbon dioxide 

CoCl2   Cobalt chloride 

COL2A1  Collagen, type II, alpha 1 

COMP   Cartilage oligomeric protein 

CS   Chondroitin sulphate 

Ct   Cycle threshold 

CTGF   Connective tissue growth factor 

DAB   3,3’-diaminobenzidine tetrahydrochloride 

DEPC   Diethylpyrocarbonate 

DIG-11-UTP  Digoxigennin-11-uridine-5’-triphosphate 

DMEM  Dulbecco’s modified eagles medium 

dNTP   Deoxyribonucleotide triphosphate 

dTTP   Thymidine triphosphate 

ECM   Extracellular matrix 

EDTA   Ethylenediaminetetraacetic acid 

EIF2B1  Eukaryotic translation initiation factor 2B 

ELISA   Enzyme-linked immunosorbant assay 

FACS   Fluorescence-activated cell sorting 



 22   
 

FBLN1  Fibulin 1 

FBS   Foetal bovine serum 

FGF   Fibroblastic growth factor 

FOXA2  Forkhead box A2 

FOXF1  Forkhead box F1 

GAG   Glycosaminoglycan 

GAP   Growth-associated protein 

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase 

GPC3   Glypican 3 

H2O2   Hydrogen peroxide 

HA   Hyaluronic acid 

HBB   Haemoglobin, beta 

HBSS   Hank’s balanced salt solution 

HCl   Hydrochloric acid 

H&E   Haematoxylin and eosin 

HS-PG   Heparin sulphate proteoglycan 

HSPS   High salt precipitation solution 

IBSP   Integrin-binding sialoprotein 

IL-1   Interleukin-1 

IL-1R   Interleukin-1 receptor 

IL-1RA  Interleukin-1 receptor antagonist 

IMS   Industrial methylated spirits 

ISH   In situ hybridisation 

IVD   Intervertebral disc 

kN   Kilonewtons 

KRT8   Cytokeratin8 

KRT18  Cytokeratin-18 

KRT19  Cytokeratin-19 

KS   Keratin sulphate 

L   Litre 

LBP   Low back pain 

LGALS3  Galectin-3 

M   Molar 

MAT   Matrillin 

MCT   Microcentrifuge tube 

ml   Millilitre 

mm   Millimetre 

mM   Millimolar 

MMP   Matrix metalloproteinase 

MPa   Megapascal 

MRI   Magnetic resonance imaging 

mRNA   Message ribonucleic acid 

MRPL19  Mitochondrial ribosomal protein L19 

MSC   Mesenchymal stem cell 

NaCl   Sodium chloride 

NC   Notochordal 

NCAM1  Neural cell adhesion molecule 1 

NFQ   Non-fluorescent quencher 

ng   Nanogram 

NGF   Neural growth factor 



 23   
 

nm   Nanometre 

nM   Nanomolar 

Nm   Newton metres 

NO   Nitric oxide 

NP   Nucleus pulposus 

NR   Nerve root 

O2   Oxygen 

OVOS2  Ovostatin 2 

Pax   Paired box protein 

PBS   Phosphate buffered saline 

PDAR   Pre-developed assay reagents 

PG   Proteoglycan 

PRELP  Proline arginine-rich end leucine-rich repeat protein 

PTHrP   Parathyroid hormone-related protein 

PTN   Pleiotrophin 

qPCR   Quantitative polymerase chain reaction 

RNA   Ribonucleic acid 

ROS   Reactive oxygen species 

RPLP0   Ribosomal protein, large, P0 

RT-PCR  Reverse transcription polymerase chain reaction 

SA β-galactosidase Senescence-associated β-galactosidase 

SC   Spinal cord 

SE   Standard error of the mean 

SGCG   Sarcoglycan, gamma 

Shh   Sonic hedgehog 

SIPS   Stress-induced premature senescence 

Sox   Sry-related high mobility group box 

SSC   Saline sodium citrate 

T   Brachyury (gene notation) 

TGF-β   Transforming growth factor-β 

TIMP   Tissue inhibitor of metalloproteinase 

Tm   Melting temperature 

TNF-α   Tumour necrosis factor-α 

TNFR1A  Tumour necrosis factor receptor type 1A 

TNFR1B  Tumour necrosis factor receptor type 1B 

TYRO3  Protein tyrosine kinase 

UK   United Kingdom 

US   United States 

UV   Ultraviolet 

VB   Vertebral body 

VCAN   Versican 

VEGF   Vascular endothelial growth factor 

VIM   Vimentin 

v/v   volume/volume 

w/v   weight/volume 

 

 



 24   
 

Acknowledgement 

Firstly I wish to thank my supervisors Professor Hoyland, Dr. Richardson and Mr. 

Gnanalingham for their support and advice during the three years and beyond. Your 

talents as exceptional scientists and clinicians has better equipped me to succeed in 

my endeavour than I could ever have possibly hoped for, and your encouraging 

words when things were not always going to plan kept me motivated to keep on 

trying. There are a number of individuals, whose technical knowledge has 

contributed greatly to the completion of this thesis, including Pauline, Andy, Sonal, 

Daman, John, and Mike. Your expertise in helping to design and troubleshoot these 

experiments is hugely valued, and for this I must sincerely thank you all. I also wish 

to recognise Dr. Ross Atkinson for providing me with my surgical specimens and 

Professor Freemont for sacrificing many early mornings to histologically grade my 

specimens; this was no small undertaking, so thank you very much. Additionally, to 

all of my colleagues, Hamish, Matt, Shahnaz, Jude, Kim, Chris, Ricardo, Louise and 

Nicola, thank you not only for your help, but mostly for the laughs we shared and I 

wish you all the greatest of luck in your future career pursuits. My early morning 

breakfasts with Kim and lunches with Sonal provided some much appreciated time 

away from the project, as well as some memorable moments, so thank you both! 

Regarding memorable moments, thanks to Nicola for spending many hours 

dissecting pigs with me; I could never have done it all on my own! 

 

On a personal note, there are many who have inspired me to chase my dream of a 

PhD, but the most important of these are my parents and grandparents. You have 

sacrificed so much so that I may take every opportunity available to me, and for this 

I will forever be indebted to you. Thanks also to my brother and sister for being 

supportive and interested in my work, even if you didn’t particularly understand or 

care. To Joe, Katie, Marianne, Alice and Joanna who were always on the end of a 

phone when I needed a chat or glass of wine, thank you so much. It’s nice to know 

that nothing changes if you relocate to another city for four years. Finally, thank you 

to Neal from the very bottom of my heart. Your unfaltering support over the last four 

years gave me such motivation to continue and strive to succeed and I hope I too can 

enable you to achieve all that you want so selflessly. Thank you to you all, I could 

not have done this without you. 

 

 

 



 25   
 

 

 

 

Chapter 1: 

 

General Introduction 
 

 

 

 

 

 

 

 



 26   
 

1.1 Investigation Overview 

The high prevalence of low back pain (LBP) in Western populations and the 

association with intervertebral disc (IVD) degeneration has become a focal point for 

scientific and clinical research, with the ultimate aims being to better understand the 

aberrant cell biology (particularly in the nucleus pulposus (NP) region of the IVD), 

which drives this degeneration and to develop novel cell-based therapies which will 

restore normal function to the tissue. Imperative to fulfilling both of these aims is the 

comprehensive elucidation of the NP cell phenotype. If a better understanding of the 

phenotypic profile of human NP cells were to be gained, this would in turn shed 

some light as to the developmental origins of cells of the tissue, as currently, the 

evidence presented for this is conflicting and limited to a handful of studies. 

Additionally, as cells of the IVD synthesise the tissue matrix in which they reside (a 

function demonstrated to alter with progressing tissue degeneration), an insight as to 

the genes expressed by these cells may uncover the cellular mechanisms underlying 

this atypical matrix production. It has also been demonstrated that age-related 

changes occur within the IVD, particularly with regards to cell population and 

extracellular matrix (ECM) homeostasis. An understanding of the genes that govern 

NP cell function and a description of their expression levels with progressing age 

may therefore provide an explanation for these differences. The final area of IVD 

biology which would be better understood if the implicated cell phenotype could be 

fully characterised is the degeneration of the disc. It is postulated that IVD 

degeneration is a cell-driven process, and therefore, the phenotype of these cells may 

influence these degenerative changes. Taken together, an understanding of the 

optimal cell phenotype with regards to tissue development, homeostasis, ageing and 

degeneration would enable the better design of novel regenerative therapies for 

clinical use. However, whilst the current literature is comprised of novel descriptions 

of the NP cell phenotype, these have yet to be investigated in a cohort of human 

specimens where a range of ages and degenerative scores are represented, and their 

protein expression has not been localised to cells of the tissue. Thus, this study 

focussed on the characterisation of the adult human NP cell phenotype across a range 

of disc levels, ages and degenerative scores at both the gene and protein level, and 

the development of a novel ex vivo model to test the effect of microenvironment on 

this expression profile. 
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1.2 Low Back and Neck Pain 

The human vertebrae are divided into four regions: cervical, thoracic, lumbar and 

sacral. LBP is related directly to the lumbar spine segment, and is estimated to affect 

60-80% of individuals in developed societies at some point in their lives (Kelsey et 

al., 1992), whilst 10% of these suffer with the chronic LBP (Waddell, 1996). LBP 

poses a huge socioeconomic burden in the UK, with approximately £12 billion in 

costs arising annually through lost work days, social benefit payments and costs to 

the healthcare system attributed to 17 million LBP sufferers (Maniadakis and Gray, 

2000, N.I.C.E., 2009). In the US LBP is thought to cost the economy approximately 

$85billion annually (Martin et al., 2008), and is the third most common cause of 

surgical procedures (Andersson, 1999). Like LBP, chronic neck pain associated with 

the cervical portion of the spine is a highly common condition in developed 

societies, with a lifetime prevalence of approximately 70% (Makela et al., 1991), and 

as such is one of the most commonly reported musculoskeletal disorders (Webb et 

al., 2003).  The precise aetiologies of LBP and neck pain are poorly understood; 

however, it has been demonstrated that degeneration of the lumbar IVD and LBP 

(Benneker et al., 2005, Cheung et al., 2009) and cervical IVD degeneration and neck 

pain (Matsumoto et al., 1998) are directly correlated, whilst a correlation between 

pain and the severity of IVD degeneration has also been noted (Cheung et al., 2009). 

 

1.3 Intervertebral Disc Structure 

Intervertebral discs are highly specialised tissues that separate the 24 vertebrae of the 

human spine and approximately 25% of the length of the human spine can be 

attributed to IVDs (Raj, 2008).  These discs function not only to support both the 

upper and lower extremities, but also to withstand load applied to the spine through 

movement, and allow for deformation under such loads. The IVD itself is best 

described as comprising three distinct regions: the cartilaginous endplate (CEP), the 

annulus fibrosus (AF) and the nucleus pulposus (NP) (Figure 1.1).  
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Figure 1.1 The intervertebral disc and spinal segment. The lamellae of the 

annulus fibrosus (AF) surrounds the nucleus pulposus (NP), with the disc separated 

from the vertebral body (VB) by cartilaginous endplates (CEP). Also demonstrated 

is the proximity of the disc to the spinal cord (SC), nerve root (NR) and apophyseal 

joint (AJ). Adapted from (Urban and Roberts, 2003). 

 

1.3.1 Structure of the Adult Human IVD Tissues 

1.3.1.1. The Cartilaginous Endplate 

CEPs are comprised of thin layers of hyaline cartilage and are located on the superior 

and inferior vertebral surface and separate the vertebrae from the IVD (Roberts et 

al., 1989). The CEP function is threefold: to absorb some of the pressure from load 

application thus protecting the vertebral column from pressure atrophy; to provide a 

physical barrier confining annulus and nucleus tissues to their anatomical location; 

and to act as a semi-permeable barrier across which nutrients and metabolites can be 

exchanged via diffusion between the NP, AF and VB (Humzah and Soames, 1988, 

Roberts et al., 1989).  

 

1.3.1.2. The Annulus Fibrosus 

The AF is comprised primarily of collagen fibres arranged in concentric lamellae 

numbering between 10 and 25 (Marchand and Ahmed, 1990), and surrounds the 

nucleus pulposus. The AF is attached to the NP and CEPs, as well as longitudinal 

ligaments. The collagen fibres of the AF demonstrate an alternating orientation and 

are angled at approximately 70° to the vertical axis (Bogduk and Twomey, 1987). 

The AF functions to protect the NP from loading forces, and being comprised of 

collagen lamellae allows for both flexibility and rigidity (Pooni et al., 1986). The 
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posterior region of the disc contains more densely packed collagen fibres, thereby 

preventing deformation of the disc under application of a variety of loads. 

 

1.3.1.3. The Nucleus Pulposus 

The centrally-located NP is gelatinous in appearance, and the fluid-like nature of the 

disc permits compression of the tissue under load. The hydrostatic pressure of the 

disc is maintained by the high proteoglycan (PG) content, and this allows for the NP 

to flatten and expand when a load is applied (Bibby et al., 2001, Colombini et al., 

2008). 

 

1.3.2 Variations in IVD Structure According to Spinal Region 

Both the size and shape of the IVD change according to spinal level. Compared to 

lumbar discs, cervical IVDs are much smaller in size, with a disc radius of <1cm, 

compared to >2cm in the lumbar region (Pooni et al., 1986), (Figure 1.2). The 

proportion of NP tissue in the cervical IVD at birth is only half that observed in the 

lumbar IVD (Taylor, 1975), and the cross sectional area of the NP increases linearly 

from the cervical to the lumbar region of the spine, with the L5-S1 disc NP 

occupying a much larger proportion of the cross-sectional area than that of C2-C3 

(Pooni et al., 1986). In terms of AF structure within the cervical disc, AF fibres are 

more numerous and thick in the anterior portion of the disc, whilst the posterior part 

comprises only a thin layer of collagen fibres, resulting in a crescentric appearance 

of the annulus, thought to enable control of movements in flexion/extension and 

contributing to the natural curvature of the cervical spine (Mercer and Bogduk, 

1999), (Figure 1.3). Additionally, unlike the lumbar AF, the cervical annulus does 

not consist of concentric collagen lamellae surrounding the NP, but are orientated in 

alternating angles (Mercer and Bogduk, 1999). The angle of fibre orientation is 5° 

less in the cervical AF (65°) as compared to lumbar (70°), although the reasons for 

this distinction remain unexplained (Pooni et al., 1986). 
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Figure 1.2 Distinctions in the cross-sectional shapes of cervical and lumbar 

IVDs. Discs obtained from the cervical C7-T1 (a) and lumbar L4-L5 (b) regions 

were assessed for their cross-sectional area. Adapted from (Pooni et al., 1986). 

 

 
Figure 1.3 The cervical intervertebral disc. An illustration of a human cervical 

intervertebral disc. The anterior (a) annulus is crescentric in shape, and fibres are 

thickest in this part. The posterior (p) AF is limited to paramedian longitudinal 

fibres. Adapted from (Mercer and Bogduk, 1999). 

 

1.3.3 Load-Bearing Properties of the Intervertebral Disc 

A variety of loads are imparted on the IVD tissues, and it is the structure of the 

various tissues that permits this load application. Intradiscal pressures vary largely 

during daily activities, with walking, lifting, jogging and climbing stairs raising 

intradiscal pressure as much as 1.2MPa compared to lying prone, where the pressure 

is approximately 0.1MPa (Wilke et al., 1999). Humans are a bipedal species, and 
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thus axial loading is applied to the spine continuously through upright posture and 

pressure from the body musculature. Pressures exerted on the human spine when 

sitting unsupported or standing are approximately 0.5MPa (Wilke et al., 1999); 

however, atypical loads may be forced upon the tissues as a result of manual work or 

loss of tissue integrity through degeneration.  

 

1.4 Intervertebral Disc Development 

1.4.1 IVD Embryogenesis 

The distinct structures of the NP, AF and CEP tissues of the IVD are thought to arise 

as a consequence of their different developmental origins (Urban and Roberts, 1995). 

The AF and CEPs have been demonstrated as mesenchymal in origin, whilst the 

embryonic NP derives from the notochord (Walmsley, 1953). Figure 1.4 illustrates 

the development of the IVD tissues. The notochord is located between two paraxial 

somites during early development, which are comprised of an epithelium and 

mesenchymal somitocoele that undergoes mesenchymal to epithelial transition and 

forms the sclerotome. Sclerotomal cells migrate medially from the somites to 

surround and condense around the notochord at approximately 30 days foetal 

gestation (Hunter et al., 2003a, Peacock, 1951). This cellular condensation produces 

layers of condensed and less-condensed cells that subsequently form the AF and 

CEP/VB respectively (Aszodi et al., 1998). The cells of the more condensed regions 

adopt a fibroblastic morphology, characteristic of AF cells, and form an orientation 

and alignment that will permit formation of the lamellar structures (Rufai et al., 

1995). Rapid cellular proliferation in the annular regions is noted (Taylor and 

Twomey, 1988), and both stress fibres and adherens junctions form within and 

between these cells in order to align them prior to the development of the mature AF 

collagen network (Hayes et al., 1999). Extracellular matrix deposition is controlled 

via junctional complexes involving integrins and vinculin (Hayes et al., 1999). 
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Figure 1.4 The development of the intervertebral disc. Somites are comprised of 

a somitocoele (A) that undergoes mesenchymal to epithelial transition, and forms the 

sclerotome which migrates towards the notochord (NC) and neural tube (B). 

Separation of the sclerotomal cells into areas of condensed and less-condensed cells 

is noted (C). NC involution occurs concurrently, resulting in the formation of the NP 

within the intersegmental/intervertebral space (D). Note, the orientation of A and B 

differs from that of C and D, by a 90° rotation about the x-axis. Reproduced from 

(Kaplan et al., 2005, Rawls and Fisher, 2010). 

 

Development of the nucleus pulposus regions occurs concurrently with annular 

morphogenesis. Notochordal contraction within the developing vertebral bodies is 

observed, whilst the tissue simultaneously expands within the intervertebral space to 
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form the NP (Aszodi et al., 1998, Pazzaglia et al., 1989, Peacock, 1951). When an 

embryo has grown to 17mm in size (8-9 weeks post conception), proliferation of the 

notochord  is noted, and an ECM distinct to that of the surrounding AF is formed by 

these cells (Walmsley, 1953). The stages of notochordal transformation are outlined 

in Figure 1.5. At E12.5 in mice, the notochord is visible throughout the length of the 

embryo and is not segmented at this stage, whilst the layers of condensed and less-

condensed cells are seen. At E13.5, notochordal involution has begun, with 

contraction in the VB regions and some expansion in the future intervertebral regions 

noted. The NC is fully retracted in the VB tissues at E14.5, and is further expanded 

in the disc space. In neonatal tissue, the notochord has expanded laterally and 

ossification of the VB is noted in primary ossification centres (Smith et al., 2011). It 

has been suggested that mechanical forces exerted on the notochord underlies the 

involution of this tissue. Swelling of the tissue condensates that go on to form the 

VBs is hypothesised to constrict the notochord, thereby forcing migration of the 

tissue to the intervertebral space, as demonstrated in mice deficient in type II 

collagen. In such mice, VB formation is retarded and the involution of the NC is not 

observed, with the tissue remaining as a rod-like structure throughout the embryo, 

lacking the subsequent formation of NP tissue (Aszodi et al., 1998). Incorrect 

formation of the notochord during development gives rise to vertebral defects, 

characterised by alterations in muscular arrangement, connective tissue 

disorganisation and notochordal collagen abnormalities  (Santamaria et al., 

1994). Additionally, disruption to the zebrafish notochord by laser ablation resulted 

in the formation of embryos lacking centrum development, therefore inhibiting 

vertebral formation (Fleming et al., 2004). 
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Figure 1.5 Notochordal transformation in the mouse embryo. Picrosirius red and 

alcian blue staining at E12.5 shows that the notochord (arrow) runs the length of the 

vertebral column and sclerotomal cell condensation is noted. At E13.5 the notochord 

contracts within the VB and expands within the disc region (arrow). At E14.5 the 

notochord is absent from within the VB and persists only in the intervertebral space 

(arrow). In neonates, the NP has expanded (arrow). Adapted from (Smith et al., 

2011). 

 

1.4.2 Cellular Alterations with Skeletal Maturity of the NP 

During human development, the NP is comprised of morphologically-distinct NC 

cells (Taylor, 1975), but it has been demonstrated that alterations to the cellular 

population of the NP occur with ageing and subsequent maturity of the tissue. NC 

cells are larger than the NP cells which populate the adult IVD (approximately 25µm 

as compared to 8µm in diameter (Hunter et al., 2003b)), and are characterised by the 

abundance of vacuoles contained within the cells (approximately 80% of the cell 

volume (Hunter, 2005)), as well as their formation of large and dense cellular 

networks; features absent in the adult human NP tissue. The foetal NP is populated 

by an abundance of NC cells (Boos et al., 2002), whereas the infant NP contains NC 

cell clusters and strands (Trout et al., 1982a) which gradually disappear by age 8, 

and are replaced with smaller, rounded chondrocyte-like cells, that populate the NP 

throughout adulthood (Louman-Gardiner et al., 2011). The developmental origin of 

adult human NP cells is controversial as it is not clear whether they derive from NC 

cells, or the surrounding AF/CEP cells, and is reviewed in section 4.1. Increased cell 

density of chondrocyte-like NP cells is noted in neonatal IVDs, and the number of 

chondrocyte-like NP cells populating the nucleus pulposus increases during early 

childhood (Boos et al., 2002). However, decreased proliferation of NP cells is noted 

following adolescence, where the NP tissue itself becomes softer and relatively 

hypocellular (Boos et al., 2002, Taylor, 1975). Of note, the loss of notochordal cells 

from the human NP is thought to precede the onset of IVD degeneration, as it is at 

the point of NC cell loss that the first signs of disc degeneration are observed 



 35   
 

(Nerlich et al., 1997). The precise mechanisms underlying the loss of these distinct 

cells from NP tissue is however currently unknown, although biomechanical 

alterations and an insufficient nutrient supply have been postulated to contribute 

(Louman-Gardiner et al., 2011).  

 

1.4.3 Molecular Processes in IVD Development 

A range of molecular signals are responsible for the co-ordination of IVD 

development, and are summarised in Figure 1.6. Sonic hedgehog (Shh) is 

multifunctional in IVD embryogenesis; in addition to Wnt it mediates somite 

patterning, whilst also enabling definition of the sclerotome (Ehlen et al., 2006). 

PTHrP, a known Shh target, is expressed only during IVD growth and specifically in 

the CEP region (Dahia et al., 2009). Additionally, synergism between Shh and 

noggin occurs during sclerotomal formation (Mcmahon et al., 1998). Noggin is a 

bone morphogenic protein (BMP) antagonist, and is initially expressed by all NC 

cells, before localisation to the AF where it is postulated to block BMP signalling 

from the adjacent vertebral bodies (Dipaola et al., 2005, Mcmahon et al., 1998). 

BMP signalling is imperative to the development and growth of the disc, and 

following this, expression of these proteins ceases (Dahia et al., 2009). Transforming 

growth factor-β (TGF-β) localisation is isoform-dependent. TGF-β3 is expressed in 

the condensed sclerotomal cells that form the AF and VBs, and with progressing 

development, is localised to cells in the intervertebral space, with no expression 

noted in the adjacent VB (Pelton et al., 1990). TGF is thought to control 

development of the AF, preventing chondrogenic differentiation of the future annular 

region, and through promotion of AF differentiation (Sohn et al., 2010). Deletion of 

TGF-β receptor 2 in type II collagen-expressing cells results in aberrant NP and AF 

formation, with AF cells phenotypically resembling chondrocytes (Baffi et al., 

2004). Differential TGF-β signalling has also been noted post-natally, with low 

levels noted in the AF as compared to the NP and CEP (Dahia et al., 2009). Finally, 

fibroblastic growth factor (FGF) signalling is not noted in the developing or growing 

NP, but is noted in the early developmental stages of the AF, and latter stages of 

development of the CEP (Dahia et al., 2009). 
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Sry-related high-mobility-group box (Sox) gene family members are also essential in 

the development of the IVD, particularly Sox5, Sox6 and Sox9. Sox5 and Sox6 

expression is detected in both sclerotomal and notochordal cells, and lacking 

expression of this transcription factor results in the absence of the normal ECM 

sheath surrounding the NC, cellular apoptosis, impaired inner AF differentiation and 

improper involution of the notochord, with subsequent aberrant NP formation noted 

(Smits and Lefebvre, 2003). Sox9 expression is noted in all developing cartilaginous 

tissues, and has been described previously in the notochord and sclerotome 

(Barrionuevo et al., 2006). Like that described for Sox5 and Sox6, a deficiency in 

Sox9 results in atypical NC sheath formation, which prevents the proper 

development of the notochord and sclerotome (Barrionuevo et al., 2006). In addition 

to Sox genes, NC development is also controlled by Brachyury, which has been 

demonstrated as crucial to the differentiation and survival of the NC in the stages 

prior to control by Sox markers (Hermann and Kispert, 1994). 

Pax genes regulate a number of transcription factors, and it is thought that Pax1 and 

Pax9 are crucial for the development of the IVD, as Pax-1/Pax-9-deficient mice lack 

formation of a sclerotome, notochord and the resultant tissues (Peters et al., 1999). 

There is interplay between the various signalling cascades that control the 

development of the IVD, with Pax-1 signalling controlled by Shh/noggin signalling 

originating in the NC, (Fan and Tessier-Lavigne, 1994, Mcmahon et al., 1998). 

Expression patterns of Pax-1 varies with progressing development, with expression 

initially noted in all sclerotomal cells, but following disc formation this is limited to 

AF precursor cells (Dipaola et al., 2005).  
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Figure 1.6 Alterations in molecular expression with growth. A map of signalling 

pathways in the differentiation, growth, and ageing of the IVD. Signalling in the NP 

is indicated in white, the AF in light grey and the CEP in dark grey. Adapted from 

(Dahia et al., 2009). 

 

 

1.5 The Mature Intervertebral Disc 

Cells of the different adult human IVD regions have distinct cell morphologies and 

synthesise the ECM in which they reside. Cells of the CEP resemble those found in 

other cartilaginous tissues, whereby they are rounded in their morphology, and have 

a cell density of approximately 15x10
6
cells/mm

3
  (Maroudas et al., 1975). Cells of 

the AF are elongated and fibroblastic in appearance (Figure 1.7A) (Comper, 1996) 



 38   
 

and the tissue is relatively densely populated when compared to that of the 

neighbouring NP, containing approximately 9x10
6
cells/mm

3
 (Maroudas et al., 1975). 

Adult NP cells (Figure 1.7B) resemble articular chondrocyte (AC) cells (Figure 

1.7C) in that they are small and rounded in morphology, but only provide a cell 

density of 4x10
6
cells/mm

3
 (Maroudas et al., 1975), and thus the tissue is sparse in 

cellular content.  

 

Figure 1.7 Histological analysis of AF, NP and AC cell morphology. Human IVD 

and articular cartilage cells stained with haematoxylin and eosin. The highly 

organised structure of the AF (A), with its concentric lamellae and fibroblast-like 

cells differs greatly from that of the hydrated NP (B), which contains fewer cells and 

a higher proportion of ECM, but NP cells resemble that observed in articular 

cartilage (C). Scale bars= 50µm. 

 

The ECM within the IVD is highly complex, and comprised of a number of collagen 

and proteoglycan (PG) isoforms, in addition to a number other less abundant ECM 

proteins. Key ECM molecules within the IVD and the interactions they form with 

other ECM proteins are illustrated in Figure 1.8. The matrix synthesised by CEP 

cells is predominantly comprised of PGs reinforced by collagen (particularly type X 

collagen) fibrils (Lammi et al., 1998, Rodriguez et al., 2012); however, the CEP has 

varying composition depending on its location within the disc; the portion nearest 
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the AF has increased collagen content than that alongside the NP, where water and 

PG content is higher (Roberts et al., 1989). The AF ECM is predominantly formed 

of type I collagen fibres, accounting for 50-60% of its dry weight (Bogduk and 

Twomey, 1987), but also contains interlamaellar PGs (Ortolani et al., 1988) and 

elastin fibres that are anchored to the CEP; their role being to restore the disc to its 

original shape after movement and bind the lamellae together (Yu et al., 2002).  

 

 
Figure 1.8 Assemblies of matrix proteins within the IVD. COMP = cartilage 

oligomeric protein; CS = chondroitin sulphate; KS = keratin sulphate; HA = 

hyaluronic acid; HS-PG = heparin sulphate proteoglycan; MAT = matrillin; PRELP 

= proline arginine-rich end leucine-rich repeat protein. (Feng et al., 2006). 

 

The NP tissue is comprised of 70-90% water, and this highly hydrated appearance is 

attributed to the high PG content, accounting for 65% of the dry weight of the tissue 

(Bogduk and Twomey, 1987). Aggrecan is the predominant PG found within the NP, 

and is responsible for water being drawn into the tissue by increasing its osmotic 

potential (Bogduk and Twomey, 1987). PGs comprise of a central core protein 

bound via covalent bonds to numerous negatively charged glycosaminoglycans 
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(GAGs). In the case of aggrecan, these GAG chains are sulphated – normally 

chondroitin or keratin sulphate, and bind to hyaluronic acid via link proteins 

(Melrose et al., 2001). The NP ECM also contains type II collagen; the fibres of 

which are arranged irregularly, and comprise 15-20% of the weight of the dry NP 

(Le Maitre et al., 2007c). Additionally, elastin fibres are noted within the NP and 

provide a loose structure to the NP, holding the gelatinous portion of the tissue 

together (Adams and Roughley, 2006). Other collagen isoforms can be found within 

the IVD, including types V, VI, IX and XI. Type VI collagen has been localised to 

the pericellular region of cells within the AF/NP transition zone, and is thought to be 

involved in signal transduction (Melrose et al., 2008), whilst types V, IX, X and XI 

are localised throughout the disc, and interact with collagen isoforms I and II, 

thereby providing stability to both the tissue as a whole and the collagen network 

(Feng et al., 2006).  

Other ECM molecules have been described as present in the IVD. Versican is a PG 

whose structure is partially homologous with aggrecan, but unlike aggrecan, versican 

contains only chondroitin sulphate GAG chains (compared to both keratin sulphate 

and chondroitin sulphate GAG chains in aggrecan), and these are far fewer in 

number than the GAG chains in aggrecan, resulting in a lower charge on the versican 

molecules and the potential to bind less water (Wu et al., 2005). Like aggrecan, 

versican also binds hyaluronic acid (Wu et al., 2005), and has been localised within 

translamellar cross bridges of the AF (Melrose et al., 2008), as well as the adult 

human NP (Sztrolovics et al., 2002). Cartilage oligomeric protein (COMP) is 

essential in the organisation of collagen fibres within the AF collagen network by 

ensuring that they are closely spaced and parallel, but also binds to each of the 

globular domains of type IX collagen providing network stability (Feng et al., 2006, 

Ishii et al., 2006). Several other PGs play a role in collagen fibre assembly including 

biglycan and decorin, which predominantly bind to type VI collagen (Wiberg et al., 

2002), and fibromodulin and lumican which bind to other collagen isoforms (Feng et 

al., 2006). Expression of these PGs is greater in AF tissues than the NP (Inkinen et 

al., 1998, Singh et al., 2009). Finally, fibronectin and cartilage intermediate layer 

protein (CILP) have been localised within the IVD and linked to increased incidence 

of IVD degeneration (Feng et al., 2006, Seki et al., 2005).  
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Crucially, a clear omission from the current literature exists with regard to a 

comparison of cervical and lumbar ECM molecule expression levels. A limited 

amount of literature exists which suggests that type II collagen expression is 

comparable between cervical and lumbar NP specimens at the protein level (Longo 

et al., 2006, Park et al., 2013); however, a model of human IVD degeneration where 

degeneration has been induced by exposure to cytokines demonstrated higher 

expression of types I and II collagen in cervical as compared to lumbar specimens 

(Park et al., 2013). The expression of other matrix molecules in the cervical NP is 

however, yet to be investigated. Given that distinctions exist between discs from the 

two spinal regions with regards to gross structure, it is possible that such differences 

be linked to the levels of ECM molecules synthesised, and thus, this requires further 

investigation. 

 

1.6 Alterations to the Human Intervertebral Disc 

1.6.1 Age-Associated Changes in the Human IVD 

A number of alterations to the morphology and molecular composition of the human 

IVD have been noted as associated with increasing age, although the close 

correlation between IVD degeneration and age complicates the separation of these 

two factors in the literature.  In terms of cellularity, a change is noted with regards to 

the NP cell population from birth through to adolescence, with a loss of NC cells and 

increased localisation of small chondrocyte-like NP cells (described in 1.4.2). This 

has been well described in studies of the lumbar IVD (Louman-Gardiner et al., 2011, 

Trout et al., 1982a), but interestingly, there is a limited amount of data that suggests 

that this process applies to the cervical disc also (Oda et al., 1988). The cell density 

of human NP cells has been shown to decrease with ageing, with the cell density in 

the elderly adult population only 10% of that of the newborn (Liebscher et al., 2011). 

A similar decrease in AF cell density has also been demonstrated, whilst CEP cell 

density is only noted as decreasing until late adolescence (Liebscher et al., 2011). 

Additionally, evidence also exists which suggests that the percentage of necrotic NP 

cells also increases with age in humans; from 2% in the foetal spine, to >50% in 

adult specimens (Trout et al., 1982a). 
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Regarding the gross structure of the IVD, although the adult human IVD is generally 

considered avascular, maturity of the human lumbar IVD is associated with a loss of  

the vascularity present within the developing and infant IVD, particularly within the 

CEP, thereby altering both the oxygen and nutritional state of the disc (Grunhagen et 

al., 2006). This is also briefly described within the cervical IVD, where it has been 

noted that blood vessels present in the CEP of neonates is replaced by cartilaginous 

tissue by adolescence (Oda et al., 1988), but overall, alterations in tissue morphology 

and organisation with ageing are not as well characterised in the cervical region as 

for the lumbar IVD. Alterations to the tissue ECM of the IVD with ageing is thought 

to underlie gross morphological changes within the disc, including loss of disc height 

and dehydration of the tissue. Decreases in both collagen and total PG content has 

been observed as a function of age (Singh et al., 2009). Decreased PG levels mean a 

reduced ability to retain water content within the NP ECM, and it is thought that this 

precedes the loss of disc height observed by MRI in degenerate specimens as 

compared to healthy (Frobin et al., 2001). Levels of denatured type II collagen is 

significantly lower in younger IVDs (Antoniou et al., 1996), suggesting that 

expression of matrix degrading enzymes is also lower in discs of the same age, 

although this is not elucidated. Interestingly the expression of a number of small PGs 

has been shown to increase with progressing age. Alterations to the PG composition 

of the disc tissues with ageing may therefore be linked to differences in load-bearing 

potential, as different PGs vary in their ability to hydrate a tissue. Biglycan 

expression increases in the NP and inner AF with ageing, whilst fibromodulin levels 

increase significantly in the outer AF region (Singh et al., 2009). Also, increased 

type X collagen has been noted with ageing in the human IVD, although it is unclear 

from this study whether the increase is related specifically to age or degeneration 

(Boos et al., 1997). Type X collagen is a marker of tissue hypertrophy (a feature not 

normally noted in the healthy IVD, with the exception of the CEP), and thus 

increased expression in the ageing IVD may be linked to ossification of a normally 

gelatinous tissue. Linked to the loss of total PG content within the NP with ageing, a 

loss of NP water content has also been demonstrated (Antoniou et al., 1996). These 

variations in ECM composition with ageing have been well described within the 

lumbar IVD, although there is little  information regarding this in the cervical region, 

and thus, this requires investigation. Finally, changes to the ECM of the IVD with 

ageing influences the mechanical properties of the tissue. Compressive stress testing 
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of lumbar IVDs has shown that load distribution within the disc is altered, with load 

shifted to the AF from the NP (Adams et al., 1996). This effect is more severe in the 

lower lumbar discs as compared to the upper, but the loading profile of cervical discs 

was not described.  

 

1.6.2 Degenerative Changes to the Human IVD 

Numerous morphological alterations occur in the IVD through the process of disc 

degeneration. Notably, the boundary between the gelatinous NP and fibrous AF loses 

its distinction, with the NP becoming increasingly dehydrated and more fibrotic 

(Buckwalter, 1995). This results in a decrease in NP size, with decompression of the 

tissue arising also, thereby forcing more of the load-bearing onto the adjacent AF 

(Adams et al., 1996). Additionally, irregularities in the AF lamellae have been noted, 

and disorganisation of the collagen and elastin networks is apparent (Urban and 

Roberts, 2003). A loss of AF integrity reduces the ability of the AF to constrain the 

NP, and as is frequently observed in disc degeneration, bulging or herniation of the 

NP tissue results. Herniation of the IVD results in pressure being applied to the 

nerves located in close proximity to the disc, and nociceptive pain is suffered as a 

consequence. Also, the NP is prone to tearing and large fissures originating in the 

NP penetrate the annulus; a feature increasingly common after childhood (Boos et 

al., 2002). Fissures also develop in the CEP, resulting in a more fibrotic and calcified 

tissue, and normal diffusion of nutrients and metabolites into and thus out of the disc 

is impaired, as the CEP is the primary location of disc vasculature, where diffusion 

of nutrients must occur to provide nutrition for the disc (Trout et al., 1982b). 

Interestingly, modic changes in magnetic resonance images of degenerate IVDs has 

been shown to be significantly correlated with LBP, and highlights alterations to the 

vertebral endplates and sub-chondral bone through changes in signal intensity 

(Zhang et al., 2008). Endplate alterations are also noted in older individuals, with 

increased incidence of nuclear bulging into the tissue noted (Twomey and Taylor, 

1985). A loss of endplate integrity results in NP decompression, thereby altering the 

load-bearing capabilities of the tissue, described previously.  Morphological 

alterations to the disc as observed during degeneration are illustrated in Figure 1.9. 
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Figure 1.9 Progressive changes to the IVD with degeneration. A healthy disc 

exhibits distinct AF lamellae and gelatinous NP with good signal intensity (A). Discs 

undergoing early degeneration display a loss of disc height, decreased signal 

intensity in the NP and inward bulging of the AF (*) (B). Severely degenerate IVDs 

contain fissures penetrating deep into the AF from the NP (*), further decreases in 

disc height and a general loss of structural integrity (C). Adapted from (Smith et al., 

2011). 

 

1.7 Intervertebral Disc Degeneration 

1.7.1 Risk Factors for IVD Degeneration 

A number of factors have been identified that may predispose an individual to 

developing IVD degeneration. Firstly, occupation is thought to influence the 

development of IVD abnormalities, with those workers whose occupation involves 

heavy lifting, twisting or repeated bending found to induce alterations to the disc that 

exceed those whose work was more sedentary (Battie et al., 1995b, Videman et al., 

1990).  Additionally, jobs which expose workers to vibrations have been proposed to 

induce degeneration by altering peripheral circulation in the CEP and outer AF of the 

IVD (vessels responsible for the nutrition of the largely avascular IVD), where 

regression of vascular growth has been reported, thereby compromising the nutrition 

of the disc (Elfering et al., 2002, Kumar et al., 1999). Smoking has been proposed by 

a number of studies to be a risk factor for the development of IVD degeneration 

(Deyo and Bass, 1989, Heliovaara et al., 1991, Kelsey et al., 1984, Pye et al., 2007), 

and it is suggested that smoking too detrimentally alters the nutritional state of the 

disc through vessel wall changes and changes in blood flow (Ernst, 1993, Miller et 

al., 2000). IVD cells exposed to nicotine demonstrate reduced cell proliferation, 
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disrupted ECM (including a shift from type II to type I collagen expression within 

the NP), and an atypical cell architecture, and the authors conclude that these 

changes may precede the onset of disc degeneration (Akmal et al., 2004). Other 

lifestyle factors thought to influence the development of IVD degeneration include 

lack of exercise and obesity  (Deyo and Bass, 1989, Elfering et al., 2002), and the 

choice of automobile model (Kelsey et al., 1984). 

 

1.7.2 Genetic Association with Disc Degeneration 

Genetic influences on the development of disc degeneration have been well-

documented. Incidence of LBP has been significantly correlated with reports of 

discogenic pain in relatives (Bijkerk et al., 1999, Postacchini et al., 1988), whilst 

radiographic markers of degeneration have been shown to increase in severity when 

the patient had a first order relative who had undergone surgery for lumbar disc 

herniation (Matsui et al., 1998). Additionally, studies in twins have demonstrated 

hereditary associations with alterations in the IVD that are more significant than the 

effects associated with environmental influences (Battie et al., 1995a, Battie et al., 

1995b, Battie et al., 2009).  

A number of genes have been identified that may play a role in the development of 

IVD degeneration (summarised in Table 1.1). Firstly, mutations in the type IX 

collagen isoforms COL9A2 and COL9A3 have been associated with disc 

degeneration in the Finnish (Annunen et al., 1999, Paassilta et al., 2001, Videman et 

al., 2009) and Chinese (Jim et al., 2005) populations. Type I collagen 

polymorphisms alter the transcription factor binding sites and are thought to change 

the ratios of type I collagen subtypes, thereby affecting the strength of the IVD 

collagen network. Polymorphisms of the SP1 allele of COL1A1 have been 

associated with IVD degeneration in Dutch (Pluijm et al., 2004), Finnish (Videman 

et al., 2009), and Greek (Tilkeridis et al., 2005) populations. 

Polymorphisms in the CS1 subunit of aggrecan is associated with disc degeneration 

in Japanese (Kawaguchi et al., 1999), Iranian (Mashayekhi et al., 2010) and Turkish 

(Eser et al., 2010) ethnicities, and it is hypothesised that these changes alter the 

ability of the subunit to bind GAGs (Doege et al., 1997). Linked to this, variant 

alleles of vitamin D receptor have been implicated in disc degeneration, as 
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demonstrated in a Finnish study (Videman et al., 1998), as well as Chinese (Cheung 

et al., 2006) and Japanese (Kawaguchi et al., 2002) populations. It is thought that 

alterations in the vitamin D receptor gene affect the integrity of the IVD ECM as it 

changes GAG sulphation (Kepler et al., 2013). 

Finally, a link between matrix metalloproteinase-3 (MMP3) allele 5A and lumbar 

disc degeneration has been demonstrated in a study conducted in Japan, but only in 

the oldest of patients (Takahashi et al., 2001), and it is thought that the 

polymorphism with greater expression of 5A influences disc degeneration by 

increasing the amount of MMP3 protein expressed through increased transcription, 

and as detailed in section 1.7.4, MMPs are associated with IVD matrix degeneration 

(Ye et al., 1995). 

 

Table 1.1 Genes Associated with IVD Degeneration Studied in Human 

Populations 

Protein Likely IVD Function Alleles with Variants 

 

Type IX collagen ECM support COL9A2 

COL9A3 

Vitamin D receptor GAG structure alteration Taq1 

Apa 

Type I collagen AF support COL1A1 

 

Aggrecan NP osmotic gradient CS1 

 

MMP3 ECM degradation 5A 

6A 

Adapted from (Kepler et al., 2013) 

 

1.7.3 Cellular Alterations Associated with Disc Degeneration 

In terms of the cell population, IVD degeneration is associated with a transient loss 

of NP cells (Urban et al., 2001). Given that the detrimental alterations to disc 

nutrient supply are linked to the degenerative processes, the observed loss in NP cell 

number may be consequence of this change. Also, degenerate discs have been shown 

to have increased levels of cell death via apoptosis (Johnson and Roberts, 2007), 

whilst up to 50% of adult IVD cells display necrotic properties (Trout et al., 1982b). 

The apoptosis noted in the degenerate IVD may be unsurprising given that 

polymorphisms in the promoter region of Caspase-9 – an initiator caspase in 

apoptosis – is associated with increased risk of development of discogenic LBP (Guo 
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et al., 2011). However, methodologies used for identification of apoptotic cells 

involves either quantification of TUNEL-positive cells, or distinction of cells with a 

necrotic morphology (Johnson and Roberts, 2007, Trout et al., 1982b), but not a 

combination of the two, which may be preferable (Alvarez and Ortiz, 1999), thereby 

raising the question of whether cell death in the IVD actually occurs. Moreover, IVD 

degeneration is also associated with increases in cell density, thought to follow the 

decrease reported by (Urban et al., 2001). This is reportedly due to increased cell 

cluster formation and cellular proliferation (Boos et al., 2002).  

Healthy IVDs are generally aneural, but with the onset of degeneration, neural 

ingrowth into the tissue has been noted, particularly in the outer AF. The expression 

of substance P by these cells is considered indicative of a nociceptive nerve 

phenotype (Freemont et al., 1997), and the expression of neurotrophins (including 

neural growth factor (NGF) and its appropriate receptors) by invading blood vessels 

is linked to the development of such features (Freemont et al., 2002). It is postulated 

that aggrecan inhibits neural ingrowth in healthy IVDs. When the inhibitory effects 

of aggrecan isolated from AF and NP tissues on neurite growth and migration was 

assessed, it was noted that aggrecan isoforms pre-digested by enzymes inhibited 

neural growth to a lesser degree than intact isoforms (Johnson et al., 2002). 

Enzymatic digestion deglycosylates aggrecan molecules in order that they more 

closely resemble aggrecan forms isolated from degenerate discs, and the ameliorated 

inhibitory effects of these molecules suggest that ECM degradation is implicated in 

the aetiology of neural ingrowth in the degenerate disc. Brain-derived neurotrophic 

factor (BDNF; also known as brain-derived growth factor, BDGF) is also thought to 

enhance neural ingrowth in the degenerate IVD, and its production by IVD cells is 

thought to be linked to IVD degenerative processes (Purmessur et al., 2008).  

Additionally, semaphorin 3A expression has been demonstrated in the healthy adult 

IVD but not in degenerate specimens, whilst expression of PGP9.5 (a 

deubiquitnating enzyme involved in determination of neuronal cell fate and axonal 

pathfinding) was only detected in neuronal cells of the IVD in 8% of healthy and 

39% of degenerative samples (Tolofari et al., 2010). Semaphorin 3A is inhibitory to 

nerve growth at high concentrations, and decreased expression of this protein in disc 

degeneration is postulated to contribute to neural in growth in the degenerate IVD 
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(Tolofari et al., 2010). A summary of factors considered inhibitory and stimulatory 

to neural growth in the IVD is illustrated in Figure 1.10. 

Neovascularisation is a feature common to degenerate IVDs (Freemont et al., 1997, 

Freemont et al., 2002), and is noted as present in herniated tissues portions of the 

disc, and as increasing with patient age (Yasuma et al., 1993). Factors expressed by 

IVD cells thought to influence the development of new blood vessels include 

vascular endothelial growth factor (VEGF) (Kokubo et al., 2008), IL-1β (Lee et al., 

2011), and connective tissue growth factor (CTGF) (Ali et al., 2008). Factors 

involved in the promotion of neoangiogenesis are also described in Figure 1.10. 

 
Figure 1.10 Diagrammatic representation of stimulatory or inhibitory factors 

for neural ingrowth in the IVD. Stimulatory factors are indicated with a (+) and 

inhibitory with a (-). De-G Aggrecan = degylcosylated aggrecan; NGF = neural 

growth factor; BDGF = brain-derived growth factor. New blood vessel growth is 

indicated in red, whilst new nerve growth is indicated in green (Kepler et al., 2013). 

 

Finally, cellular alterations are noted in terms of induction of cell senescence during 

IVD degeneration. It has been demonstrated that mean telomere length decreases 

with the progression of disc degeneration, whilst expression of the senescence 

markers P16
INK4A

 and senescence-associated β-galactosidase have been reported as 

increased within the degenerate IVD as compared to normal specimens (Le Maitre et 

al., 2007a). Interestingly, Caveolin-1 expression has also been demonstrated within 

the degenerate IVD (Heathfield et al., 2008), and the presence of this proposed 

marker of stress-induced premature senescence (SIPS) during degeneration may 

suggest that, given the harsh microenvironment in the degenerate IVD, SIPS is likely 
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responsible for the accelerated cellular senescence observed, as opposed to 

replicative senescence (Kepler et al., 2013). 

1.7.4 Molecular Alterations Associated with Disc Degeneration 

The morphological alterations previously described are postulated to result from 

aberrant cell biology, with cells secreting factors that are detrimental to the 

maintenance of tissue ECM, thus leading to the appearance of such degenerative 

features. In healthy discs, the balance between tissue anabolism and catabolism is 

sustained, but with advancing disc degeneration the balance shifts towards ECM 

breakdown, resulting in matrix loss. Several degradative enzymes have been 

implicated in the pathogenesis of IVD degeneration. MMPs are extracellular 

proteinases secreted in an inactive form prior to activation, whereby a cysteine 

residue in the pro-peptide domain is cleaved, allowing for the active site to interact 

with target proteins. MMP activation may occur at the cell surface via the cascade 

responsible for plasmin generation, utilising the uPA/uPAR/plasminogen cascade, 

and subsequent plasmin-mediated cleavage of the pro-peptide (Murphy et al., 1999). 

This is particularly well investigated for the MMP isoform MMP-9 (Ramos-

Desimone et al., 1999). Alternatively, inactive MMP isoforms may be activated by 

other active MMPs. For example, active MMP-7 is known to activate MMPs -1, -2, -

3, -9 and -10, whilst MMPs -1, -2, -7, -8, -9 and -13 are activated by MMP-3 (Imai et 

al., 1995, Knauper et al., 1996, Okada et al., 1990, Reinemer et al., 1994). Finally, 

MMPs may be activated in the intracellular compartment by furin, whereby this 

serine-protease present in the Golgi-network activates the enzyme prior to secretion. 

This has been demonstrated for MMPs -3 and -28 (Illman et al., 2003, Kang et al., 

2002). A number of MMP isoforms have been implicated in IVD degeneration, 

including MMPs -1, -8, and -13 which degrade collagens; MMPs -2 and -9 which 

degrade partially denatured collagens, MMPs -3 and -10 which degrade other matrix 

proteins, and MMP-7 which is known to degrade both collagens and PGs 

(Bachmeier et al., 2009, Gruber et al., 2009, Le Maitre et al., 2004a, Le Maitre et al., 

2006, Le Maitre et al., 2007c, Millward-Sadler et al., 2009, Richardson et al., 2009, 

Rutges et al., 2008, Zigouris et al., 2011). Interestingly, certain MMP isoforms 

appear in fact to be downregulated in degenerate IVDs as compared to non-

degenerate. For instance, MMP-19 is known to breakdown aggrecan, COMP and 

various collagen isoforms present in the IVD, but assessment of its expression 
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demonstrated a decrease with increasing degenerative status (Gruber et al., 2005), 

suggestive of differing roles of MMP isoforms within the IVD. A distintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTS) family members are also 

involved in the pathogenesis of the degenerate IVD. Detection of these enzymes in 

the healthy IVD is postulated to maintain normal tissue turnover, but increased 

expression in the degenerate IVD facilitates degradation of the disc matrix (Le 

Maitre et al., 2004a, Pockert et al., 2009). ADAMTS isoforms differ with regards to 

function. ADAMTS isoforms -1, -4, -5, -8, -9 and -15 are aggrecanases and are 

responsible for the proteolytic cleavage of aggrecan molecules. Residues Glu
373

-

Ala
374

 represent an aggrecanase cleavage site where ADAMTSs act that is separate 

from the Asn
341

-Phe
342

 residues where all MMPs present in the IVD act (Sugimoto et 

al., 1999, Tortorella et al., 2000). Additionally, isoforms -1 and -8 also function as 

anti-angiogenic factors (Vazquez et al., 1999), whilst isoforms -2 and -3 are involved 

in processing of procollagens to collagens (Fernandes et al., 2001, Wang et al., 

2003). ADAMTSs -1, -4, -5, -9 and -15 have been demonstrated as increased in their 

expression in degenerate human specimens (Le Maitre et al., 2004a, Pockert et al., 

2009), whilst ADAMTSs -7 and -12 have been demonstrated as upregulated in a 

rodent model of degeneration under load (Yu and Zhu, 2011).  

In healthy IVDs, tissue inhibitors of metalloproteinases (TIMPs) moderate the 

expression of MMPs and ADAMTSs through competitive inhibition, maintaining the 

balance between matrix synthesis and breakdown. TIMPs -1, -2 and -3 have been 

described as expressed in the human IVD (Le Maitre et al., 2004a, Pockert et al., 

2009). During degeneration, it is thought that an imbalance exists between the levels 

of MMPs/ADAMTSs and their TIMP inhibitors, which is thought to result in tissue 

degradation (Vo et al., 2013). Given that expression of various MMP and ADAMTS 

isoforms are reportedly increased in degenerative discs, and that TIMPs act to inhibit 

such molecules in a 1:1 ratio (Visse and Nagase, 2003), an equivalent increase in 

TIMP expression would be required to ensure that the balance between matrix 

metabolism and catabolism is maintained.  Another group of proteinases thought to 

play a role in degeneration of the IVD are cathepsins, with cathepsins D, G, K and L 

reported as increased in degenerate IVD (Ariga et al., 2001, Gruber et al., 2011, 

Konttinen et al., 1999). 
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In addition to the increased disc catabolism, disc anabolism is decreased during IVD 

degeneration. Degenerate NP cells synthesise reduced levels of proteoglycan as 

compared to healthy disc cells, whilst collagen expression in the NP switches from 

that of type II to type I, resulting in a more fibrous tissue (Adams and Roughley, 

2006). Expression of type III and X collagen has also been demonstrated in the 

degenerate NP. The presence of type X collagen is thought to indicate the transition 

to a hypertrophic phenotype (Boos et al., 1997), whilst type III collagen is associated 

with type I collagen, and therefore its presence in the degenerate disc is unsurprising 

given the increased expression of type I collagen in degeneration (Nerlich et al., 

1997). Degenerate IVD cells not only demonstrate atypical expression of the 

predominant PG aggrecan, but also increased expression of other PGs including 

decorin and biglycan (Inkinen et al., 1998). Thus, aberrant expression of IVD ECM 

components during degeneration combined with increased expression of catabolic 

factors, results in altered ECM integrity and mechanical properties characteristic of 

NP degeneration. 

Cells of the degenerate IVD have been demonstrated to produce atypical levels of 

pro-inflammatory cytokines which further exacerbate tissue breakdown, and this is 

suggestive of alterations to the mechanisms controlling their normal expression as a 

consequence of degeneration. Healthy IVDs  manage the deleterious effects of IL-1 

through production of its antagonist IL-1RA (Le Maitre et al., 2005). However, 

elevated levels of IL-1 have been reported during disc degeneration, with no 

corresponding increase in antagonist levels, thereby driving cells towards a more 

catabolic phenotype. IL-1 has been implicated in several degenerative processes 

including altered matrix synthesis (Le Maitre et al., 2007c), increased matrix 

degeneration (Le Maitre et al., 2005), and apoptotic cell death in annular cells (Zhao 

et al., 2007). IL-1, particularly IL-1β, induces the expression of matrix degrading 

enzymes including MMPs and ADAMTSs (Le Maitre et al., 2005, Shen et al., 

2003), whilst also providing a positive feedback loop for the production of further 

pro-inflammatory cytokines (Jimbo et al., 2005). TNF-α is another inflammatory 

cytokine identified as expressed in the degenerate IVD (Le Maitre et al., 2007b), 

where it has been linked to induction of MMP expression (Seguin et al., 2005), 

induction of IL-1β expression (Millward-Sadler et al., 2009), and neural ingrowth 

into the disc (Hayashi et al., 2008). A number of other pro-inflammatory cytokines 
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have also been linked to degeneration of the IVD. IL-6 has been identified as 

expressed in herniated lumbar IVDs (Kang et al., 1996), and has been demonstrated 

to amplify cellular responses to other pro-inflammatory cytokines (Studer et al., 

2011). Also, interleukins -8 and -17 have been identified within the IVD, but are not 

necessarily upregulated in degenerate specimens as compared to healthy (Burke et 

al., 2002, Gruber et al., 2013). Finally, although not a pro-inflammatory cytokine, 

endothelin-1 has been implicated in the degeneration of the CEP. Its expression is 

significantly increased in degenerate CEP cells as compared to normal, and has been 

shown to increase the expression of matrix degrading enzymes, whilst 

simultaneously decreasing the expression of TIMP inhibitors (Yuan et al., 2013). 

Additionally, the same study has identified that expression of endothelin-1 is 

modulated by TNF-α, highlighting further crossover between the activities of these 

degeneration-inducing molecules. A summary of the molecules whose expression is 

altered during IVD degeneration is illustrated in Table 1.2. 
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Table 1.2 A Summary of Molecules with Altered Expression During IVD 

Degeneration 
Molecule ↑ or ↓ Proposed Role Reference 

Substance P ↑ Neurotransmitter of nociceptive pain (Freemont et al., 1997) 

(Richardson et al., 2009) 

NGF ↑ Innervation of the IVD (Freemont et al., 2002) 

BDNF ↑ Innervation of the IVD (Purmessur et al., 2008) 

PGP9.5 ↑ Innervation of the IVD (Tolofari et al., 2010) 

VEGF ↑ Neovascularisation (Kokubo et al., 2008) 

CTGF ↑ Neovascularisation (Ali et al., 2008) 

P16INK4A ↑ Marker of cellular senescence (Le Maitre et al., 2007a) 

SA β-galactosidase ↑ Marker of cellular senescence (Le Maitre et al., 2007a) 

Caveolin-1 ↑ Marker of stress-induced premature senescence (Heathfield et al., 2008) 

MMPs 1, 8, 10, 13 ↑ Collagen degradation (Le Maitre et al., 2004a) 

(Bachmeier et al., 2009) 

(Richardson et al., 2009) 

MMPs 2, 9 ↑ Degradation of denatured collagens (Rutges et al., 2008) 

(Millward-Sadler et al., 2009) 

MMPs 3, 28 ↑ Degeneration of non-collagen ECM molecules (Le Maitre et al., 2004a) 

(Gruber et al., 2009) 

ADAMTS 1, 4, 5, 7, 9, 12, 15 ↑ ECM molecule degradation (Le Maitre et al., 2004a) 

(Pockert et al., 2009) 

(Yu and Zhu, 2011) 

Cathepsins D, G, K, L ↑ Matrix molecule degradation (Ariga et al., 2001) 

(Gruber et al., 2011) 

(Konttinen et al., 1999) 

IL-1α ↑ Promotion of disc inflammation and catabolism (Le Maitre et al., 2005) 

IL-1β ↑ Promotion of disc inflammation and catabolism (Le Maitre et al., 2005) 

IL-6 ↑ Amplification of cellular response to cytokines (Kang et al., 1996) 

TNF-α ↑ Promotion of disc inflammation and catabolism (Le Maitre et al., 2007b) 

Endothelin-1 ↑ Promotion of disc catabolism (Yuan et al., 2013) 

Decorin ↑ Hydration of disc tissue (Inkinen et al., 1998) 

Biglycan ↑ Hydration of disc tissue (Inkinen et al., 1998) 

Type I collagen ↑ Formation of fibrous NP (Adams and Roughley, 2006) 

Type III collagen ↑ Association with type I collagen (Nerlich et al., 1997) 

Type X collagen ↑ Tissue hypertrophy (Boos et al., 1997) 

Semaphorin 3A ↓ Inhibition of  IVD innervation (Tolofari et al., 2010) 

MMP19 ↓ COMP and collagen degradation + protective? (Gruber et al., 2005) 

Type II collagen ↓ Providing normal NP ECM structure (Adams and Roughley, 2006) 

Aggrecan ↓ Hydration of disc tissue (Sive et al., 2002) 

IL-1RA - Antagonist to IL-1α and –β (Le Maitre et al., 2005) 

↑ = increased expression in degeneration; ↓= decreased expression in degeneration. 

 

1.7.5 Degeneration in the Cervical IVD 

Few studies have investigated the pathogenesis of disc degeneration in the cervical 

spine, and thus it is presumed that the degenerative process is similar to that 

occurring in the lumbar IVD. A number of morphological changes have been 

identified that mirror those in the lumbar IVD, including loss of NP PG content 

resulting in a loss of disc height and space, and metamorphosis of the NP to a more 

fibrous tissue (Liang et al., 2011, Oda et al., 1988). However, alterations to disc 

height were only characterised in a rodent model of degeneration, and the 

distinctions between human and rodent NP size, load and cellularity may make this 
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an unsuitable model from which to draw conclusions. Calcification of the CEP is 

observed, as well as the formation of new blood vessels in the previously avascular 

disc, although the utilisation of specimens solely obtained from herniated disc 

portions in these investigations does not consider alterations to the disc in earlier 

stages of degeneration, and a more comprehensive analysis of changes across the 

degenerative process is required (Baba et al., 1997, Furusawa et al., 2001, Kokubo et 

al., 2008). Herniation of the disc is commonly observed, as well as the formation of 

both horizontal and vertical clefts and separation of the endplate (Furusawa et al., 

2001, Kokubun et al., 1996). Fissures have also been demonstrated to develop within 

the annulus, in addition to increased cellular proliferation and osteophyte formation 

(Hayashi et al., 1997). Laminar structure within the AF becomes less distinct, with 

some fragmentation (Wang et al., 2006), whilst nutritional impairment is thought to 

result from calcification and mineralisation of the CEP. Degenerative changes in the 

cervical spine in the absence of clinical symptoms have been noted also, with 60% of 

subject aged over 40 years demonstrating narrowing of the disc space or 

degenerative changes including disc bulging, herniation or foraminal stenosis (Boden 

et al., 1990). There is also evidence to suggest that degenerative changes occur in 

tandem in the cervical and lumbar IVD of asymptomatic individuals (Matsumoto et 

al., 2012). A glaring omission of the data discussed here is the assessment of 

variation in cervical NP cell phenotype with ageing and degeneration. Generally, the 

literature presents findings with regards to gross morphological alterations, but little 

consideration is given to gene expression alterations. Given that NP cells synthesise 

the ECM in which they are localised, and that this ECM appears disrupted in terms 

of histological appearance, it should be expected that the gene expression of these 

components will alter with progressing degeneration. This would match with data 

previously reported in the lumbar IVD (Sive et al., 2002). 

In addition to these findings at the morphological level, a handful of studies have 

investigated molecular changes occurring in the cervical spine during degeneration. 

Areas of granulation tissue within the disc demonstrated increased MMP3 

expression, as well as positivity for iNOS (Furusawa et al., 2001). MMP3 has 

previously been demonstrated to be involved in breakdown of lumbar disc tissue 

(Bishop and Pearce, 1993), and decreased levels of its inhibitor TIMP1 is thought to 

aid the degenerative process (Kanemoto et al., 1996). IL-1-induced inhibition of PG 
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synthesis involves induction of NO synthesis in articular cartilage (Furusawa et al., 

2001) and its upregulation in cervical disc degeneration could indicate its crucial role 

in the pathogenesis of the disease. As observed in lumbar disc degeneration, pro-

inflammatory mediators have also been identified in degenerate cervical IVDs, 

including IL-6, IL-1β, TNF-α and interferon-γ (Demircan et al., 2007, Kokubo et al., 

2008, Wang et al., 2006), although comparisons to expression levels in lumbar 

specimens was not made. Additionally, with the exception of Kokubo et al., 

variations with degeneration were not investigated in these studies, and where 

specimens were graded for their level of tissue degeneration, MRI-based 

methodologies were utilised which fail to detect minor alterations to the NP matrix 

noted in earlier stages of degeneration that would otherwise be identified using 

histological methods. A number of growth factors have also been identified in 

degenerate cervical discs, including VEGF, nerve growth factor (NGF), 

neurofilament-68 and growth-associated protein (GAP)-43 (Kokubo et al., 2008). In 

one rat model, levels of the pro-inflammatory mediator prostaglandin-E2 were 

upregulated, whilst levels of the anti-apoptotic molecule Bcl-2 were downregulated, 

which may serve to explain the increased cell death via apoptosis observed during 

disc degeneration (Wang et al., 2006). Forced upright posture in a rat model of IVD 

degeneration highlighted decreased type II collagen and aggrecan expression, whilst 

gene expression of MMPs -3 and -13 and ADAMTS5 were increased significantly 

compared to normal controls (Liang et al., 2011). However, as previously discussed, 

the suitability of a rodent system for modelling degeneration in the human IVD 

suggests that full characterisation of MMP, ADAMTS, TIMP and cytokine 

expression is needed using human cervical specimens rather than animal IVDs. 

Finally, Col10α1 gene expression was also increased slightly indicating potential 

matrix calcification and terminal stage degeneration (Boos et al., 1997). Thus, like 

lumbar disc degeneration, the process of degeneration in the cervical spine appears 

to also be a cell-driven process, with alterations to the ECM and increased 

expression of inflammatory mediators driving these changes.  

Thus, previous investigations have failed to fully characterise cervical NP cells in 

terms of phenotype during degeneration, with regards to both the expression of ECM 

molecules and the expression of markers known to be upregulated in degenerate 

lumbar discs (matrix-degrading enzymes and catabolic cytokines). Therefore, the 
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assumption that the pathological processes occurring in the lumbar spine are 

mirrored in the cervical region has not yet been proven and further investigation is 

thus required. 

 

1.8 The Adult Human NP Cell Phenotype 

1.8.1 Classic Concept of the NP Phenotype 

Classically, cells of the adult human NP were considered ‘chondrocyte-like’, in 

terms of both morphology and phenotype. This is due to the fact that they are small 

and rounded, and express chondrocyte markers Sox9, type II collagen and aggrecan 

(Sive et al., 2002). However, the ECM produced by NP and hyaline cartilage cells is 

distinctly different, in terms of the ratio of PG to collagen (Mwale et al., 2004). NP 

cells produce a matrix that has a PG:collagen ratio of 27:1, whilst the ratio in 

cartilage is only 2:1, and this therefore has implications for the hydration state and 

stiffness of the tissue. This therefore prompted detailed investigation into the 

phenotype of NP cells, with a view to identifying markers that will allow for 

accurate demarcation of NP and AC cells. 

 

1.8.2 Elucidation of Novel Markers of the NP Phenotype 

A number of microarray studies have been performed over recent years, all aiming to 

identify a panel of marker genes that will distinguish NP from AC cells (Lee et al., 

2007, Minogue et al., 2010a, Minogue et al., 2010b, Power et al., 2012, Sakai et al., 

2009). cDNA microarray methodologies boast the advantages of allowing for 

determination of the expression levels of thousands of genes simultaneously and 

therefore also the possibility of identifying marker gene panels in a single 

experiment. A microarray investigation was undertaken using adult human AC and 

NP cells, and a number of differentially expressed genes were identified (Minogue et 

al., 2010a) (Figure 1.11). Crucially, the genes identified in this investigation 

confirmed the findings of previous bovine analyses (Minogue et al., 2010b), in that 

several of the novel markers were highly differentially expressed in both models, 

including FOXF1 and KRT18. Subsequent analysis of the human NP phenotype by 

Power et al., further confirmed the expression of CAXII, previously described as an 

adult human NP marker, whilst also identifying cell-surface markers uniquely 
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expressed by NP cells as compared to AC, which ultimately may enable direct 

isolation of human NP cells. However, the search for novel NP markers is further 

complicated by the finding of conflicting evidence regarding the expression of some 

of the novel markers. Degenerate human NP and AF specimens were not shown to 

differentially express KRT18 (Rutges et al., 2010), whilst KRT8 expression 

(previously demonstrated in bovine and human NP cells at the gene level) has not 

been fully described at the protein level, with expression to date only elucidated in a 

subset of bovine NP cells (Gilson et al., 2010). This raises the possibility that the NP 

is comprised of NP cell sub-populations with differing cell phenotypes, but this 

requires further investigation using cohort of specimens spanning a range of ages and 

levels of tissue degeneration before such conclusions can be made.  

 
Figure 1.11 Differential expression of novel NP marker genes between human 

NP and AC cells. Expression levels of PAX-1, FOXF1, CAXII, HBB and OVOS2 

were compared between human NP (black) and AC (grey) cells. *p < 0.05. Adapted 

from (Minogue et al., 2010b). 

 

A number of animal models were the initial model of choice for investigation, 

including dog (Sakai et al., 2009) and rat (Lee et al., 2007), although it should be 

noted that the canine model only compared phenotypic profiles of NP and AF cells, 

with distinctions between NP and AC cells made by RT-PCR analysis rather than 

microarray. Further study in a rabbit model analysing expression profiles of NP, AC 

and AF cells also highlighted genes that could be utilised in distinguishing the cell 
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types (Clouet et al., 2009). In each, a panel of markers was identified that were 

differentially expressed between NP and AC/AF cells, confirming previous 

conclusions that although morphologically similar, NP and AC cells are distinct in 

terms of the genes expressed by each cell type (Mwale et al., 2004, Poiraudeau et al., 

1999). A list of the novel NP markers identified by each microarray study is detailed 

in Table 1.3.  

 

Table 1.3 The most differentially expressed NP genes as identified by 

microarray analysis in rodent, canine, bovine and human models. 
Species 

Investigated 

Gene 

Abbreviation 

Confirmed in 

other models? 

Gene or protein 

expression data? 

Reference 

Rat KRT19 Bovine, human Gene + protein Lee et al., 2007 

Minogue et al., 2010b 

 ANXA3 -  Gene Lee et al., 2007 
 

 GPC3 - Gene + protein Lee et al., 2007 

 

 PTN - Gene Lee et al., 2007 

 

 VIM Human Gene Lee et al., 2007 
 

Canine KRT18 Bovine, human Gene + protein Sakai et al., 2009 

Minogue et al., 2010b 

 A2M Human Gene + protein Sakai et al., 2009 

 

 NCAM1/CD56 Bovine Gene + protein Sakai et al., 2009 
Minogue et al., 2010b 

 DSC2 Human Gene + protein Sakai et al., 2009 

 

Bovine KRT8 Human Gene Minogue et al., 2010b 
 

 SNAP25 - Gene Minogue et al., 2010b 

 

 CDH2 Human Gene Minogue et al., 2010b 

 

 FOXF1 Human Gene Minogue et al., 2010b 
Minogue et al., 2010a 

 BASP1 Human Gene Minogue et al., 2010b 

 

Human HBB - Gene Minogue et al., 2010a 

 

 OVOS2 - Gene Minogue et al., 2010a 
 

 PAX1 - Gene Minogue et al., 2010a 

 

 CAXII - Gene + protein Minogue et al., 2010a 

Power et al., 2012 

 CLEC2B - Gene Power et al., 2012 
 

 SGCG - Gene Power et al., 2012 

 

 TYRO3 - Gene Power et al., 2012 

 

Adapted from (Ludwinski et al., 2013). 

 

Inter-species variation was noted between the microarray investigations as the top 

differentially expressed markers identified in each study differed, and this implied 

that the identification of novel NP markers applicable to human cells would be 
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difficult. The use of animal models for investigations such as this is not necessarily 

appropriate because the NP of rodent, rabbit and some canine species are populated 

by NC cells, which appear to be lost from the tissue during infancy in humans, 

although it is unclear whether they are in fact lost, or have an altered morphology 

and persist in adult tissues. Thus, the differences between the animal and human 

microarray analyses may be attributed to the fact that NP microarray analysis was 

actually performed on tissues rich in NC cells rather than tissues resembling the 

adult human NP, which is primarily populated by smaller chondrocyte-like cells. In 

the canine microarray of Sakai et al., Beagle breeds were utilised. These are a 

chondrodystrophic breed in which NC cells are lost and replaced by smaller 

chondrocyte-like cells, mirroring human development (unlike non-

chondrodystrophic dogs which retain NC cells throughout life). No comparison of 

the two breed types was made, and thus it is not clear whether the data can be 

applied to all canine breeds. Additionally, although chondrodystrophic breeds such 

as beagles are considered more human-like in terms of NP cellularity, it is apparent 

from the immunohistochemical analysis of this investigation that the tissue was 

particularly NC cell-rich, and the markers identified may therefore be more 

applicable to NC cells rather than the smaller adult human NP-like cells. It is 

possible therefore that the NC cells employed in these investigations may also have 

distinct gene profiles as well as morphology as compared to that of the chondrocyte-

like NP cells of the adult human IVD (Cappello et al., 2006, Chen et al., 2006, Choi 

et al., 2008). An additional limitation of the previous animal investigations is that the 

majority of markers identified in the rodent microarray investigation were not 

subsequently confirmed in human specimens, and thus, the validity of these genes to 

mark adult human NP cells was not confirmed. Of the animal models investigated, 

the findings of the bovine microarray investigation appear to show the most overlap 

with markers of human NP/AF and AC cells. The similarities in expression profiles 

between the two models is unsurprising as unlike canine and rat, bovine discs 

provide a model where the structure, load and microenvironment is similar to that 

observed in the human spine (Miyazaki et al., 2009, Showalter et al., 2012). 

Additionally, a bovine model is advantageous over other animal models used in the 

study of the IVD, as it generally contains few morphologically distinct NC cells, 

with the cells populating the NP resembling those observed in the adult human NP, 

although it is yet to be investigated whether these smaller chondrocyte-like cells that 
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are thought to have derived from NC cells, still resemble NC cells with regards to 

phenotype. 

1.8.3 The Influence of Ontogeny on NP Cell Phenotype 

One of the most interesting findings of these investigations has been the expression 

of NC cell markers in cells of the adult human NP. KRT8, KRT18, KRT19 and T are 

genes expressed in the developing notochord which is considered to be the 

developmental origin of the mature NP (Gotz et al., 1995, Gotz et al., 1997b, Naka 

et al., 1997, Vujovic et al., 2006). These genes were shown to be highly expressed in 

NP cells when compared to AC/AF cells in a number of animal models (Lee et al., 

2007, Minogue et al., 2010a, Minogue et al., 2010b, Sakai et al., 2009). 

Additionally, isolation of bovine NP and NC cells by size filtration and the 

subsequent analysis of cell expression profiles identified similarities in the genes 

expressed by the two cell types (Minogue et al., 2010b). This is important for a 

number of reasons. Firstly, it suggests that the NC and NP cells share a common 

ontogeny, but may also be indicative of the persistence of a subset of NP cells within 

the adult NP cell population that resemble NC cells in terms of phenotype, but not 

morphology. Additionally, whether these cells are differentiated NC cells that have 

lost their morphology but retained an NC phenotype is unclear and therefore requires 

investigation. 

 

1.8.4 The Possibility of a Resident Progenitor Cell Population in the Adult Human 

IVD 

A number of studies have postulated that a resident progenitor/stem cell-like cell 

population exists within the intervertebral disc which may contribute to repair and 

regeneration of the tissue. A population of skeletal progenitor cells has been 

identified within both NP and AF tissues, which express stem cell markers including 

CD90, CD105 and CD166, and are able to differentiate into the classic mesenchymal 

stem cell lineages (Risbud et al., 2007). Similarly, degenerate human NP specimens 

have been shown to contain a population of mesenchymal stem cells (MSCs), 

although the inability of these cells to differentiate down the adipogenic lineage 

raises the question of how MSC-like they are (Blanco et al., 2010). Interestingly, it 

has been suggested that a stem cell niche exists at the boundary of the outer AF and 

adjoining ligaments of rabbit IVDs (Henriksson et al., 2009, Yasen et al., 2013). 
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Expression of progenitor markers Notch1, Stro-1, Jagged1 and Delta-4 has been 

localised to human degenerate tissue cells, although the potential of these to act as 

NP progenitor cells was not investigated (Henriksson et al., 2009). The progenitor 

cell population identified at the outer AF/ligamentous boundary has since been 

described as a migrating cell population, intimating that the cells may possess an 

ability to respond to tissue damage and migrate to the site of injury (Henriksson et 

al., 2012). The human CEP has also been shown to contain an MSC-like cell 

population that expresses MSC markers, although to a lesser degree than MSCs 

isolated from bone marrow (Liu et al., 2011). The presence of a CEP progenitor cell 

population has since been confirmed by a second study (Huang et al., 2012). More 

specific to the NP, a progenitor cell population has recently been identified as 

present within the human and murine NP (Sakai et al., 2012); however, the numbers 

of these cells was also noted as markedly decreased with age in human specimens. 

Finally, a progenitor cell population has been identified within the canine NP, 

comprising just 1% of the total NP cell population, and expressing several markers 

of stemness, including Sox2, Oct3/4 and Nanog (Erwin et al., 2013). Taken together, 

these findings indicate that a percentage of cells from each of the human IVD 

regions are stem cell-like with regards to phenotype and may therefore confer some 

regenerative capacity, which is likely diminished or ineffective with progressing 

tissue degeneration. Isolation of this cell population may identify a resident source of 

cells capable of regenerating the degenerate disc, although this first requires 

extensive validation. Additionally, these studies confirm previous investigations 

which suggest that the NP cell population is heterogeneous with regards to 

phenotype (Gilson et al., 2010, Rutges et al., 2010), although a more comprehensive 

analysis of NP cell populations and the possibility of NP cell sub-populations is 

required in order to ascertain whether human NP specimens spanning a range of ages 

and levels of tissue degeneration contain cell sub-populations which may act as a 

progenitor cell source within adult tissues. 
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1.9 Aims of the Project 

The high prevalence of LBP and its association with degeneration of the IVD has 

prompted investigation into the development of novel cell-based therapies that aim 

to not only relieve the symptoms of LBP/degenerative disc disease, but also repair 

the aberrant cell biology and matrix loss that precedes the onset of such conditions. 

However, in order that the outcome of these approaches is most optimal, it is 

imperative that the cells intended for regeneration and/or replacement are fully 

characterised, both in terms of phenotype and behaviour. Recent years have seen an 

increased understanding of NP cell phenotype with regards to demarcation from 

articular chondrocyte cells; however, the data presented generally provides a 

phenotypic profile in terms of gene expression alone, and assessment only in small 

cohorts of human or animal specimens. Therefore, in order to obtain a detailed 

insight as to the NP cell phenotype across the general population, it is essential that 

such analyses are performed with specimens of a wide range of ages and severities of 

tissue degeneration. Furthermore, a limited amount of data exists that suggests that 

not only does the adult NP derive from the embryonic notochord, but that expression 

of NC cell markers in mature disc specimens is suggestive of NC cells persisting 

within the IVD past adolescence. However, the loss of morphologically distinct NC 

cells with ageing is not clear cut, and it is currently unknown whether these cells are 

indeed lost from the tissue, or whether they differentiate into smaller NP-like cells 

during infancy. If the cells do in fact differentiate, the mechanisms underlying this 

alteration require elucidation. 

Given this, the present study was undertaken with a view to fully characterising cells 

of the adult human NP from both the cervical and lumbar region at the gene and 

protein level, and to provide an understanding of alterations to phenotype with age 

and degeneration, and to develop a model system that will allow for definition of the 

mechanisms underlying such changes. Evidence presented by previous studies is 

indicative of the existence of NP cell subpopulations within NP tissues, and it is 

therefore hypothesised that although all novel markers will be detected at the gene 

level, expression of these markers will be variable within the NP tissue when 

localised at the protein level. Additionally, the limited evidence highlighting the 

expression of NC cell markers within a subset of NP cells results in the hypothesis 

that a sub-population of NP cells will be identified within the NP that is discrete with 
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regards to their specific expression of NC cell markers as compared to other NP 

cells. 

  

Therefore, the aims of this project were threefold: 

1) To investigate the phenotype of the previously poorly defined cervical NP 

cell, in order to ascertain whether it would be a suitable tissue source for 

research purposes, thereby increasing the range of specimens available for 

analysis. 

a. To identify whether markers expressed by lumbar NP cells 

(chondrogenic and catabolic) are expressed by cells cervical in origin 

also, and to assess expression across ageing and increasing severity of 

degeneration. 

b. To compare the phenotype of lumbar and cervical NP cells in order to 

assess whether the gene expression profile is comparable. 

2) To characterise the adult human NP cell with regards to gene and protein 

expression, in order to both validate previously described novel NP cell 

markers and to assess the expression of NC cell markers in adult specimens, 

with a view to determining whether NP cell sub-populations (including NC 

cell-like populations) exist. 

a. To assess the expression of novel NP and NC cell marker genes in 

adult human specimens, and to correlate expression with age and 

degeneration of the sample. 

b. To localise expression of a range of NP and NC cell marker proteins 

to adult human NP cells, and to correlate expression with age and 

degeneration of the sample. 

c. To assess co-expression of novel NP and NC cell marker proteins in 

NP cell sub-populations and identify whether discrete cell types exists 

in a heterogeneous population. 

3) To establish an in vitro model system utilising animal cells suitable for the 

study of the hypothesised NC cell loss or differentiation during infancy in 

humans, with a view to elucidating the mechanisms underlying this. 
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a. To assess the suitability of NC cell-containing animal disc tissue for 

in vitro testing of the NC cell phenotype and morphological change. 

b. To investigate the influence of microenvironmental factors on NC cell 

phenotypic and morphological maintenance. 
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2.1 General Human Cell Culture 

2.1.1 Equipment, Materials, Solutions and Supplements for Cell Culture 

2.1.1.1 Equipment 

Centrifuge for 50ml tubes; Universal 320  Hettich 

Neubauer haemocytometer    Weber Scientific Int. Ltd. 

Rotating Incubator     Hybaid 

 

2.1.1.2 Materials 

Cell culture flasks (T25, T75, T150)   Falcon  

Cell sieves (40µm)     Fisher Scientific 

Pipette tips (10µl, 200µl, 1ml)   Deckworks 

Stripettes (5ml, 10ml, 25ml)    Costar 

Tubes (15ml, 50ml)     BD Biosciences 

24-blade scalpel blades    Swann Morton Ltd. 

 

2.1.1.3 Solutions and Supplements 

Antibiotic/antimycotic    Sigma Aldrich 

Collagenase type II     Sigma Aldrich 

Dulbecco’s Modified Eagles Medium (DMEM) Sigma Aldrich 

Dulbecco’s phosphate buffered saline (PBS)  Sigma Aldrich 

Foetal bovine serum (FBS)    Gibco 

Hyaluronidase      Sigma Aldrich 

Sodium Pyruvate     Sigma Aldrich 

Trypsin EDTA     Sigma Aldrich 

Ascorbic acid sodium salts    Sigma Aldrich 

 

2.1.2 IVD Sample Acquisition 

An Intervertebral Disc Tissue Bank is in place at the University of Manchester, 

acquiring samples as surgical specimens from patients undergoing disc surgery for 

treatment of either disc herniation or IVD degeneration. Samples were obtained after 

informed consent was given by patients or relatives and in accordance with local 

ethical committee approval (08/H1010/36). After tissue was removed from the 

patient, it was placed in a 50ml centrifuge tube containing DMEM (containing 

4500mg/L glucose, L-alanyl-L-glutamine, NaHCO3 and pyridoxine HCl) 

supplemented with antibiotic and antimycotic (10,000U/ml penicillin, 10mg/ml 

streptomycin, 25µg/ml amphotericin B), 1mM sodium pyruvate and 1mM ascorbate 

(0.25g ascorbic acid sodium salts dissolved in 100ml dH2O), stored at 4°C and 

transferred for use in the laboratory within 24 hours. 
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2.1.3 IVD Cell Isolation and Culture 

2.1.3.1 Enzymatic Tissue Digestion 

All aseptic cell culture techniques were practiced in a class II microbiological 

cabinet, ensuring sterility. NP cells were isolated from surgical specimens using 

enzymatic digestion. NP tissue was macroscopically dissected from AF tissue and 

mascerated into 1mm
3
 pieces using a sterile 24-blade scalpel. The dissected tissue 

was then placed into a tube containing 25ml 0.1% (w/v) collagenase type II 

(125CDU/mg) and 0.1% (w/v) hyaluronidase (400U/mg) in serum-free DMEM 

(supplemented with antibiotic/antimycotic (10,000U/ml penicillin, 10mg/ml 

streptomycin, 25µg/ml amphotericin) and digested overnight at 37°C with agitation. 

The digestion solution was subsequently filtered through a 40µm cell sieve to 

remove undigested tissue, and cells centrifuged at 400g for 5 minutes at 4°C to pellet 

cells. 

 

2.1.3.2 Cell Expansion and Maintenance 

Pelleted cells were seeded into a T25 culture flask containing 5ml DMEM including 

Glutamax and 4500mg/L D-glucose (supplemented with 10% (v/v) FBS, 1mM 

sodium pyruvate, antibiotic/antimycotic (50,000U penicillin, 50mg streptomycin, 

125µg amphotericin) and 1mM ascorbate) at a cell density of 20,000 cells/cm
2
. Cells 

were then incubated at 37°C, 21% O2, 5% CO2 overnight to allow cells to adhere to 

the culture plastic. Culture media was then removed and replaced with fresh media to 

ensure the removal of non-adherent (dead) cells remaining in the flask. Following 

this, media was changed every 2-3 days until cells were 80% confluent. Cells were 

then removed from culture plastic through the application of 2ml Trypsin EDTA and 

incubation at 37°C for 5 minutes. Trypsin was neutralised with equal volumes of 

culture media, and cells centrifuged at 400g for 5 minutes to pellet cells for RNA 

extraction. 
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2.1.4 IVD Sample Details 

2.1.4.1 Cervical NP Cohort 

 

Table 2.1 Cervical NP Cohort Sample Details 

Sample ID Disc Level Patient Age Patient Sex Degenerative 

Score 

HH0069 C5/6 & C6/7 60 F 7 

HH0102 C6/7 34 M 5 

HH0109 C6/7 34 F 5 

HH0111 C5/6 59 M 7 

HH0139 C3/4 45 M 3 

HH0140 C5/6 34 M 6 

HH0156 C5/6 48 M 5 

HH0217 C6/7 33 M 9 

HH0236 C5/6 38 F 9 

HH0250 C5/6 46 F 5 

HH0262 C5/6 47 M 6 

HH0265 C5/6 39 M 4 

HH0271 C6/7 46 F 9 

HH0315 C5/6 48 F 4 

HH0318 C4/5 50 F 8 

HH0347 C6/7 45 F 5 

HH0351 C6/7 43 M 5 

HH0353 C3/4 72 F 6 

HH0354 C4/5 72 F 7 

HH0362 C5/6 43 F 4 

HH0364 C5/6 48 M 10 

HH0388 C6/7 50 F 8 

HH0402 C6/7 49 M 0 

HH0410 C5/6 50 F 6 

HH0420 C4/5 55 F 6 

HH0421 C4/5 55 F 9 

HH0427 C5/6 63 M 6 

HH0448 C4/5 48 M 6 
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2.1.4.2 Lumbar NP Cohort 

 

Table 2.2 Lumbar NP Cohort Sample Details 

Sample ID Disc Level Patient Age Patient Sex Degenerative 

Score 

HH0117 L4/5 23 M 6 

HH0215 L4/5 58 M 10 

HH0267 L4/5 48 F 5 

HH0268 L5/S1 22 M 4 

HH0272 L5/S1 27 F 8 

HH0273 L5/S1 60 M 10 

HH0281 L4/5 80 F 8 

HH0283 L3/4 51 M 10 

HH0285 L4/5 68 F 7 

HH0291 L4/5 36 F 9 

HH0292 L5/S1 26 M 6 

HH0301 L4/5 65 F 6 

HH0332 L4/5 75 F 9 

HH0349 L4/5 41 M 8 

HH0355 L5/S1 60 F 8 

HH0359 L4/5 44 M 8 

HH0360 L5/S1 26 F 6 

HH0361 L4/5 44 F 8 

HH0363 L5/S1 35 F 7 

HH0386 L5/S1 38 F 11 

HH0389 L5/S1 46 F 7 

HH0395 L4/5 42 M 7 

HH0404 L3/4 42 M 7 

HH0416 L5/S1 46 M 8 

HH0418 L4/5 25 M 7 

HH0422 L4/5 25 M 6 

HH0428 L5/S1 37 M 8 

HH0430 L5/S1 40 F 10 

HH0439 L5/S1 37 F 9 

HH0440 L4/5 31 M 9 

HH0442 L3/4 57 M 10 

HH0445 L5/S1 37 F 7 

HH0446 L4/5 31 M 7 

HH0447 L5/S1 41 F 7 
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2.2 General Molecular Biology 

2.2.1 Equipment, Materials, Reagents and Solutions for Molecular Biology 

2.2.1.1 Equipment 

Thermal Cycler    MJ Research 

Nanodrop ND-1000    NanoDrop   

Refridgerated centrifuge   Thermo Electron Corporation 

StepOnePlus Real-Time PCR machine Applied Biosystems 

Vortex      Grant-Bio 

 

2.2.1.2 Materials 

Optical adhesive film for 96-well plates Starlab 

Positive displacement pipette tips (10μl) Gilson 

RNase-free tubes (0.5ml, 1.5ml, 2ml)  Axygen 

RNase-free pipette tips (10µl, 200µl, 1ml) Deckworks 

96-well qPCR plates    Starlab 

 

2.2.1.3 Reagents and Solutions 

Ammonium acetate    Sigma Aldrich 

DNase I buffer    Invitrogen 

DNase I enzyme    Ambion 

FAM-BHQ1 primers/probes   Sigma Aldrich 

Glycoblue     Ambion 

High-capacity reverse transcription kit Applied Biosystems 

Molecular biology-grade ethanol  Sigma Aldrich 

Molecular biology-grade water  VWR 

Phenol:Chloroform:IAA (25:24:1)  Sigma Aldrich 

Pre-designed Assay Reagents for Internal Applied Biosystems 

Reference Gene Optimisation (PDAR)  

Propanol-2     Sigma Aldrich 

Sodium chloride    Fisher Scientific 

Sodium citrate     Sigma Aldrich 

Total Human RNA    Clontech 

Tri-Reagent     Ambion 

Tris-EDTA buffer    Fluka 

Whole Foetus RNA    Clontech 

1-bromo-3-chloropentane   Sigma Aldrich 

100x ROX     Sigma Aldrich 

Lumino Ct qPCR Readymix   Sigma Aldrich 

 

2.2.2 Total RNA Extraction 

Cells were isolated from surgical specimens and expanded as detailed in 2.1.3. Cells 

were lysed upon the addition of 1ml Tri-Reagent to the pellet, which was pipetted up 

and down. The suspension was incubated at room temperature for 10 minutes, 

transferred to a 1.5ml microcentrifuge tube (MCT) and stored at -80°C prior to RNA 
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extraction. Following this, all work was performed under RNase-free conditions. 

After defrosting, cells were vortexed for 20 seconds, and then centrifuged at 12,000g 

for 15 minutes at 4°C to remove cell debris. The supernatant was transferred to a 

clean 1.5ml MCT and 100µl 1-bromo-3-chloropentane (BCP) added. An emulsion 

was formed by vortexing tubes for 20 seconds, and incubating at room temperature 

for 3 minutes. Samples were centrifuged at 12,000g for 15 minutes at 4°C to separate 

the RNA-containing aqueous phase from the phenol and protein in the interface and 

bottom layer. The upper aqueous phase was transferred to a fresh 1.5ml MCT, and 

250µl high salt precipitation solution (HSPS) (0.8M sodium citrate, 1.2M NaCl), 

250µl propanol-2 and 2µl glycoblue added, followed by incubation at room 

temperature for 10 minutes. Specimens were centrifuged at 12,000g for 20 minutes 

at 4°C to precipitate RNA and a visible blue RNA pellet formed. This pellet was 

washed in 1ml ice-cold 75% (v/v) ethanol and centrifuged for a further 5 minutes at 

12,000g and 4°C. The ethanol was removed using a pipette and the pellet air-dried 

for approximately 10 minutes to allow evaporation of excess ethanol. Finally, RNA 

pellets were resuspended in 21.2µl Tris-EDTA buffer and stored at -80°C. Extracted 

RNA was quantified using a nanodrop ND-100 and ND-100 software v3.8.1, and 

specimens with an A260/280 ratio of 1.8 or higher were considered suitable for 

downstream gene expression analysis. 

 

2.2.3 Removal of Genomic DNA Contamination from Extracted RNA 

Quantified RNA was treated with DNase to ensure removal of genomic DNA 

contamination. One microlitre DNase I enzyme and 2μl DNase I reaction buffer was 

added to 20μl RNA and the reaction incubated at 37°C for 30 minutes. Samples were 

diluted to a total volume of 100μl upon addition of 77μl RNase-free water. RNA was 

extracted (and DNase I removed) by adding 100μl Phenol:Chloroform:IAA and 

vortexing to an emulsion. The samples were then centrifuged at 12,000g for 5 

minutes at 4°C. The RNA-containing upper aqueous phase was transferred to a clean 

1.5ml MCT and RNA was precipitated by adding 1μl glycoblue, 10μl ammonium 

acetate and 330μl 100% ethanol. MCTs were inverted to mix, incubated for 30 

minutes on ice, and then centrifuged at 12,000g for 20 minutes at 4°C. A pellet was 

formed and supernatant removed, before washing the pellet in 1ml ice-cold 75% 

ethanol. MCTs were centrifuged at 12,000g for 5 minutes at 4°C and the supernatant 
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removed. MCTs were pulse-spun to draw down remaining ethanol, which was 

removed by pipette, and pellets left to air-dry for approximately 10 minutes. RNA 

pellets were then resuspended in 21.2μl Tris-EDTA buffer. RNA was quantified as 

detailed in 2.2.2 and stored at -80°C. 

 

2.2.4 cDNA Synthesis from Extracted RNA 

Samples with RNA concentrations above 200ng/µl were diluted to 200ng/µl. An 

assay mastermix was prepared on ice, containing 2µl 10x RT buffer, 0.8µl 25x 

100mM dNTP mix, 2µl 10x random primers, 1µl Multiscribe
TM

 Reverse 

Transcriptase, 1µl RNase inhibitor and 3.2µl molecular biology-grade water per 

reaction. Ten microlitres of assay mastermix was added to 10µl extracted RNA in 

0.5ml MCTs, and vortexed for 20 seconds to mix. Tubes were placed into the 

thermal cycler, and incubated at 25°C for 10 minutes, followed by 120 minutes at 

37°C and 85°C for 5 seconds. Specimens were then incubated at 4°C until removed 

from the machine. cDNA was subsequently diluted to a concentration of 5ng/µl 

through the addition of molecular biology-grade water, and stored at -20°C. 

 

2.2.5 qPCR Primer Design 

Primers were designed against human gene sequences identified using PubMed 

Nucleotide. Where multiple transcript variants were identified, primers and probes 

were targeted to homologous regions across variants. Assays were designed to be 

intron-spanning, with either a primer or the probe sequences spanning the exon-exon 

boundary. A number of parameters were set in order to ensure optimal primer and 

probe efficiency: 

1. Melting Temperature (Tm) – the Tm of primers was designed to be equal 

and fall within the 58-62°C range, whilst that of the probe was 10°C 

higher. 

2. GC Content – GC-content was set between 30-80% for both primers and 

probes, and primers designed to contain more C bases than G. 

3. Amplicon length – a maximum of 150 base pairs (bp) was used in the 

assay designs. 
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4. Primer lengths – primers were designed to be 15-30bp long. 

5. GC Content at the 3’ end – the 3’ end of primers was designed to contain 

no more than 2 G or C bases in a total of 5. 

6. Probe design parameters – probes were designed to be 13-25bp long, with 

no more than 3 repeating G bases, and no G base at the 5’ end. 

FAM-MGB probes contain a FAM-dye at the 5’ end and a non-fluorescent quencher 

(NFQ) coupled with a minor groove binder (MGB) at the 3’. FAM-BHQ1 probes 

also contained a FAM-dye at the 5’, but instead comprise of a black hole quencher 

(BHQ1) molecule located at the 3’. Both probe types are compatible with the 

TaqMan qPCR assay system. Once designed, all primer and probe sequences were 

analysed using PubMed BLAST software to ensure specificity to the mRNA of 

interest only. 

 

2.2.6 Quantitative Real-Time Polymerase Chain Reaction 

Gene expression analysis was performed using the TaqMan qPCR system. Either 

FAM-MGB or FAM-BHQ1 probes were utilised and optimal primer concentration 

determined empirically. Firstly, an assay mastermix was prepared, containing 5µl 

Lumino Ct qPCR Readymix, 1µl forward primer, 1µl reverse primer and 0.5µl 

probe, and 0.5µl water per well. Mastermix was vortexed to mix and 8µl pipetted 

into each well of the 96-well plate. Each biological sample was tested in triplicate 

(i.e. 3 wells) and 2µl of cDNA at a concentration of 5ng/µl pipetted into each well 

using a positive displacement pipette. For each gene tested, two wells of the plate 

served as negative controls, with cDNA replaced by 2µl molecular biology-grade 

water. Additionally, two wells were used as positive controls, where sample cDNA 

was replaced with 2µl of Total Human or Whole Foetus cDNA at 5ng/µl. Optical 

adhesive film was applied to seal the plate, and plates were centrifuged at 2000g for 

60 seconds to ensure all reagents were drawn to the bottom of the well. The plate 

was analysed using the StepOnePlus Real Time PCR machine and StepOnePlus v2.1 

software, and tested using the following parameters: 95°C for 20 seconds followed 

by 40 cycles of 95°C for 1 second and 60°C for 20 seconds. Optimised primer 

concentrations and primer/probe sequences are detailed in Table 2.3. 
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Table 2.3 Specific Details for qPCR Assays 
Gene Name Accession 

Number 

Forward Primer 

Sequence 5’-3’ 

Reverse Primer 

Sequence 5’-3’ 

Probe Sequence 

5’-3’ 

Optimal 

Primer 

Concentration 

MRPL19 NM_014763 

 

CACCGCCCCGTGG

AA 

TCCCCTTCGAGGA

ATGAATTC 

AACGCAGGTT

CTTGAGTC 

900nM 

EIF2B1 NM_001414 
 

TCATCAAAGATGG
AGCGACAATA 

CCAGGACTCTCAG
GACCACTCT 

TGACTCACGCC
TACTC 

300nM 

SOX9 NM_000346 

 

CAGTACCCGCACT

TGCACAAC 

ACTTGTAATCCGG

GTGGTCCTT 

AGCTCTGGAG

ACTTCTGAA 

900nM 

COL2A1 NM_033150 
 

GGAAGAGTGGAGA
CTACTGGATTGAC 

TCCATGTTGCAGA
AAACCTTCA 

AGGCTGCACCT
TGGA 

900nM 

ACAN NM_001135 

 

TCCGGAATGGAAA

CGTGAAT 

CGGGAAGTGGCGG

TAACAGT 

AACTGCTGCA

GACCAGG 

900nM 

VCAN NM_004385 
 

TGTGAGCAAGATA
CCGAGACATGT 

ATTTGTAGCACTG
CCCTTGGA 

ACTATGGCTGG
CACAAA 

900nM 

FOXF1 NM_001451 

 

GCCGTATCTGCAC

CAGAACA 

CGTTGAAAGAGAA

GACAAACTCCTT 

CTGCAAGGCA

TCCCG 

900nM 

PAX-1 NM_006192 

 

ACCCCCGCAGTGA

ATGG 

GGCCGACTGAGTG

TATTTAATGTCT 

CTAGAGAAAC

CTGCCTTAGA 

900nM 

KRT8 NM_002273 

 

TGACCGACGAGAT

CAACTTCCT 

TGGACAGCACCAC

AGATGTGT 

CAGCTATATGA

AGAGGAGATC 

900nM 

KRT18 NM_199187 
 

GCGAGGACTTTAA
TCTTGGTGATG 

TGGTCTTTTGGATG
GTTTGCA 

CAGCAGCAAC
TCC 

900nM 

KRT19 NM_002276 

 

GGTCATGGCCGAG

CAGAA 

TTCAGTCCGGCTG

GTGAAC 

CGGAAGGATG

CTGAAG 

900nM 

CAXII NM_001218 
 

CGTGCTCCTGCTG
GTGATCT 

AGTCCACTTGGAA
CCGTTCACT 

AAAGGAACAG
CCTTCCAG 

900nM 

IBSP NM_004967 

 

CCAGAGGAAGCAA

TCACCAAA 

GCACAGGCCATTC

CCAAA 

AAGACTGCTTT

AATTTTGCT 

900nM 

FBLN1 NM_006487 
 

CCTTCGAGTGCCC
TGAGAACTA 

ACCGATGGCCTCA
TGCA 

CAGCCACATG
ATCGTAG 

900nM 

NOTO NM_0011344

62 

AGTTGGAGAAAGT

GTTTG 

CTGCTTCTGATACT

TGAC 

AGACTCTCACG

TGGTTCTCTGT 

900nM 

FOXJ1 NM_001454 GAGCAACTTCTTC
CAGAA 

CCTCCTCCGAATA
AGTATG 

CTGCGCTCTGA
GCCAGGCAC 

900nM 

FOXA2 NM_021784 AGCAGCTACTATG

CAGAG 

GCTCATGTACGTG

TTCAT 

AGGGCTACTCC

TCCGTGAGC 

900nM 

T NM_003181 
 

TTCTCCAACCTATT
CTGACAACTCA 

ATTCCAAGGCTGG
ACCAATTG 

TTTATCCATGC
TGCAATC 

300nM 

CHRD NM_003741 CCGCTTCTCTATCT

CCTA 

GAGTGAGTGTCAC

AAGTG 

CTAAGGAGCC

GCAGAGACAA
CC 

900nM 

NOGGIN NM_005450 AGCTATAGAGTTC

AATGTTAT 

GCACTTCTTTCTCA

TTTAC 

ATAGAGAACA

AATGGAATGA
CTAATCA 

900nM 

LGALS3 NM_0011773

88 

CAGACAATTTTTC

GCTCCATGA 

GGCCATCCTTGAG

GGTTTG 

CGTTATCTGGG

TCTGGAAA 

900nM 

CD24 NM_0013230 
 

GCTCCTACCCACG
CAGATTTAT 

CCTTGGTGGTGGC
ATTAGTTG 

CCAGTGAAAC
AACAAC 

900nM 

ADAMTS1 NM_006988 

 

GCTCATCTGCCAA

GCCAAAG 

ATCTACAACCTTG

GGCTGCAA 

CATTGGCTACT

TCTTC 

900nM 

ADAMTS4 NM_005099 ACTGGTGGTGGCA
GATGACA 

TCACTGTTAGCAG
GTAGCGCTTT 

ATGGCCGCATT
CC 

900nM 

ADAMTS5 NM_007038 

 

CAGCTGGGAGATG

ACCATGAG 

CCCAACGTCTGCC

ATTCC 

TTACTCGGGAG

GATTTAT 

900nM 

ADAMTS8 NM_007037 
 

TCCTGCTCACCAG
ACAGAACTTC 

TCGATCACGGAGC
AGCTTT 

ATCGGGACCA
TTTGTGA 

900nM 

ADAMTS9 NM_182920 GCATTAACTCTGC

CACTGACC 

ATAGAAACTGCTG

GCCGAAGG 

TCCTCTTCCTC

CTCTACCT 

900nM 

ADAMTS15 NM_139055 
 

GAGTGACAAGCAC
CCCGAGTA 

GTCACACATGGTA
CCCACATCAG 

TCACCAGGCA
GGACC 

900nM 

MMP1 NM_002421 GGAAAAGCAGCTC

AAGAACAC 

GAAGAGTTATCCC

TTGCCTATCCA 

CAGTCACTGGT

GTCACC 

900nM 

 

MMP2 NM_004530 GCCCAAGAATAGA
TGCTGACTGT 

GAGGGTTGGTGGG
ATTGGA 

CCAGGCGCCC
CTT 

900nM 

MMP3 NM_002422 

 

ACAAAGGATACAA

CAGGGACCAA 

CCAGGGAGTGGCC

AATTTC 

ATTTCTCGTTG

CTGCTCA 

900nM 

MMP9 NM_004994 
 

GGACGATGCCTGC
AACGT 

GTACTTCCCATCCT
TGAACAAATACA 

ATCTTCGACGC
CATCG 

900nM 

MMP10 NM_002425 

 

AGATGCATCAGGC

ACCAATTT 
 

CAGGGAGTGGCCA

AGTTCA 
 

TTCCTCGTTGC

TGCTC 
 

900nM 



 75   
 

MMP13 NM_002427 CCCCAGGCATCAC

CATTCAAG 

GACAAATCATCTT

CATCACCACCAC 

CTGCCTTCCTC

TTC 

900nM 

IL-1α NM_000575 
 

ATGACGCCCTCAA
TCAAAGTATAAT 

TCAAATTTCACTG
CTTCATCCAGAT 

AGCCAATGAT
CAGTACCT 

900nM 

IL-1β NM_000576 CGGCCACATTTGG

TTCTAAGA 

AGGGAAGCGGTTG

CTCATC 

ACCCTCTGTCA

TTCG 

900nM 

IL-R NM_000877 
 

AGGCTGATAAATG
CAAGGAACGT 

AGGACAGGGACGA
ACATCAATT 

TTTTAGTGTCA
TCTGCAAATG 

900nM 

TNF-α NM_000594 CGAACATCCAACC

TTCCCAA 

TGGTGGTCTTGTTG

CTTAAAGTTC 

CCAATCCCTTT

ATTACCC 

900nM 

TNFR1A NM_001065 
 

CTCCTCTTCATTGG
TTTAATGTATCG 

CCCACAAACAATG
GAGTAGAGCTT 

TACCAACGGT
GGAAGTC 

900nM 

TNFR1B NM_001066 

 

CGCTCTTCCAGTTG

GACTGAT 
 

ATGACACAGTTCA

CCACTCCTATTATT
AG 

TGGGTGTGAC

AGCCT 

900nM 

TIMP1 NM_003254 CTGACATCCGGTT

CGTCTACAC 

GTTGTGGGACCTG

TGGAAGTATC 

CCCGCCATGG

AGAG 

900nM 

TIMP2 NM_003255 AGCATTTGACCCA
GAGTGGAA 

CCAAAGGAAAGAC
CTGAAGGAA 

CGTGGCCTATG
CAGG 

900nM 

TIMP3 NM_000362 GCAGATAGACTCA

AGGTGTGTGAAA 

TCCCTCACTCTTAC

ATGCAGACA 

GTCCCAACCA

GACTGTGT 

900nM 

 

2.2.7 Optimisation of Quantitative Real-Time PCR 

2.2.7.1 Optimisation of Internal Reference Genes 

A range of novel (RPLP0, β2-M, MRPL19 and EIF2B1) and classic (GAPDH and β-

actin) qPCR internal reference genes were analysed in a small cohort of cervical 

(n=5) and lumbar (n=5) NP samples with varying levels of tissue degeneration to 

determine the most appropriate genes for this study (sample details in Table 2.4). 

 

Table 2.4 Specimen Details for Optimisation of Internal Reference Genes 

Sample 

ID 

Age Gender Score Classification 

HH0063 58 M 5 Cervical Mildly Degenerate 

HH0069 60 F 7 Cervical Degenerate 

HH0070 59 M 7 Lumbar Mildly Degenerate 

HH0081 47 M 6 Lumbar Mildly Degenerate 

HH0082 48 M 10 Lumbar Degenerate 

HH0095 48 F 9 Cervical Degenerate 

HH0313 49 F 7 Cervical Mildly Degenerate 

HH0327 27 F 5 Lumbar Mildly Degenerate 

HH0329 52 F 12 Lumbar Degenerate 

HH0384 47 F 6 Cervical Mildly Degenerate 

 

An assay mastermix was prepared for each gene as follows: 5µl Lumino Ct qPCR 

Readymix, 2.5µl molecular biology-grade water and 0.5µl primer/probe set per well. 

As the primer/probe sets were pre-designed assay reagents (PDAR, Applied 

Biosystems), assays were performed according to manufacturer’s instructions, and 
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thus no sequence information is available. Eight microlitres of assay mastermix was 

pipetted into each well of a 96-well plate using a positive displacement pipette, and 

2µl target cDNA at a concentration of 5ng/µl also added. Each biological sample 

was repeated in triplicate and tested using the StepOnePlus Real-Time PCR machine 

as per the parameters outlined in 2.2.7. An average Ct value for each biological 

sample was determined and NormFinder software was used to establish the most 

appropriate reference genes for the cohort. 

 

Stability values for each gene were determined by NormFinder. The lowest stability 

values are considered the most appropriate for use in qPCR. Table 2.5 details 

stability values for the genes tested. 

 

Table 2.5 Stability Values for qPCR Reference Genes 

Gene Name Stability Value 

β2-M 0.097 

EIF2B1 0.103 

GAPDH 0.114 

MRPL19 0.129 

RPLP0 0.172 

β-actin 0.194 

 

NormFinder software was then used to determine the best combination of 2 genes as 

the use of multiple internal reference genes increases the accuracy of reference gene 

expression levels and subsequently the normalised target gene expression values. A 

combined stability value of 0.076 defined β2-M and MRPL19 as the most 

appropriate combination. However, previous research has shown that β2-M 

expression in the human NP varies under differing loading conditions (Lee et al., 

2005). The next most stable combination (MRPL19, GAPDH, EIF2B1) was 

assessed. However, Ct values of cycle 16-18 were detectable for GAPDH, whilst 

MRPL19 and EIF2B1 were both detected at cycles 26-28. These differences in 

average Ct value meant fold-changes in target gene expression would be skewed by 

such large variations in average reference gene expression, and thus it was decided 

that the combination of MRPL19 and EIF2B1 was the most appropriate for this 

study. 
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2.2.7.2 Optimisation of qPCR Primer Concentrations 

qPCR primer concentrations were optimised empirically to ensure reaction 

efficiency was between 95-105%. Reaction efficiencies were assessed at primer 

concentrations of 900nM, 600nM, 450nM and 300nM using an assay mastermix 

comprised of 5µl Lumino Ct qPCR Readymix, 1µl forward primer, 1µl reverse 

primer, 0.5µl 2.5µM probe and 0.5µl molecular biology-grade water. A five-fold 

serial dilution of either control total human cDNA or whole foetus cDNA (both 

reverse transcribed to cDNA in house from stock RNA) at 12.5ng/µl, 2.5ng/µl and 

0.5ng/µl (diluted in molecular biology-grade water) was generated, with each primer 

concentration tested in triplicate repeats of each of the cDNA concentrations. A 

positive displacement pipette was used to add 8µl assay mastermix and 2µl cDNA to 

each well. Negative control wells contained 2µl molecular biology-grade water in 

place of cDNA. Plates were analysed using the StepOnePlus Real-Time PCR 

machine with the parameters detailed in 2.2.6. Standard curves were generated by 

plotting log cDNA concentration vs. average Ct value (at each cDNA concentration), 

and reaction efficiencies determined using StepOnePlus software. Specific details for 

each qPCR assay are detailed in Table 2.3. 

 

2.2.8 Data Analysis 

qPCR data was analysed according to the ΔCt method in accordance with the 

method outlined by (Livak and Schmittgen, 2001, Minogue et al., 2010a, Minogue et 

al., 2010b) where gene expression values are normalised to that of internal reference 

genes. A number of calculations were subsequently performed to obtain values to be 

used for graphs and statistical analysis, detailed in Table 2.6. 

Table 2.6 Calculations for qPCR Analysis 

Value Determined 

 

Calculation 

Average Ct of sample Average of triplicate repeat 

ΔCt of sample average 
Average Ct (target gene)- Average Ct 

(ref. gene) 

Standard error of the mean (SE) STDEV((average ΔCt)/SQRT(n)) 

2-ΔCt 2^
-
(ΔCt average) 

+ Standard error 2^
-
(ΔCt average +SE) 

- Standard error 2^
-
(ΔCt average -SE) 

+ Error bars (-SE)- 2-ΔCt 

- Error bars 2-ΔCt – (+SE) 
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2.2.9 Statistical Analysis 

All statistical analysis was performed using GraphPad InStat and GraphPad prism 

software and Mann Whitney-U tests were employed where significance was defined 

as p<0.05.  

 

2.3 General Histology 

2.3.1 Equipment, Materials, Reagents and Solutions 

2.3.1.1 Equipment 

Vacuum oven      Binder 

Histostation Embedding Centre   Thermo Electron Corporation 

Rotary microtome     Thermo Scientific 

Tissue processor     Thermo Electron Corporation 

 

2.3.1.2 Materials 

Positively charged microscope slides   Thermo Scientific 

22x40mm glass coverslips    Scientific Laboratory Supplies 

Histology cassettes     Surgipath 

 

2.3.1.3 Reagents and Solutions 

Avidin-biotin complex solution (ABC)  Vector 

Bovine serum albumin    Sigma Aldrich 

Citric acid anhydrous     Sigma Aldrich 

Eosin       Surgipath 

Ethylenediaminetetraacetic acid (EDTA)  Sigma Aldrich 

Glacial acetic acid     Fisher Scientific 

Hydrochloric acid     Fisher Scientific 

Industrial methylated spirits (IMS)   Fisher Scientific 

Mayer’s haematoxylin    Solmedia 

Normal goat serum     Sigma Aldrich 

Normal donkey serum     Sigma Aldrich 

Paraffin wax for embedding    Thermo Scientific 

Paraformaldehyde     Sigma Aldrich 

Pepsin from porcine gastric mucosa   Sigma Aldrich 

Phloxin B      BDH 

Phosphate buffered saline tablets (non-sterile) Oxoid 

Pronase protease     Calbiochem 

Shandon consul mountant    Thermo Scientific 

Sodium chloride     Fisher Scientific 

Tris base      Fisher Scientific 

Xylene       Fisher Scientific 

3,3’-diaminobenzidine tetrahydrochloride (DAB) Sigma Aldrich 

30% (v/v) Hydrogen peroxide   Fisher Scientific 
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2.3.2 Tissue Fixation 

Prior to processing of tissue specimens (as detailed in 2.1.3), a portion of each 

specimen containing both AF and NP tissue was washed twice in sterile PBS to 

remove traces of blood and culture media, and fixed for 24 hours in 25ml 4% (w/v) 

paraformaldehyde in PBS at 4°C. Fixed tissue was washed twice in PBS to remove 

excess fixative and stored at 4°C prior to processing. 

 

2.3.3 Processing of Fixed Tissue Specimens 

Tissue specimens were placed inside a histology cassette and processed on the 

Thermo Electron Tissue Processor overnight under the following parameters: 

 50% IMS 90 minutes 

 70% IMS 60 minutes 

 99% IMS 60 minutes 

 99% IMS 60 minutes 

99% IMS 60 minutes 

99% IMS 60 minutes 

99% IMS 60 minutes 

Xylene  90 minutes 

Xylene  90 minutes 

Xylene  90 minutes 

Molten wax 90 minutes 

Molten wax 120 minutes 

Following completion of the processing programme, cassettes were transferred to 

molten wax under vacuum for 30 minutes to allow for thorough penetration of the 

wax in the tissue. Samples were then embedded using the Histostation Embedding 

Centre. 

 

2.3.4 Haematoxylin and Eosin Staining 

Five micrometre sections of wax-embedded tissue specimens were cut using a rotary 

microtome, and briefly floated in a waterbath at 42°C to allow the sections to flatten 

prior to mounting on positively charged microscope slides. Slides were placed on a 

hot plate at 37°C for two hours to allow for evaporation of excess water, and then 
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dried in a drying oven at 37°C for at least 48 hours. Before commencing the staining 

protocol, slides were baked on a hot plate set at 60°C to remove air bubbles trapped 

under the wax. Slides were subsequently dewaxed in xylene for 3x 5 minutes and 

rehydrated in 100% IMS for 4x 5 minutes. Sections were stained in freshly filtered 

Mayer’s haematoxylin for 60 sections, and excess haematoxylin removed by 

washing slides in running tap water for 5 minutes. Slides were stained in eosin for 1 

second, before dehydrating in IMS for 4x 5 minutes. Finally, sections were cleared in 

xylene for 3x 5 minutes, and covered using a 20x40mm glass coverslip and Shandon 

Consul mountant. 

 

2.3.5 Histological Grading of Specimens for Level of Degeneration 

Using the haematoxylin and eosin stained slides; specimens were graded 

histologically for their level of IVD degeneration in accordance with a previously 

established method (Sive et al., 2002). A histopathologist (Professor A. Freemont) 

analysed four individual tissue features (loss of AF/NP demarcation, loss of NP 

proteoglycan, presence and extent of fissures and cell cluster formation) and awarded 

a score of 0-12 as detailed in Table 2.7. 
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Table 2.7 Histological Grading System for IVD Degeneration 

Breakdown of the four groups of parameters used for the scoring system 

Loss of demarcation between the NP and AF 

0 Clear demarcation 

1 Limited loss of demarcation 

2 Substantial loss of demarcation 

3 Complete loss of demarcation 

Loss of proteoglycan from the NP 

0 No loss of haematoxophilia 

1 Limited loss of haematoxophilia 

2 Substantial loss of haematoxophilia 

3 Complete loss of haematoxophilia 

Presence and extent of fissures 

0 No fissures 

1 Fissures present within NP 

2 Fissures extending to NP/AF junction 

3 Fissures extending to within AF 

Cell cluster formation 

0 No cell clusters 

1 <25% of cells formed into clusters 

2 25-75% of cells formed into clusters 

3 >75% of cells formed into clusters 

Adapted from (Sive et al., 2002). 

 

2.3.6 Immunohistochemistry 

Five micrometer tissue sections were prepared as detailed in 2.3.4. Slides were 

dewaxed in xylene for 3x 5 minutes, and rehydrated in 100% IMS for 4x 5 minutes. 

Slides were then rinsed in deionised water to remove excess IMS. Where enzyme-

only antigen retrieval was utilised, endogenous peroxidases were then blocked by 

immersing slides in 100% IMS containing 0.3% (v/v) H2O2 and 25mM HCl for 30 

minutes at room temperature. Slides were then rinsed in TBS (50mM Tris-EDTA, 

150mM NaCl) for 2x 5 minutes before performing antigen retrieval (as determined 

empirically). Where a heat-induced epitope retrieval technique was used, antigen 

retrieval was performed prior to blocking of endogenous peroxidases, with slides 

rinsed in TBS for 2x 5 minutes between the two steps. Following antigen retrieval 

and blocking of endogenous peroxidases, non-specific binding was blocked by the 

incubation of sections in the appropriate 25% animal serum in 1% BSA in TBS for 

30 minutes at room temperature. Serum/BSA/TBS solution was removed from slides 

and the antibody diluted in 1% BSA in TBS (dilution determined empirically) 

applied to each section, and incubated overnight at 4°C in a humidified chamber. 
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Negative control sections containing appropriate IgG diluted in 1%BSA in TBS 

rather than primary antibody (but at an equivalent working concentration to the 

antibody) were used. Following overnight incubation, slides were rinsed in TBS for 

3x 5 minutes and then incubated with an appropriate secondary antibody diluted 

1:300 in 1% BSA in TBS for 30 minutes at room temperature. Slides were again 

rinsed in TBS for 3x 5 minutes and incubated with Avidin-Biotin Complex (ABC) 

reagent for 30 minutes at room temperature. Slides were again rinsed in TBS for 3x 5 

minutes, and 3,3’-diaminobenzidine tetrahydrochloride (DAB) applied to each 

section, and incubated at room temperature for 20 minutes. Sections were rinsed in 

deionised water for 4 minutes and stained in freshly filtered Mayer’s haematoxylin 

for 60 seconds. Excess haematoxylin was removed by washing slides in running tap 

water for 5 minutes. Finally, sections were dehydrated in 100% IMS for 4x 

5minutes, cleared in xylene for 3x 5 minutes and glass coverslips applied and fixed 

using Shandon consul mountant. Assay specific parameters (serum, primary 

antibody/IgG details, antigen retrieval technique and secondary antibody details) are 

listed in Table 2.8. Additionally, 5μm sections of human foetal spine (aged 8 weeks 

post-conception) obtained under local ethical approval (08/H1010/28) were stained 

for all antibodies tested, in order to confirm that the notochordal cell markers 

investigated were in fact expressed in human notochordal cells. 
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Table 2.8 Assay Specific Parameters of Immunohistochemical Analysis 
Primary 

Antibody 

Primary 

Antibody 

Dilution 

IgG 

Isotype 

Control 

Positive 

Control 

Tissue 

Blocking 

Serum 

Epitope 

Retrieval 

Method 

Secondary 

Antibody 

Brachyury 

(Abcam 

ab57480) 

1:10 Mouse 

IgG type 1 

(Sigma 

M5284) 

Chordoma Goat 

 

 

0.25% pepsin Goat anti-

mouse 

(Santa Cruz 

sc-3795) 

 

Carbonic 

Anhydrase-12 

(Sigma 

HPA008773) 

1:50 Rabbit IgG 

(Dako 

X0936) 

Kidney Goat 

 

 

Pressure cooker 

with citrate 

buffer 

Goat anti-

rabbit (Santa 

Cruz sc-

3840) 

CD24 

(AbCam 

ab31622) 

1:50 Mouse 

IgG type 1 

(Sigma 

M5284) 

Chordoma Goat 

 

 

Steamer with 

citrate buffer 

Goat anti-

mouse 

(Santa Cruz 

sc-3795) 

 

Cytokeratin-8 

(Zytomed 

603-2156) 

1:10 Mouse 

IgG type 1 

(Sigma 

M5284) 

Skin Goat 

 

 

0.25% pepsin 

followed by 

0.1% pronase 

Goat anti-

mouse 

(Santa Cruz 

sc-3795) 

 

Cytokeratin-

18 (Dako 

M7010) 

1:20 Mouse 

IgG type 1 

(Sigma 

M5284) 

Skin Goat 0.25% pepsin 

followed by 

steamer with 

Tris/EDTA 

buffer 

Goat anti-

mouse 

(Santa Cruz 

sc-3795) 

 

Cytokeratin-

19 (Dako 

M0888) 

1:10 Mouse 

IgG type 1 

(Sigma 

M5284) 

Skin Goat 0.25% pepsin 

followed by 

steamer with 

Tris/EDTA 

buffer 

Goat anti-

mouse 

(Santa Cruz 

sc-3795) 

 

FoxF1 (Santa 

Cruz sc-

47591) 

 

 

1:35 Goat IgG 

(R&D 

Systems 

AB-108-

C) 

Kidney Donkey 

 

 

0.25% pepsin Donkey 

anti-goat 

(Santa Cruz 

sc-2042) 

Galectin-3 

(Santa Cruz 

sc-20157) 

 

1:20 Rabbit IgG 

(Dako 

X0936) 

Chordoma Goat 

 

 

0.25% pepsin 

followed by 

0.1% pronase 

Goat anti-

rabbit (Santa 

Cruz sc-

3840) 

Pax-1 (Abcam 

ab114037) 

 

 

1:600 Rabbit IgG 

(Dako 

X0936) 

Placenta Goat 

 

 

Pressure cooker 

with citrate 

buffer 

Goat anti-

rabbit (Santa 

Cruz sc-

3840) 

 

2.3.7 Optimisation of Immunohistochemical Antibodies 

All immunohistochemical antibodies required optimisation prior to use in this study, 

and the protocol followed is described in 2.3.6. For each antibody used, a positive 

control tissue was identified and 5µm sections mounted as detailed in 2.3.4. The 

tissue selected for analysis of each protein is listed in Table 2.8. For each assay, 

optimisations were conducted using 1x control tissue section and 1x adult IVD tissue 
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section for each antibody dilution assessed, and 1x control section/1x adult IVD 

section as a negative control. These quantities were repeated for each of the antigen 

retrieval methods tested. For the first set of optimisations for each antibody, 3 

methods of epitope retrieval were assessed: enzymatic, heat-induced, and a 

combination of enzymatic and heat-induced. Experimental details of each enzymatic 

methodology and heat-induced antigen retrieval method are outlined in 2.3.7.1 and 

2.3.7.2 respectively. Initially, antibodies were tested at dilutions of 1:10, 1:20, 1:50 

and 1:100, with equivalent concentration of the appropriate IgG used as negative 

controls. Details of each antibody and the IgG utilised are listed in Table 2.8. The 

dilution of secondary antibody remained constant throughout at 1:300, but the 

antibody used varied according to the primary antibody host, and is clarified in Table 

2.8. Where the initial optimisation did not identify an appropriate method of epitope 

retrieval, techniques were modified by altering either the buffer used in heat-induced 

retrieval methods, or the time allocated for retrieval. If intense staining of sections 

was detected even at a primary antibody dilution of 1:100, further tests were 

performed, diluting the antibody at 1:200, 1:300, 1:400 and 1:500. 

 

2.3.7.1 Enzymatic Antigen Retrieval Methodologies 

 

0.25% pepsin digestion: 

0.25% pepsin (97066U/g) (w/v) was reconstituted in 10mM ice-cold HCl. Once 

dissolved, 150µl enzyme solution was applied to each tissue section and incubated at 

room temperature for 10 minutes. 

 

0.1% pronase digestion: 

0.1% pronase (3200U/mg) (w/v) was diluted in TBS pH 7.4 (50mM Tris-EDTA, 

150mM NaCl). Once reconstituted, 150µl enzyme solution was applied to each 

tissue section and incubated at 37°C for 10 minutes. 
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2.3.7.2 Heat-Induced Antigen Retrieval Methodologies 

 

Steamer retrieval: 

Upon addition of 1L deionised water to the water compartment of the steamer, the 

apparatus was pre-heated for 10 minutes. Simultaneously, 800ml 10mM citrate 

buffer pH 6.0 (10mM citric acid) or 800ml Tris/EDTA buffer pH 9.0 (10mM Tris 

Base/1mM EDTA) was heated to 95°C in the microwave before transferring to the 

steamer and allowing the temperature to equilibrate for a further 5 minutes. Slides 

were then incubated in the buffer for 10 minutes, and following this, the basket 

containing the buffer/slides was removed from the steamer and placed on the bench 

for a further 10 minute incubation. 

 

Pressure cooker retrieval: 

Two litres citrate buffer pH 6.0 or Tris/EDTA buffer pH 9.0 was heated in the 

pressure cooker to for approximately 15 minutes until boiling. Slides were then 

placed into the chamber and the lid closed. Once pressure was reached, slides were 

subject to heating for 3 minutes. Following this, the chamber was removed from the 

heat and placed in running tap water until depressurised. The lid was then removed, 

and tap water run into the chamber for 10 minutes to cool the slides. 

 

2.3.8 Image Analysis 

All histological analysis was undertaken using a Leica Leitz DMRB Microscope, 

images obtained using an Infinity X digital camera DeltaPix camera software, and 

images prepared using ImageJ software. 
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3.1 Background 

Like LBP, chronic neck pain is a highly prevalent condition in developed societies 

(Makela et al., 1991). However, unlike disorders of the lumbar spine, the cervical 

IVD and its associated pathologies are less well characterised. Features of IVD 

degeneration have also been identified in cervical discs (Christe et al., 2005, Kolstad 

et al., 2005), but the underlying aetiology of this degenerative process in the cervical 

region has not been comprehensively described, and it is often just assumed that the 

pathology mirrors that of the lumbar IVD.  

Such an assumption may be flawed in that although the ontogeny of IVDs from both 

the cervical and lumbar region is identical, several distinctions exist between discs 

from the upper and lower human spine with regards to tissue matrix, load and 

anatomy. Compared with the lumbar spine, the cervical spine is weak with regards to 

flexion, with lumbar specimens resisting 35Nm in flexion, and cervical only 6.7Nm, 

suggesting that cervical discs have the capacity to withstand only 20% of the flexion 

strength of lumbar samples (Adams and Dolan, 1991, Przybyla et al., 2007). This is 

also seen in extension, with cervical segment strength only 34% of that observed in 

the lumbar (Przybyla et al., 2007). However, one of the limitations of this study is 

that only discs from patients aged 64+ were assessed, and although differences were 

noted between these findings and that reported for lumbar specimens, the authors 

failed to address whether this could be linked to the age of the samples. The extra 

strength observed in extension as compared to flexion is attributed to the large 

cervical apophyseal joints, which provide resistance to extension. The average 

compressive strength of cervical motion segments was 2.4kN, which is 45% of that 

observed in the lumbar region, and this is hypothesised to be due to decreased 

endplate area, with cervical endplates only 22% of the size of lumbar (Brinckmann et 

al., 1989, Hutton and Adams, 1982, Przybyla et al., 2007). Thus, the literature 

suggests that discs of the cervical and lumbar spine differ significantly in their 

mechanical properties; a feature which may affect cell phenotype within the region. 

As discussed in 1.3.2, disc structure also varies according to whether it is located 

within the cervical or lumbar spine. Briefly, disc diameter is markedly smaller in 

cervical IVDs as compared to lumbar, whilst the AF is crescentric in shape and only 

partially surrounds the NP (Mercer and Bogduk, 1999, Pooni et al., 1986).  
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Currently, literature comparing the expression of matrix markers in cervical and 

lumbar IVD specimens is limited. It has been demonstrated that in primate discs, no 

distinctions exist between disc levels with regards to protein expression of types I 

and II collagen (Longo et al., 2006), although no such comparison has been made 

utilising human specimens. However, gene expression analysis of human cervical 

and lumbar NP cells where degeneration has been induced following cytokine 

exposure demonstrated significantly higher expression levels of type I and II 

collagen in cervical as compared to lumbar discs (Park et al., 2013). Interestingly, 

the same study identified that mRNA levels of aggrecan, alkaline phosphatase, 

osteocalcin and Sox9 did not differ significantly between lumbar and cervical 

specimens after growth factor and cytokine treatment, which indicates that cells from 

the two spinal regions may be similar with regards to phenotype. Thus, analysis of 

the existing literature has identified a clear requirement for elucidation of NP ECM 

marker expression in cervical discs and a comparison of this expression to that of 

lumbar specimens in human tissues. Additionally, expression of molecules 

associated with degeneration has been described briefly in the cervical IVD (detailed 

in section 1.6.2); however, no study has yet to comprehensively analyse expression 

of these markers (MMPs, ADAMTSs, TIMPs, pro-inflammatory cytokines) in the 

cervical NP, and compared it to that of lumbar samples. Given that distinctions exist 

between discs of the two spinal regions with regards to their anatomy, structure and 

load-bearing characteristics, it is possible that there may also be distinctions with 

regard to phenotype. Also, age and degeneration-associated alterations to the NP 

phenotype are well described in the lumbar IVD (see section 1.6), and it is therefore 

possible that such changes also occur in the cervical disc. However, understanding 

changes that occur to the cervical IVD with age and degeneration is limited by the 

scarcity of literature in which this is described as compared to the lumbar IVD. Thus, 

this investigation is being undertaken with a view to gaining an in-depth knowledge 

of cervical NP cell phenotype and IVD degeneration.  

Additionally, a full comparison of cervical and lumbar NP cells with regards to 

matrix and degeneration-associated molecule expression may expand the number of 

human specimens available for research purposes, as currently, much of the literature 

focuses on lumbar tissues which are more comprehensively described. If cervical and 

lumbar tissues are in fact shown to be similar with regards to gene expression and 
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degeneration, it is possible then that tissues from the two spinal regions can be used 

interchangeably for research purposes. 
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3.2 Aims and Hypotheses 

As discussed, the current understanding of the cervical NP cell phenotype is limited. 

Although various studies have noted expression of a handful of markers previously 

described as expressed in the lumbar IVD, no study has yet evaluated the cervical 

NP cell gene expression profile across a range of ages and levels of tissue 

degeneration, nor has it been established whether a comprehensive list of genes 

expressed during lumbar disc degeneration are also expressed by cervical NP cells. 

In order that cervical IVD specimens can be utilised for research of both LBP and 

chronic neck pain, a comparison of lumbar and cervical NP cell phenotypes must be 

made. Although evidence comparing cervical and lumbar IVDs is limited, some data 

has been presented which suggests that differences exist between the two regions, 

and it is therefore hypothesised that some significant differences will be noted 

between lumbar and cervical NP cell gene expression profiles.  

Therefore, the aims of this study were twofold: 

1) To assess whether cervical NP cells express markers previously described in 

lumbar NP specimens, and to assess expression across a range of ages and 

degenerative scores, with a view to characterising the cervical NP cell 

phenotype more fully. 

2) To compare the phenotype of lumbar and cervical NP cells, with a view to 

determining whether cervical NP cells are comparable to those that are 

lumbar in origin in terms of gene expression. 

 

 

 

 

 

 



 91   
 

3.3 Experimental Design 

The adult human cervical NP cell phenotype was investigated by means of extensive 

gene expression analysis, assessing variations with ageing and degeneration, and a 

comparison of cervical and lumbar gene expression levels performed. 

 

3.3.1 Tissue Histology and Morphological Characterisation 

Tissue specimens detailed in Table 2.1 and 2.2 were fixed, processed and wax-

embedded as detailed in sections 2.3.2 and 2.3.3. Sections were stained with H&E 

(protocol outlined in 2.3.4.) to characterise tissue structure and morphology, and 

samples assessed for histological features of IVD degeneration, used previously to 

grade lumbar specimens for their level of tissue abnormalities (Sive et al., 2002). All 

image analysis was performed as detailed in 2.3.8. 

 

3.3.2 Gene Expression Characterisation of Cervical NP Cells 

The expression levels of a number of genes were assessed using RNA obtained from 

adult human cervical NP cells (sample details in Table 2.1) using quantitative real-

time PCR, as outlined in sections 2.2.6, and 2.2.7, with cDNA generated from  

extracted total RNA using the protocols in 2.2.2, 2.2.3 and 2.2.4. These were 

categorised as classic chondrogenic genes: SOX9, COL2A1, ACAN and VCAN; 

catabolic enzymes: MMP1, MMP2, MMP3, MMP9, MMP10, MMP13, ADAMTS1, 

ADAMTS4, ADAMTS5, ADAMTS8, ADAMTS9 and ADAMTS13; inhibitors of 

catabolic enzymes: TIMP1, TIMP2 and TIMP3; pro-inflammatory cytokines and 

receptors: IL-1α, IL-1β, IL-1R, TNFα, TNFR1A and TNFR1B; and internal 

reference genes: MRPL19 and EIF2B1. Primer sequences are detailed in Table 2.3. 

Gene expression values were normalised to that of the internal reference genes, and 

analysed according to the 2-ΔCt method (Livak and Schmittgen, 2001). Mann 

Whitney-U tests were performed using GraphPad InStat and significance defined as 

p<0.05. 
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3.3.3 Comparison of Lumbar and Cervical Gene Expression Profiles 

Gene expression data was further scrutinised through comparison of expression 

levels in lumbar and cervical NP specimens. Specimens were categorised according 

to their histological grade of degeneration: non-degenerate, moderately degenerate 

and severely degenerate. Non-degenerate tissues were defined as histological grades 

0-4; moderately degenerate as 5-7; and severely degenerate as grades 8-12. Gene 

expression levels were compared between whole lumbar and cervical cohorts, 

lumbar and cervical moderately degenerate, and lumbar and cervical severely 

degenerate specimens (details in Tables 3.1 and 3.2), and statistical significance 

assessed as outlined in 3.3.2. 

 

Table 3.1 Details of Lumbar and Cervical Moderately Degenerate NP Samples 

Cervical NP (n=16) Lumbar NP (n=15) 

Sample ID Grade Sample ID Grade 

HH0069 7 HH0117 6 

HH0102 5 HH0267 5 

HH0109 5 HH0285 7 

HH0111 7 HH0292 6 

HH0140 6 HH0301 6 

HH0156 5 HH0360 6 

HH0250 5 HH0363 7 

HH0262 6 HH0389 7 

HH0347 5 HH0395 7 

HH0351 5 HH0404 7 

HH0353 6 HH0418 7 

HH0354 7 HH0422 6 

HH0410 6 HH0445 7 

HH0420 6 HH0446 7 

HH0427 6 HH0447 7 

HH0448 6   
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Table 3.2 Details of Lumbar and Cervical Severely Degenerate Samples 

Cervical NP (n=7) Lumbar NP (n=17) 

Sample ID Grade Sample ID Grade 

HH0217 9 HH0215 10 

HH0236 9 HH0272 8 

HH0271 9 HH0273 10 

HH0318 8 HH0281 8 

HH0364 10 HH0283 10 

HH0388 8 HH0291 9 

HH0421 9 HH0332 9 

  HH0349 8 

  HH0355 8 

  HH0359 8 

  HH0386 11 

  HH0416 8 

  HH0428 8 

  HH0430 10 

  HH0439 9 

  HH0440 9 

  HH0442 10 
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3.4 Results 

3.4.1 Histological Features of Degeneration in the Cervical IVD 

Specimens stained with haematoxylin and eosin were assessed histologically for 

features of the degenerate IVD and graded for the severity of tissue degeneration 

accordingly. The criteria utilised in the method of grading discs (outlined by (Sive et 

al., 2002)) relies on analysis of four individual characteristics: the presence and 

number of cell clusters; the presence and severity of fissures; the clarity of 

demarcation between the NP and AF tissues; and loss of proteoglycan content from 

the NP ECM, and has previously only been used on lumbar IVD tissues. Figure 3.1 

demonstrates identification of the same features in IVD specimens taken from the 

cervical region. Cell clusters were localised within the NP (Figure 3.1D), and 

fissures extending into the NP tissue from the AF were also noted (Figure 3.1A). A 

reduction in the demarcation between the NP and AF could be seen (Figure 3.1B), as 

well as a loss of proteoglycan within the NP, evident as a loss of haemotoxyphilia in 

the matrix (Figure 3.1C). Such features confirm the validity of this method for 

histological grading of morphological features of IVD degeneration in the cervical 

spine. 

 



 95   
 

 
Figure 3.1 Histological features of IVD degeneration in the cervical IVD. 

Morphological features of degeneration were confirmed by the identification of 

fissures extending from the AF into the NP (A); poor demarcation between the NP 

and AF (B); a loss of haemotoxyphilia from the NP ECM (C); and NP cell clusters 

(D). Scale= 25µm 

 

3.4.2 Variations in the Cervical NP Cell Phenotype with Ageing 

3.4.2.1 Classic Markers of the NP Cell Phenotype 

Expression levels of both SOX9 (Figure 3.2A) and COL2A1 (Figure 3.2B) did not 

vary significantly between young and mature adult (p= 0.8712 and p= 0.7211 

respectively); young and elderly adult (p= 0.2571 and p= 0.2672 respectively); and 

mature and elderly adult specimens (p= 0.8375 and p= 0.3002 respectively). In terms 

of ACAN (Figure 3.2C) and VCAN (Figure 3.2D) expression, both genes were 

significantly more highly expressed in elderly as compared to mature adult samples 

(p= 0.0145 and p= 0.0194 respectively); expressed at similar levels between young 

adult and mature adult tissues (p= 0.3104 and p= 0.1765 respectively); and ACAN 

increased in young vs. elderly specimens (p= 0.0095), whilst VCAN expression did 

not differ significantly under the same comparison (p= 0.4762). 
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Figure 3.2 Classic NP cell marker gene expression in adult human cervical NP 

cells: Changes with ageing Gene expression levels of SOX9 (A), COL2A1 (B), 

ACAN (C) and VCAN (D) were compared between young adult (0-39 years); 

mature adult (40-59 years); and elderly adult (60+ years). *p=<0.05 **p=<0.01 

***p=<0.001. 
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3.4.2.2 ADAMTS, MMP and TIMP Expression 

ADAMTS isoforms -1 (Figure 3.3A), -5 (Figure 3.3C), -8 (Figure 3.3D) and -9 

(Figure 3.3E) demonstrated no significant variations in expression levels between 

young and mature adult (p= 0.3432; p= 0.0658; p= 0.1092; and p= 0.7211 

respectively); young and elderly adult (p= 0.6095; p= >0.9999; p= >0.9999; and p= 

0.9143 respectively); and mature and elderly adult specimens (p= 0.1178; p= 0.0659; 

p= 0.3034; and p= >0.9999 respectively). Both ADAMTS4 (Figure 3.3B) and 

ADAMTS15 (Figure 3.5F) isoforms were significantly decreased in mature adult as 

compared to young adult specimens (p= 0.0074; and p= 0.0077 respectively); 

demonstrated no significant variance between mature and elderly adult specimens 

(p= 0.3002; and p= >0.9999 respectively); and significantly lower expression of 

ADAMTS15 in elderly compared to young samples (p= 0.0095) but not ADAMTS4 

(p= 0.7619). 

Regarding the expression of MMPs, MMP2 (Figure 3.4B) and MMP10 (Figure 

3.4E) demonstrated no age-associated variations in expression (young vs. mature p= 

0.7198 and p= 0.5028 respectively; young vs. elderly= 0.7524 and p= >0.9999 

respectively; mature vs. elderly p= 0.4845 and p= 0.6107 respectively). Both MMP9 

(Figure 3.4D) and MMP13 (Figure 3.4F) were significantly decreased in mature 

adult samples as compared to young (p= 0.0118; and p= 0.0224 respectively), 

although no differential expression was noted between young and elderly (p= 

0.4762; and p= 0.7619 respectively), and mature and elderly samples (p= 0.4342; p= 

0.0807 respectively). MMP1 (Figure 3.4A) and MMP3 (Figure 3.4C) were 

significantly decreased in mature adult samples as compared to young (p= 0.0044; 

and p= 0.0118 respectively), and expressed at similar levels between young and 

elderly samples (p= 0.6095; and p= 0.9143 respectively). However, when mature and 

elderly adult specimens were compared, MMP1 expression was significantly 

decreased in elderly adult samples (p= 0.0424), whilst MMP3 was significantly 

increased in the same tissues (p= 0.0426). 

TIMP3 (Figure 3.5C) expression did not differ significantly between young and 

mature (p= 0.0559); young and elderly (p= 0.4726); and mature and elderly 

specimens (p= 0.3002). TIMP1 (Figure 3.5A) and TIMP2 (Figure 3.5B) expression 

decreased significantly between young and mature adult samples (p= 0.0118; and p= 

0.0330 respectively); did not differ significantly between young and elderly 
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specimens (p= 0.9143; and p= <0.9999); and TIMP1 expression increased again in 

elderly adult tissues as compared to mature (p= 0.0145), although TIMP2 

demonstrated no such variation (p= 0.0982). 
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Figure 3.3 ADAMTS marker gene expression in adult human cervical NP cells: 

Changes with ageing. Gene expression levels of ADAMTS1 (A), ADAMTS4 (B), 

ADAMTS5 (C), ADAMTS8 (D), ADAMTS9 (E), and ADAMTS15 (F) were 

compared between young adult (0-39 years); mature adult (40-59 years); and elderly 

adult (60+ years) cervical NP specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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Figure 3.4 MMP marker gene expression in adult human cervical NP cells: 

Changes with Ageing. Gene expression levels of MMP1 (A), MMP2 (B), MMP3 

(C), MMP9 (D), MMP10 (E), and MMP13 (F) were compared between young adult 

(0-39 years); mature adult (40-59 years); and elderly adult (60+ years) cervical NP 

specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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Figure 3.5 TIMP marker gene expression in adult human cervical NP cells: 

Changes with Ageing. Gene expression levels of TIMP1 (A), TIMP2 (B) and 

TIMP3 (C) were compared between young adult (0-39 years); mature adult (40-59 

years); and elderly adult (60+ years) cervical NP specimens. *p=<0.05 **p=<0.01 

***p=<0.001.  

 

 



 101   
 

3.4.2.3 Pro-Inflammatory Cytokine and Cytokine Receptor Expression 

IL-1R (Figure 3.6C), TNF-α (Figure 3.6D), TNFR1A (Figure 3.6E) and TNFR1B 

(Figure 3.6F) expression levels did not differ significantly with ageing, when 

comparing young and mature adult (p= 0.3781; p= 0.1014; p= 0.9144; and p= 0.2308 

respectively); young and elderly adult (p= >0.9999; p= 0.3810; p= 0.7619; and p= 

>0.9999 respectively); and mature and elderly adult specimens (p= 0.4342; p= 

0.0667; p= 0.6819; and p= 0.1775 respectively). Expression levels of both IL-1α 

(Figure 3.6A) and IL-1β (Figure 3.6B) were significantly decreased in mature adult 

as compared to elderly adult specimens (p= 0.0297; p= 0.0034 respectively). There 

were no significant variations in expression levels when young and elderly adult 

expression levels were compared (p= 0.1333; p= 0.6095 respectively), although IL-

1β expression was significantly greater in elderly adult as compared to mature adult 

specimens (p= 0.0424), but this was not noted for IL-1α (p= 0.6593). 
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Figure 3.6 Pro-inflammatory cytokine and cytokine receptor gene expression in 

adult human cervical NP cells: Changes with Ageing Gene expression levels of 

IL-1α (A), IL-1β (B), IL-1R (C), TNF-α (D), TNFR1A (E) and TNFR1B (F) were 

compared between young adult (0-39 years); mature adult (40-59 years); and elderly 

adult (60+ years) cervical NP specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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3.4.3 Variations in the Cervical NP Cell Phenotype with Degeneration 

3.4.3.1 Classic Markers of the NP Cell Phenotype 

Expression levels of SOX9 (Figure 3.7A), COL2A1 (Figure 3.7B) and VCAN 

(Figure 3.7D) did not differ significantly between non-degenerate and moderately 

degenerate (p= 0.1213; p= 0.4157; p= 0.8402 respectively); non-degenerate and 

severely degenerate (p= 0.8586; p= 0.3308; and p= 0.2020 respectively); and 

moderately and severely degenerate specimens (p= 0.0988; p= 0.6223; and p= 

0.1679 respectively). ACAN (Figure 3.7C) expression significantly increased in 

moderately degenerate as compared to non-degenerate samples (p= 0.0143), and in 

moderately degenerate as compared to severely degenerate samples (p= 0.0455), 

although no significant variation was noted between non-degenerate and severely 

degenerate samples (p= 0.9773). 
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Figure 3.7 Classic NP cell marker gene expression in adult human cervical NP 

cells: Changes with Degeneration Gene expression levels of SOX9 (A), COL2A1 

(B), ACAN (C) and VCAN (D) were compared between non-degenerate (grades 0-

4); moderately degenerate (grades 5-7); and severely degenerate (grades 8-12) 

cervical NP specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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3.4.3.2 ADAMTS, MMP and TIMP Expression 

Expression levels of neither ADAMTS-1 (Figure 3.8A), -4 (Figure 3.8B), -5 (Figure 

3.8C), -8 (Figure 3.8D), -9 (Figure 3.8E), or -15 (Figure 3.8F) demonstrated 

significant variation across the degenerative score categories analysed (non-

degenerate vs. moderately degenerate p= 0.6021, p= 0.7355, p= 0.4157, p= 0.7729, 

p= 0.7355, and p= 0.6592 respectively; non-degenerate vs. severely degenerate p= 

0.5253, p= 0.8586, p= 0.9773, 0.2468, p= 0.9779, and p= 0.4242 respectively; 

moderately degenerate vs. severely degenerate p= 0.4712, p= 0.4322, p= 0.2348, p= 

0.1451, p= 0.5986, and p= 0.2472 respectively).  Figure 3.9 illustrates MMP 

expression according to grade of degeneration. Expression levels of MMP1 (Figure 

3.9A), MMP2 (Figure 3.9B), MMP3 (Figure 3.9C), MMP9 (Figure 3.9D), MMP10 

(Figure 3.9E) and MMP13 (Figure 3.9F) did not vary significantly when non-

degenerate and moderately degenerate (p= 0.4629; p= >0.9999; p= 0.6200; p= 

0.3713; p= 0.3477; and p= 0.6768 respectively); non-degenerate and severely 

degenerate (p= 0.7069; p= 0.7424; p= 0.6010; p= 0.9773; p= 0.2424; and p= 0.5025 

respectively); as well as moderately degenerate and severely degenerate specimens 

were compared (p= 0.2658; p= 0.7882; p= 0.8160; p= 0.3950; p= 0.5584; and p= 

0.7170 respectively). 

Variations in TIMP expression with degeneration are noted in Figure 3.10. TIMP1 

(Figure 3.10A), -2 (Figure 3.10B) and -3 (Figure 3.10C) expression did not vary 

between non-degenerate and moderately degenerate specimens (p= 0.1937; p= 

0.3713; p= 0.5652 respectively); and non-degenerate and severely degenerate 

specimens (p= 0.7424; p= 0.3434; p= 0.85856 respectively). TIMP1 and -3 

expression did not vary between moderately degenerate and severely degenerate 

samples (p= 0.0537; and p= 0.1136 respectively), although TIMP2 expression levels 

were significantly decreased in severely degenerate specimens as compared to 

moderately degenerate (p= 0.0320). 
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Figure 3.8 ADAMTS marker gene expression in adult human cervical NP cells: 

Changes with Degeneration. Gene expression levels of ADAMTS1 (A), 

ADAMTS4 (B), ADAMTS5 (C), ADAMTS8 (D), ADAMTS9 (E), and ADAMTS15 

(F) isoforms were compared between non-degenerate (grades 0-4); moderately 

degenerate (grades 5-7); and severely degenerate (grades 8-12) cervical NP 

specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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Figure 3.9 MMP marker gene expression in adult human cervical NP cells: 

Changes with Degeneration. Gene expression levels of MMP1 (A), MMP2 (B), 

MMP3 (C), MMP9 (D), MMP10 (E) and MMP13 (F) isoforms were compared 

between non-degenerate (grades 0-4); moderately degenerate (grades 5-7); and 

severely degenerate (grades 8-12) cervical NP specimens. *p=<0.05 **p=<0.01 

***p=<0.001. 
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Figure 3.10 TIMP marker gene expression in adult human cervical NP cells: 

Changes with Degeneration. Gene expression levels of TIMP1 (A), TIMP2 (B), 

and TIMP3 (C) were compared between non-degenerate (grades 0-4); moderately 

degenerate (grades 5-7); and severely degenerate (grades 8-12) cervical NP 

specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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3.4.3.3 Pro-Inflammatory Cytokine and Cytokine Receptor Expression 

Figure 3.11 highlights the expression levels of pro-inflammatory cytokines and 

cytokine receptors when assessed according to severity of IVD degeneration. IL-1α 

(Figure 3.11A), IL-1β (Figure 3.11B), IL-1R (Figure 3.11C), TNF-α (Figure 3.11D), 

TNFR1A (Figure 3.11E) and TNFR1B (Figure 3.11F) expression analyses 

demonstrated no significant variations between non-degenerate and moderately 

degenerate specimens (p= 0.5035; p= 0.7956; p= 0.6308; p= 0.9091; p= 0.3949; and 

p= 0.5730 respectively); non-degenerate and severely degenerate specimens (p= 

0.8254; p= 0.9369; p= >0.9999; p= 0.5333; p= 0.4242; and p= 0.9004 respectively); 

and moderately degenerate and severely degenerate specimens (p= 0.4366; p= 

>0.9999; p= 0.5120; p= 0.2777; p= 0.9656; and p= 0.1691 respectively). 
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Figure 3.11 Pro-inflammatory cytokine and cytokine receptor gene expression 

in adult human cervical NP cells: Changes with Degeneration. Gene expression 

levels of IL-1α (A), IL-1β (B), IL-1R (C), TNF-α (D), TNFR1A (E), and TNFR1B 

(F) were compared between non-degenerate (grades 0-4); moderately degenerate 

(grades 5-7); and severely degenerate (grades 8-12) cervical NP specimens. 

*p=<0.05 **p=<0.01 ***p=<0.001. 
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3.4.4 Comparing the Lumbar and Cervical NP Cell Phenotype 

3.4.4.1 Classic Markers of the NP Cell Phenotype 

There were no significant differences in the gene expression levels of SOX9 (Figure 

3.12A p=0.1611), COL2A1 (Figure 3.12B p=0.8103), ACAN (Figure 3.12C 

p=0.4642) or VCAN (Figure 3.12D p=0.1388) between NP cells of moderately 

degenerate lumbar and cervical discs. Additionally, gene expression levels of SOX9 

(Figure 3.13A p=0.6312), COL2A1 (Figure 3.13B p=0.2441) and ACAN (Figure 

3.13C p=0.1056) did not vary significantly between severely degenerate cervical and 

lumbar NP cells. Expression levels of VCAN (Figure 3.13D) however, were 

significantly greater in severely degenerate NP cells obtained from the lumbar region 

than that of the cervical (p=0.0166). When cohorts were compared irrespective of 

degenerative grade, SOX9 (Figure 3.14A), COL2A1 (Figure 3.14B) and ACAN 

(Figure 3.14C) did not vary between lumbar and cervical specimens (p= 0.3355, p= 

0.3581 and p= 0.3418 respectively). VCAN expression (Figure 3.14D) was 

significantly greater in lumbar as compared to cervical samples (p= 0.0048). 

 

 

 

 

 

 

 

 

 

 

 

 

  



 112   
 

C
e
rv

ic
a
l

L
u

m
b

a
r

0 .0 0 1

0 .0 1

0 .1

1

1 0

1 0 0

1 0 0 0

R
e

la
ti

v
e

 G
e

n
e

 E
x

p
r

e
s

s
io

n
 N

o
r

m
a

li
s

e
d

 t
o

M
R

P
L

1
9

 a
n

d
 E

I
F

2
B

1
 (

L
o

g
 S

c
a

le
)

C
e
rv

ic
a
l

L
u

m
b

a
r

0 .0 0 1

0 .0 1

0 .1

1

1 0

1 0 0

1 0 0 0

R
e

la
ti

v
e

 G
e

n
e

 E
x

p
r

e
s

s
io

n
 N

o
r

m
a

li
s

e
d

 t
o

M
R

P
L

1
9

 a
n

d
 E

I
F

2
B

1
 (

L
o

g
 S

c
a

le
)

C
e
rv

ic
a
l

L
u

m
b

a
r

0 .0 0 1

0 .0 1

0 .1

1

1 0

1 0 0

1 0 0 0

R
e

la
ti

v
e

 G
e

n
e

 E
x

p
r

e
s

s
io

n
 N

o
r

m
a

li
s

e
d

 t
o

M
R

P
L

1
9

 a
n

d
 E

I
F

2
B

1
 (

L
o

g
 S

c
a

le
)

C
e
rv

ic
a
l

L
u

m
b

a
r

0 .0 0 1

0 .0 1

0 .1

1

1 0

1 0 0

1 0 0 0

R
e

la
ti

v
e

 G
e

n
e

 E
x

p
r

e
s

s
io

n
 N

o
r

m
a

li
s

e
d

 t
o

M
R

P
L

1
9

 a
n

d
 E

I
F

2
B

1
 (

L
o

g
 S

c
a

le
)

A

C D

B

 

Figure 3.12 Classic NP cell marker gene expression in NP cells derived from 

adult human moderately degenerate cervical and lumbar NP tissue. Gene 

expression levels of SOX9 (A), COL2A1 (B), ACAN (C) and VCAN (D) were 

compared between cervical (blue) and lumbar (green) moderately degenerate 

specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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Figure 3.13 Classic NP cell marker gene expression in NP cells derived from 

adult human severely degenerate cervical and lumbar NP tissue. Gene 

expression levels of SOX9 (A), COL2A1 (B), ACAN (C) and VCAN (D) were 

compared between cervical (blue) and lumbar (green) severely degenerate 

specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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Figure 3.14 Classic NP cell marker gene expression in NP cells derived from 

adult human cervical and lumbar NP tissue. Gene expression levels of SOX9 (A), 

COL2A1 (B), ACAN (C) and VCAN (D) were compared between cervical (blue) 

and lumbar (green) specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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3.4.4.2 ADAMTS, MMP and TIMP Expression 

With regards to the expression of ADAMTSs, there were no significant variations in 

the gene expression levels of ADAMTS1 (Figure 3.15A p=0.2146), ADAMTS5 

(Figure 3.15C p=0.1184), ADAMTS8 (Figure 3.15D p=0.5294), ADAMTS9 (Figure 

3.15E p=0.3146) and ADAMTS15 (Figure 3,15F p=0.1863) in cervical and lumbar 

moderately degenerate NP samples. ADAMTS4 (Figure 3.15B) expression was 

significantly higher in moderately degenerate cervical NP cells as compared to 

lumbar (p=0.0490). In severely degenerate NP cells, there were no statistically 

significant differences in expression levels of any of the ADAMTS isoforms 

assessed (ADAMTS1 Figure 3.16A p=0.0616; ADAMTS4 Figure 3.16B p=0.6312; 

ADAMTS5 Figure 3.16C p=0.8796; ADAMTS8 Figure 3.16D p=0.2379; 

ADAMTS9 Figure 3.16E p=0.6556; and ADAMTS15 Figure 3.16F p=0.8344). 

When expression levels were compared irrespective of degenerative score, 

ADAMTS1 expression (Figure 3.17A) was significantly greater overall in lumbar as 

and compared to cervical specimens (p= 0.0213), but expression levels of 

ADAMTSs -4 (Figure 3.17B), -5 (Figure 3.17C), -8 (Figure 3.17D), -9 (Figure 

3.17E) and -15 (Figure 3.17F) did not differ significantly (p= 0.2319, p= 0.1945, p= 

0.9448, p= 0.1945 and p= 0.3681 respectively) 
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Figure 3.15 ADAMTS marker gene expression in NP cells derived from adult 

human moderately degenerate cervical and lumbar NP tissue. Gene expression 

levels of ADAMTS1 (A), ADAMTS4 (B), ADAMTS5 (C), ADAMTS8 (D), 

ADAMTS9 (E) and ADAMTS15 (F) were compared between cervical (blue) and 

lumbar (green) moderately degenerate specimens. *p=<0.05 **p=<0.01 

***p=<0.001 
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Figure 3.16 ADAMTS marker gene expression in NP cells derived from adult 

human severely degenerate cervical and lumbar NP tissue. Gene expression 

levels of ADAMTS1 (A), ADAMTS4 (B), ADAMTS5 (C), ADAMTS8 (D), 

ADAMTS9 (E) and ADAMTS15 (F) were compared between cervical (blue) and 

lumbar (green) severely degenerate specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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Figure 3.17 ADAMTS marker gene expression in NP cells derived from adult 

human cervical and lumbar NP tissue. Gene expression levels of ADAMTS1 (A), 

ADAMTS4 (B), ADAMTS5 (C), ADAMTS8 (D), ADAMTS9 (E) and ADAMTS15 

(F) were compared between cervical (blue) and lumbar (green) specimens. *p=<0.05 

**p=<0.01 ***p=<0.001. 
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Expression levels of MMPs were compared between moderately degenerate cervical 

and lumbar NP cells. No significant variations in gene expression levels were noted 

for any of the MMP isoforms analysed (MMP1 Figure 3.18A p=0.3293; MMP2 

Figure 3.18B p=0.8200; MMP3 Figure 3.18C p=0.7311; MMP9 Figure 3.18D 

p=0.7604; MMP10 Figure 3.18E p=0.8210; and MMP13 Figure 3.18F p=0.0712). 

Similarly, gene expression levels of MMPs did not vary between severely degenerate 

specimens of cervical and lumbar NP cells, shown in Figure 3.19 (MMP1 Figure 

3.19A p=0.3721; MMP2 Figure 3.19B p=0.1699; MMP3 Figure 3.19C p=0.9728; 

MMP9 Figure 3.19D p=0.0928; MMP10 Figure 3.19E p=0.7358; and MMP13 

Figure 3.19F p=0.3257). When expression levels were compared between cohorts 

irrespective of degenerative score, again no variations were noted in expression for 

either MMP1 (Figure 3.20A, p= 0.9012), MMP2 (Figure 3.20B, p= 0.5176), MMP3 

(Figure 3.20C, p= 0.9909), MMP9 (Figure 3.20D, p= 0.2369), MMP10 (Figure 

3.20E, p=0.3349) or MMP13 (Figure 3.20F, p= 0.0725). 
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Figure 3.18 MMP marker gene expression in NP cells derived from adult 

human moderately degenerate cervical and lumbar NP tissue. Gene expression 

levels of MMP1 (A), MMP2 (B), MMP3 (C), MMP9 (D), MMP10 (E) and MMP13 

(F) were compared between cervical (blue) and lumbar (green) moderately 

degenerate specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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Figure 3.19 MMP marker gene expression in NP cells derived from adult 

human severely degenerate cervical and lumbar NP tissue. Gene expression 

levels of MMP1 (A), MMP2 (B), MMP3 (C), MMP9 (D), MMP10 (E) and MMP13 

(F) were compared between cervical (blue) and lumbar (green) severely degenerate 

specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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Figure 3.20 MMP marker gene expression in NP cells derived from adult 

human cervical and lumbar NP tissue. Gene expression levels of MMP1 (A), 

MMP2 (B), MMP3 (C), MMP9 (D), MMP10 (E) and MMP13 (F) were compared 

between cervical (blue) and lumbar (green) specimens. *p=<0.05 **p=<0.01 

***p=<0.001. 
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TIMPs are known to inhibit the actions of MMPs and ADAMTSs in IVD 

degeneration. Expression levels of three TIMP isoforms, previously demonstrated as 

expressed in the human IVD, were compared between lumbar and cervical NP 

specimens in order to ascertain whether cells of either region preferentially 

expressed these markers. In moderately degenerate NP cells, expression of TIMP1 

(Figure 3.21A) was comparable between cells isolated from either spinal region 

(p=0.1184), whilst expression levels of TIMP2 (Figure 3.21B) and TIMP3 (Figure 

3.21C) were significantly greater in cervical NP cells as compared to lumbar 

(p=0.0002 and p=0.0119 respectively). No significant differences in the expression 

of the TIMP isoforms were noted in severely degenerate NP samples from cervical 

and lumbar discs (TIMP1 Figure 3.22A p=0.3721; TIMP2 Figure 3.22B p=0.7879; 

and TIMP3 Figure 3.22C p=0.3257). When expression levels were compared 

between cohorts irrespective of degenerative grade, TIMP1 (Figure 3.23A) 

expression did not differ between lumbar and cervical specimens (p= 0.5765), whilst 

TIMP2 (Figure 3.23B) and TIMP3 (Figure 3.23C) expression was significantly 

greater in cervical as compared to lumbar samples (p= 0.0009 and p= 0.0053 

respectively). 
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Figure 3.21 TIMP marker gene expression in NP cells derived from adult 

human moderately degenerate cervical and lumbar NP tissue. Gene expression 

levels of TIMP1 (A), TIMP2 (B) and TIMP3 (C) were compared between cervical 

(blue) and lumbar (green) moderately degenerate specimens. *p=<0.05 **p=<0.01 

***p=<0.001. 
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Figure 3.22 TIMP marker gene expression in NP cells derived from adult 

human severely degenerate cervical and lumbar NP tissue. Gene expression 

levels of TIMP1 (A), TIMP2 (B) and TIMP3 (C) were compared between cervical 

(blue) and lumbar (green) severely degenerate specimens. *p=<0.05 **p=<0.01 

***p=<0.001. 
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Figure 3.23 TIMP marker gene expression in NP cells derived from adult 

human cervical and lumbar NP tissue. Gene expression levels of TIMP1 (A), 

TIMP2 (B) and TIMP3 (C) were compared between cervical (blue) and lumbar 

(green) specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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3.4.4.3 Pro-Inflammatory Cytokine and Cytokine Receptor Expression 

The expression levels of IL-1α, IL-1β, IL-1R, TNF-α, TNFR1A and TNFR1B were 

assessed to again enable a comparison of the pathological process of disc 

degeneration in the cervical and lumbar NP. Expression levels of IL-1α (Figure 

3.24A p=0.1751), IL-1β (Figure 3.24B p=0.7604), IL-R (Figure 3.24C p=0.2960), 

TNF-α (Figure 3.24D p=0.5082) and TNFR1A (Figure 3.24E p=0.3013) did not vary 

significantly between NP cells of the disparate spinal regions. Levels of the TNF-α 

receptor TNFR1B (Figure 3.24F) were significantly higher in cells of the moderately 

degenerate cervical NP, as compared to lumbar NP (p=0.0037). Similarly, when 

expression levels were compared in severely degenerate samples obtained from 

cervical and lumbar tissue, no significant differences in gene expression levels were 

noted for any of the pro-inflammatory markers and receptors assessed (IL-1α Figure 

3.25A p=0.6445; IL-1β Figure 3.25B p=0.8334; IL-R Figure 3.25C p=>0.9999; 

TNFR1A Figure 3.25E p=0.9357; and TNFR1B Figure 3.25F p=0.8849), with the 

exception of TNF-α (Figure 3.25D), where significantly higher levels of expression 

were noted in lumbar NP specimens as compared to cervical (p=0.0449). When 

expression levels were compared irrespective of the severity of tissue degeneration, 

expression levels of IL-1α (Figure 3.26A), IL-1β (Figure 3.26B), IL-1R (Figure 

3.26C), TNF-α (Figure 3.26D) and TNFR1A (Figure 3.26E) did not vary 

significantly between lumbar and cervical specimens (p= 0.3343, p= 0.6064, p= 

0.4822, p= 0.0611 and p= 0.5057 respectively). Expression levels of TNFR1B 

(Figure 3.26F) were significantly greater in cervical as compared to lumbar samples 

(p= 0.0315). 
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Figure 3.24 Pro-inflammatory cytokine and cytokine receptor gene expression 

in NP cells derived from adult human moderately degenerate cervical and 

lumbar NP tissue. Gene expression levels of IL-1α (A), IL-1β (B), IL-1R (C), TNF-

α (D), TNFR1A (E), and TNFR1B (F) were compared between cervical (blue) and 

lumbar (green) moderately degenerate specimens. *p=<0.05 **p=<0.01 

***p=<0.001. 
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Figure 3.25 Pro-inflammatory cytokine and cytokine receptor gene expression 

in NP cells derived from adult human severely degenerate cervical and lumbar 

NP tissue. Gene expression levels of IL-1α (A), IL-1β (B), IL-1R (C), TNF-α (D), 

TNFR1A (E), and TNFR1B (F) were compared between cervical (blue) and lumbar 

(green) severely degenerate specimens. *p=<0.05 **p=<0.01 ***p=<0.001. 
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Figure 3.26 Pro-inflammatory cytokine and cytokine receptor gene expression 

in NP cells derived from adult human cervical and lumbar NP tissue. Gene 

expression levels of IL-1α (A), IL-1β (B), IL-1R (C), TNF-α (D), TNFR1A (E), and 

TNFR1B (F) were compared between cervical (blue) and lumbar (green) specimens. 

*p=<0.05 **p=<0.01 ***p=<0.001. 
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3.5 Discussion 

This investigation has demonstrated that similarities exist between degenerate 

cervical and lumbar NP tissues in terms of both morphological features of tissue 

degeneration, as well as the phenotypic expression of genes known to be expressed 

by degenerate lumbar specimens. Additionally, few statistically significant 

differences were shown to exist between the gene expression profiles of cells 

isolated from NP tissue of the two distinct spinal regions. 

 

3.5.1 Histology of Cervical Tissue 

Here it has been shown that the criteria outlined by (Sive et al., 2002) for 

histological grading of the lumbar IVD for severity of tissue degeneration is 

applicable to specimens isolated from the cervical region also. Tissue cleft formation 

is frequently observed in IVD degeneration (Gries et al., 2000), and was apparent in 

numerous cervical disc specimens analysed here. It is hypothesised that clefts 

originate in the NP and extend into the AF; in extreme cases extending into the CEP 

also. Cleft formation has previously been identified in 49% of cervical disc 

specimens obtained during surgery (Kokubun et al., 1996), although distinctions in 

the severity of the clefts were not made like that outlined previously (Sive et al., 

2002), nor was this feature utilised in the grading of samples. Additionally, cell 

clusters form within the NP with progression of IVD degeneration, and are well 

characterised in the lumbar NP, but are not well described in the cervical region. 

Studies have identified the presence of single and clustered cells within the adult 

human NP (Furusawa et al., 2001), and it appears that clusters become larger with 

increasing severity of degeneration (Kokubo et al., 2008), although these were 

graded using previously described magnetic resonance imaging methodologies, 

which are less sensitive to tissue alterations which might otherwise be identified 

histologically (Pfirrmann et al., 2001). There is currently no evidence regarding the 

loss of haemotoxyphilia (due to loss of PG content) and demarcation between the 

AF/NP in the cervical IVD, and thus the current study is the first to identify these 

features and apply them to a grading system for use in discs obtained from various 

spinal regions. Christe et al., adapted a grading system of histological changes 

(Berlemann et al., 1998) for use in cervical IVDs, although with the exception of 

cleft formation, characterise none of the features described here. The findings here 
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are however limited by the exclusive use of surgical specimens and in order to fully 

confirm the validity of this grading system in the cervical spine, it is essential to test 

it using a cohort of samples obtained from healthy individuals with no history of 

neck pain. 

 

3.5.2 Gene Expression in the Adult Human Cervical and Lumbar NP 

The chondrocyte marker genes SOX9, COL2A1, ACAN and VCAN have been 

utilised as markers characteristic of the NP cell and its ECM (Sive et al., 2002), and 

are expressed at all stages of tissue degeneration in the lumbar spine. However, 

similar profiling has not been performed in cells of the cervical NP, and as such, 

there is no existing literature with which to compare this data. In the present study, 

no variations in SOX9 and COL2A1 were noted with ageing or degeneration, which 

is in agreement with previously described literature for lumbar specimens (Sive et 

al., 2002), and the limited data regarding type II collagen expression in  the cervical 

region (Longo et al., 2006, Park et al., 2013). COL2A1 is known to be regulated by 

SOX9 (Zhao et al., 1997), and thus the findings of parallel unchanged expression is 

unsurprising. Interestingly, significant increases in expression levels of ACAN and 

VCAN were noted with increasing age, but not with degeneration. A loss of PG 

expression with degeneration is well documented (Antoniou et al., 1996), and thus 

the findings presented here contest the current status quo regarding NP matrix loss 

with degeneration. However, the specimens examined here were all obtained during 

surgery, and although some were classed as non-degenerate histologically, clinical 

symptoms must have been presented in order for the surgery to have been performed. 

The lack of specimens from asymptomatic individuals for analysis in the current 

study may therefore serve to explain why no variations were noted in terms of matrix 

marker expression with degeneration, and inclusion of such specimens in future 

investigations may yield some significantly different findings. It is possible that at 

the point of surgical acquisition of specimens, alterations to the phenotype of NP 

cells have already occurred, and may be indicative of such alterations being an early 

feature of tissue degeneration, existing prior to surgical intervention. Also, Antoniou 

et al. suggest that during degeneration of the NP ECM, there is evidence for 

increased denaturation of matrix components, but that parallel alterations to 

expression levels are not noted, and hence it is possible that the entirely degenerate 
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cohort of specimens utilised here demonstrate no variations in expression levels with 

progressing degeneration simply because they are already degenerate. 

Additionally, no variations were identified in the gene expression levels of these 

markers when cervical and lumbar cohorts were compared, with the exception of 

significantly higher levels of VCAN expression in severely degenerate lumbar NP 

cells as compared to cervical. This implies that the cervical and lumbar NP cell gene 

expression profile is comparable, which may be indicative of highly similar ECM 

composition, and suggests that mechanisms controlling expression of these markers 

is identical in the upper and lower spine IVDs. Following the in vitro induction of 

degeneration in human cervical and lumbar NP cells, expression levels of type I and 

type II collagen levels were significantly different between lumbar and cervical 

samples, with higher expression noted in cervical NP cells (Park et al., 2013), which 

does not match with the data generated here. However, the cells assessed in the 

aforementioned study were stimulated with TGF-β1 and BMP2 cytokines in order to 

assess the cellular response, and it is therefore possible that the similar expression 

levels of COL2A1 noted here are due to the varied cytokine milieu that NP cells are 

exposed to in vivo, which is not limited to a cocktail of two cytokines. The present 

study does however confirm the findings of similar SOX9 and ACAN gene 

expression in degenerate lumbar and cervical specimens elucidated previously (Park 

et al., 2013). Versican is a hyaluronan-binding PG and is thought to play a role in 

cell adhesion, migration, proliferation and differentiation (Cattaruzza et al., 2004, 

Landolt et al., 1995, Zhang et al., 1998). There is evidence from studies of other 

tissues that mechanical loading regulates expression of versican (Robbins et al., 

1997, Grande-Allen et al., 2004). Tendon and mitral valve investigations have 

demonstrated that compressive load is associated with increased expression of 

versican (as much as 130% increased expression), but the underlying regulatory 

network has yet to be elucidated. Given that the compressive strength of cervical 

IVDs is only 45% that of the lumbar, it could be hypothesised that the differences in 

expression levels of this molecule can be attributed to their exposure to distinct 

mechanical loading stimuli (Przybyla et al., 2007). As it was demonstrated that 

expression levels of SOX9, COL2A1 and ACAN did not vary, it would be 

reasonable to assume that the cervical and lumbar NP cell phenotype is comparable 

in terms of chondrogenic marker expression. 
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MMPs and ADAMTSs are molecules frequently identified in the degenerate 

intervertebral disc, where they break down extracellular matrix components. This is 

generally paralleled with decreased matrix anabolism, and this catabolic shift in NP 

cell phenotype results in a loss of ECM integrity (Richardson et al., 2009, Pockert et 

al., 2009, Millward-Sadler et al., 2009, Le Maitre et al., 2007c, Le Maitre et al., 

2006, Le Maitre et al., 2004a). TIMPs are competitive inhibitors of numerous MMPs 

and ADAMTSs, and their expression is often thought to ameliorate the detrimental 

effects of matrix degrading enzymes (Le Maitre et al., 2004a, Vo et al., 2013). In 

this study, ADAMTS expression did not vary with degeneration across a cohort of 

cervical specimens, and most of the isoforms analysed showed no variation with 

ageing either. Similarly, MMP expression did not alter with degeneration, whilst 

some decreases in MMP expression with ageing were observed. TIMP expression 

demonstrated no clear trends with ageing or degeneration when assessed in the 

cervical cohort. This is in disagreement with previously described literature (Le 

Maitre et al., 2004a, Pockert et al., 2009), which indicates that expression of these 

markers is increased with progressing severity of degeneration, although these 

studies utilised non-degenerate specimens not obtained from surgery during analysis, 

which is not included in the present study, and may therefore explain why 

differences were noted. It could also be hypothesised that (like for the NP cell 

markers discussed previously) degenerative alterations to NP cell phenotypic 

expression precedes the onset of clinical symptoms, and comparisons of expression 

levels of specimens tested here, with those of asymptomatic individuals may confirm 

this. 

ADAMTS expression was generally mirrored in lumbar and cervical NP cells, both 

in the moderate and severe stages of IVD degeneration and across the entire cohorts 

irrespective of degenerative score. ADAMTS4 was more highly expressed in 

moderately degenerate cervical NP cell specimens as compared to lumbar, but 

demonstrated no variation in the most severely degenerate specimens or across the 

cervical and lumbar cohorts as a whole. Evidence to explain these variations is 

limited. ADAMTS4 is known to regulate turnover of versican, which was also 

differentially expressed in this study, but at different stages of disc degeneration 

(Westling et al., 2004, Gao et al., 2002). Also, ADAMTS4 is known to be 

upregulated when exposed to greater compressive loads (Walter et al., 2011), but 
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compressive loads are higher in lumbar than cervical IVDs (which may explain 

increased versican expression in the same specimens), and thus does not apply here. 

Additionally, the expression of ADAMTS4 has been demonstrated to be controlled 

by pro-inflammatory cytokine signalling (Tian et al., 2013), but as IL-1β and TNF-α 

expression is unchanged here, is likely not the appropriate explanation for this 

variation either. Additionally, this variation was not noted at the most severe stages 

of IVD degeneration, as one might have expected. However, this may be due to the 

large differences in sample number between the cervical (n=7) and lumbar (n=17) 

severely degenerate cohorts, and perhaps more evenly matched specimen numbers 

would confer some significant differences in terms of ADAMTS4 gene expression. 

Expression levels of all MMP isoforms analysed demonstrated no variations between 

lumbar and cervical NP cells. MMP expression has previously been demonstrated in 

the cervical IVD, but the novel data highlighted by this investigation has confirmed 

that degenerative processes involving these molecules may be comparable between 

cervical and lumbar discs. TIMP expression was not variable in severely degenerate 

specimens, but isoforms -2 and -3 were significantly more highly expressed in 

moderately degenerate cervical NP cells than lumbar, and in the total cervical cohort 

as compared to the total lumbar cohort. To date, the literature suggests that increases 

in TIMP expression in cartilage may be attributed to increased compressive load 

and/or IL-1-induced expression of degradative enzymes (Torzilli et al., 2011). 

However, it has also been hypothesised that exposure to shorter periods of 

compressive load may result in increased TIMP expression as compared to those 

exposed to for a longer period of time (Wuertz et al., 2009), however given that the 

cells of the lumbar NP are exposed to greater loads than that of the cervical NP and 

that TIMP expression is higher in cervical specimens, this cannot form a possible 

explanation. Thus, expression of matrix degrading enzymes and their inhibitors is 

largely comparable between cervical and lumbar specimens, indicating that cervical 

tissues are as applicable as lumbar for in vitro investigation and that phenotypic 

variation between samples from either spinal region will not influence such studies. 

There was no variation in gene expression levels of either IL-1 isoform or their 

receptor between cervical and lumbar IVD specimens at either stage of tissue 

degeneration or across the cohorts as a whole; however TNF-α expression was 

significantly greater in severely degenerate lumbar specimens as compared to 
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cervical (but this was not noted when entire cohorts were compared), and increased 

TNFR1B in moderately degenerate cervical samples as compared to lumbar, as well 

as in the total cervical cohort as compared to lumbar. TNF-α has been demonstrated 

to play a role in degenerative processes in the lumbar IVD, although it was only 

expressed in 59% of specimens (Le Maitre et al., 2007b); but to date there is no 

evidence of expression in the cervical IVD. This study has highlighted for the first 

time, that TNF-α is expressed in the cervical IVD, but confirms previous data of 

expression in approximately half of specimens tested, with 4/7 severely degenerate 

cervical NP specimens expressing the cytokine. The finding of increased TNF-α 

expression in severely degenerate lumbar specimens as compared to cervical may be 

as a consequence of differing mechanical loads between the two spinal regions. 

Increased load is known to induce expression of TNF-α (Wang et al., 2007), and as it 

is also known that mechanical loads are greater in the lumbar as compared to 

cervical NP (Przybyla et al., 2007), it is possible that although degenerative 

processes are similar in cervical and lumbar discs, differing environmental 

conditions (such as mechanical load) may influence the extent to which TNF-α is 

expressed. The literature has previously described the expression of TNFR1B in the 

lumbar IVD (Le Maitre et al., 2007b), and this study is therefore the first to describe 

its expression in the cervical region. However, there is little evidence to explain why 

TNFR1B expression would be increased in cervical tissue specimens as compared to 

lumbar. Studies in the mammalian heart have demonstrated that load does not affect 

TNFR1 expression (Baumgarten et al., 2002), although it appears that reactive 

oxygen species (ROS) may mediate increased expression of the receptor in murine 

neuronal cells (Ma et al., 2009), but to date, there has been no comparison of ROS 

levels in cervical and lumbar IVDs. Thus, as the expression levels of NP cell 

phenotypic marker genes, and genes expressed in the degenerate lumbar NP are 

largely comparable, this would suggest that cervical NP tissue is applicable for use in 

in vitro techniques related to IVD biology and degeneration, thereby increasing the 

range of specimens available for study, rather than merely limiting to just lumbar 

samples. Given the differences in morphology of cervical and lumbar IVDs, it was 

hypothesised that some distinctions in the phenotype of the respective NP cells 

would be noted. Generally, this has not been found, however, given that load varies 

between the spinal regions, assessment of markers associated with load may 

elucidate phenotypic distinctions between lumbar and cervical NP cells. Regarding 
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the expression of markers associated with disc degeneration, the current study is 

limited by the lack of non-degenerate tissue specimens for comparison. However, as 

the vast majority of human specimens for research are obtained through surgery (as 

cadaveric tissue availability is extremely low), validation in degenerate cohorts such 

as these are of upmost importance, as it is samples such as these that will be utilised 

in in vitro research. Finally, a panel of novel markers of the NP cell phenotype have 

recently been identified by (Minogue et al., 2010a, Minogue et al., 2010b), and it 

would be useful to determine the expression levels of these markers in NP cells both 

cervical and lumbar in origin. 

 

3.5.3 Implications of this Investigation 

This investigation has confirmed that cervical NP tissues/cells are comparable to 

lumbar in terms of the expression of chondrocyte markers and molecules expressed 

in degeneration, thus providing a new model in which to study IVD biology, 

degeneration and regeneration, rather than being limited to lumbar specimens. For 

any study of human disease processes, it is preferential to investigate using human 

samples rather than those obtained from an animal model, which may not always be 

appropriate for study of the IVD. Also, given the limited numbers of investigations 

currently carried out in cervical IVDs, this work may enable a better understanding 

of cervical disc degeneration, perhaps aiding the development of novel treatments for 

chronic neck pain that overcome the limitations of commonly used conservative 

treatments. 
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4.1 Background 

As described in 1.8, evidence has been presented over recent years that challenges 

the classic concept of the NP cell phenotype. Briefly, NP cells were previously 

considered chondrocyte-like, as demonstrated by their similar morphology and 

phenotype (Sive et al., 2002). However, the elucidation of distinct differences in the 

ECM synthesised by NP and hyaline cartilage cells intimated that the two cell types 

were not phenotypically similar (Mwale et al., 2004). Microarray investigations have 

profiled NP and AC cells in a range of animal models (Lee et al., 2007, Sakai et al., 

2009), but were limited by the lack of agreement on the top differentially expressed 

marker genes; a feature attributed to interspecies variation. Analysis of the bovine 

and human NP and AC cell phenotypes described the expression of a number of 

novel NP cell marker genes (Minogue et al., 2010a, Minogue et al., 2010b, Power et 

al., 2012), applicable to both species, which could subsequently be used to define 

adult human NP cells. However, a number of limitations still apply to these studies, 

and further investigation is required in order to fully characterise cells of the adult 

human NP tissue. 

The major limitation of these microarray investigations is the small number of 

samples in the analysed cohorts. Specimens from no more than 6 patients were 

utilised in bovine and human array studies (Minogue et al., 2010a, Minogue et al., 

2010b, Power et al., 2012), which although sufficient for noting phenotypic 

differences between two distinct cell phenotypes, cannot allow for full 

characterisation of the NP cell phenotype across a range of ages and levels of tissue 

degeneration in the human population. It is therefore essential that the expression of 

these markers is assessed in a large cohort of adult human specimens, and expression 

levels correlated to both age and tissue degeneration. A small number of studies 

have, however, identified age as a factor influential to the NP cell phenotype. Gene 

expression levels of KRT19 have been demonstrated to decrease significantly with 

age (Rutges et al., 2010), whilst CAXII expression is negatively correlated with both 

age and severity of IVD degeneration (Power et al., 2012), and it is postulated 

therefore, that the age of specimens may denote the expression levels of NP cell 

markers, and this therefore requires investigation. Additionally, as highlighted by 

Table 1.3, much research has been conducted into gene expression levels, but little 

analysis has been performed investigating marker expression at the protein level. As 
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such, a full understanding of the NP phenotype can only be obtained when protein 

localisation of novel markers has been elucidated, and expression patterns analysed.  

It is also imperative to identify whether any sub-populations of cells exist within the 

adult human NP, in order that the roles of such cells can be fully determined. 

Evidence has been presented which suggests that the adult human NP is comprised 

of a heterogeneous cell population (Gilson et al., 2010, Weiler et al., 2010) with 

regards to the expression of novel NP markers, and thus, these recently identified 

markers require localisation in order to determine whether they mark all, or a subset 

of, adult human NP cells. Additionally, the potential existence of NP cell sub-

populations is also highlighted by the identification of progenitor cell populations 

within the adult human NP (Blanco et al., 2010, Erwin et al., 2013, Risbud et al., 

2007, Sakai et al., 2012). Taken together, this evidence suggests that the NP may be 

comprised of cellular sub-populations. A comprehensive description of these cells 

with regards to phenotype is crucial as it may allow for the elucidation of the role of 

these discrete cell sub-populations in vivo. As a number of novel NP markers have 

recently been identified, the human NP cell phenotype can now be fully 

characterised, a unique aspect of NP cell biology not previously investigated. An 

understanding of whether the NP is comprised of a homogenous or heterogeneous 

cell population is essential in order that these novel NP markers can be used 

unquestionably in future research, and given the limited protein expression data 

previously described for these genes, it is essential that it is determined whether 

these markers are cell subset-specific. Finally, the discovery of NC cell marker gene 

expression in cells of the NP is suggestive of a common ontogeny between NP and 

NC cells (Minogue et al., 2010a, Minogue et al., 2010b, Weiler et al., 2010), 

although it is a contentious issue as to whether adult human NP cells are 

notochordally-derived, or arise as a result of mesenchymally-derived AF cell 

infiltration into the NP during tissue maturation. It is postulated that tissue which 

will go on to form the adult NP is in fact synthesised by the surrounding 

mesenchyme during development; a process driven by NC cells which then undergo 

a form of cell death (Hunter et al., 2003a, Vujovic et al., 2006). Markers 

characteristic of bone marrow-derived MSCs have been noted as expressed within 

the human NP, supporting the theory than the NP may be mesenchymally-derived 

(Risbud et al., 2007). However, AF cells are thought to infiltrate the NP during 
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degeneration, and this infiltration is hypothesised to be an endogenous attempt at 

repairing tissue damage (Walsh et al., 2004), and would therefore explain the finding 

of mesenchymal marker expression in cells residing within NP tissue. Similarly, the 

detection of AF markers within NP tissue samples may be due to contamination of 

the tissue during dissection with AF specimens. The potential for NC cells to 

influence the differentiation of MSCs has been investigated through the use of NC 

cell-conditioned media, and demonstrated increased expression of GAG and collagen 

isoforms associated with disc development, suggesting that NC cells may directly 

influence the chondrogenic differentiation of MSCs; a process that may result in the 

formation of the NP in vivo (Korecki et al., 2010). The expression of such markers is 

yet to be fully studied at either the gene or protein level, but such analyses may 

enable a better understanding of the developmental origins of adult human NP cells, 

whilst protein localisation analyses may also confirm whether adult human NP cells 

express a range of NC markers despite the fact that the cells populating the tissue no 

longer resemble NC cells in terms of morphology. 
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4.2 Aims and Hypotheses 

As discussed, previous investigations have identified a range of novel NP markers 

using both human and animal models, but expression levels in a human cohort 

spanning a range of degenerative scores and ages has not been investigated. 

Additionally, evidence from microarray studies has suggested that NC cell marker 

genes are expressed by adult human NP cells, but it is unclear whether this 

expression is as a result of the postulated notochordal origin of adult NP cells, or 

whether a NC cell sub-population persists in the adult human NP that resembles NP 

cells in terms of morphology, whilst retaining expression of NC cell marker genes. 

Non-ubiquitous expression of some novel NP cell markers has been described, and is 

suggestive of the existence of phenotypically-distinct adult NP cell sub-populations, 

and this may be confirmed through localisation studies of novel NP and NC cell 

markers.  

Given that a handful of studies have identified some age/degeneration related trends 

in the expression levels of some novel NP cell markers, it is hypothesised that 

expression levels of NP and NC cell marker genes will also vary here, with 

decreased NC cell marker expression associated with age and/or degeneration. As 

many of these novel NP cell markers were highly expressed in NP cell samples 

analysed by microarray, protein expression levels of these markers is likely to be 

ubiquitous throughout the NP, whilst it is hypothesised that NC cell marker proteins 

will be localised to only a subset of NP cells. Finally, if NC cell proteins are in fact 

shown to be expressed by a subset of NP cells, it is hypothesised that it will be the 

same sub-population of cells expressing all NC markers, identifying a distinct NC 

cell sub-population existing within the adult human NP. 

 

The aims of this investigation were threefold: 

1) To validate novel NP cell marker genes recently identified by microarray 

analysis in a large cohort of adult human specimens, and correlate levels of 

gene expression with patient age or severity of tissue degeneration. 

2) To localise expression of novel NP and NC cell marker proteins to cells of 

the adult human NP in order to ascertain whether expression is noted in all 
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cells or a subset of NP cells. Expression levels will also be analysed 

according to age or histological level of degeneration. 

3) To assess whether a subset of novel NP and NC cell marker genes are co-

expressed by the same cells thereby identifying discrete NP cell sub-

populations. 
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4.3 Experimental Design 

A cohort of adult human NP specimens (including both lumbar and cervical disc 

levels, n=62) were utilised in this investigation of the adult NP phenotype. Gene 

expression analysis was first performed, followed by extensive protein localisation 

(immunohistochemistry) experiments, and multi-labelling flow cytometry protocols 

performed in order to investigate cell sub-populations within the NP.  

 

4.3.1 Confirmation of Microarray Findings by Quantitative Real-Time PCR 

Samples utilised are listed in Tables 2.1 and 2.2. Briefly, specimens were subject to 

cell isolation, RNA extraction and cDNA synthesis as described in sections 2.1.3, 

2.2.2, 2.2.3 and 2.2.4. cDNA was then assessed by qPCR for a number of genes: 

novel NP genes (FOXF1, PAX-1, KRT8, KRT18, KRT19, CAXII), novel NP 

negative genes (IBSP, FBLN1) and notochordal genes (NOTO, T, FOXA2, CHRD, 

NOGGIN, LGALS3, CD24) in accordance with the protocol outlined in 2.2.6. 

Details of sequences for primers and probes, and optimal primer concentrations are 

listed in Table 2.3. Gene expression levels were analysed as explained in 2.2.8 and 

statistical significance determined as detailed in 2.2.9. 

 

4.3.2 Immunohistochemical Analysis of Protein Expression 

In order to assess whether phenotypic markers identified at the gene level were 

expressed as proteins and to determine whether they are expressed by all adult 

human NP cells, or a subset of cells, wax-embedded sections of all of the samples 

assessed by qPCR (listed in Tables 2.1 and 2.2) were then subject to protein 

expression analysis by means of immunohistochemistry for a number of proteins: 

FoxF1, Pax-1, Krt8, Krt18, Krt19, Carbonic anhydrase-12, Brachyury, Galectin-3 

and CD24. The protocol is outlined in 2.3.6, with assay specific parameters detailed 

in Table 2.8. Image analysis was performed as described in 2.3.8. Staining levels 

were quantified by performing cell counts. Briefly, the tissue was first divided into 

NP and AF portions, and where the tissue was considered to be located in the 

IAF/NP boundary, this was excluded from analysis. The total number of cells within 

each region was counted, as well as the number of positively stained cells. The 

percentage of immunopositive cells was then calculated for both the NP and AF of 
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each sample. Additionally, the immunopositivity of single cells vs. clustered cells 

was calculated by counting the total number of cells localised in clusters (Figure 4.1) 

of 2 cells or more, as well as the number of these cells stained positively for the 

protein of interest.  

 

 
Figure 4.1 Morphology of NP cell clusters. NP cells localised in clusters have 

atypically-shaped cell nuclei, and are localised in clusters containing various 

numbers of cells. Adapted from (Sive et al., 2002). 

 

4.3.3 Multi-Labelling Flow Cytometry 

Although immunohistochemical techniques are advantageous in that they allow for 

localisation of protein expression, flow cytometry was performed to elucidate 

expression levels of multiple proteins simultaneously. 

4.3.3.1 Equipment and Reagents 

4.3.3.1.1 Equipment 

CyanADP Flow Cytometer     Beckman Coulter 

405nm Laser       Beckman Coulter 

488nm Laser       Beckman Coulter 

635nm Laser       Beckman Coulter 

450/50 bandpass filter      Beckman Coulter 

530/40 bandpass filter      Beckman Coulter 

575/25 bandpass filter      Beckman Coulter 

665/20 bandpass filter      Beckman Coulter 

Summit 4.1 Data Analysis Software    Beckman Coulter 

 

4.3.3.1.2 Reagents  

Bovine Serum Albumin (BSA)    Gibco 

Dulbecco’s Phosphate Buffered Solution (PBS)  Sigma Aldrich 

EDTA        Sigma Aldrich 

Methanol       Fisher Scientific 
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4.3.3.2 Flow Cytometry Methodology 

Cells were isolated from fresh surgical tissue, as described in 2.1.3.1. Cells were 

washed in 1ml sterile PBS to remove excess media and tissue contaminants, and the 

cell suspension filtered using a 40µm cell sieve into a 15ml centrifuge tube. Cells 

were counted using a haemocytometer, and aliquoted into 1.5ml centrifuge tubes, so 

that each tube contained 1x10
6
 cells. For each sample stained using the conjugated 

antibodies, a duplicate sample was stained using the relevant conjugated IgG 

controls. Cells were pelleted by centrifugation at 700g for 7 minutes at 4°C. Cell 

membrane-bound antigens for CD24 were first stained prior to fixation and 

permeabilisation of cells for intracellular antigen staining in order to negate the issue 

of damaging the cell membrane antigens in the alcohol-based fixation method. 

Details of all flow cytometry antibodies can be found in Table 4.1. Briefly, CD24 

antibody (2.5µg/µl) in buffer (PBS pH 7.2 supplemented with 0.5% (w/v) BSA and 

2mM EDTA) and cells resuspended in 200µl antibody/buffer solution. A second 

sample was resuspended in 200µl isotype control/buffer solution. The specimens 

were incubated for 30 minutes at 4°C, and 800µl buffer added to each tube before 

centrifuging at 700g for 7 minutes at 4°C. The supernatant was aspirated from 

pelleted cells and the pellet resuspended in 1ml buffer. The samples were again 

centrifuged at 700g for 7 minutes at 4°C to pellet cells, and once complete, the 

supernatant aspirated. Cells were then fixed and permeabilised by resuspending cells 

in 1ml 100% methanol and incubating for 10 minutes at 4°C. Tubes were then 

centrifuged at 2000g for 7 minutes at 4°C to pellet cells, and methanol removed by 

aspiration. Excess methanol was removed by washing cells in 1ml buffer and 

centrifuging at 1000g for 7 minutes at 4°C. An antibody solution comprised of 200µl 

buffer and dilutions of the remaining 3 intracellular antibodies (Brachyury 150µg/µl, 

Galectin-3 200µg/µl, and Carbonic anhydrase-12 0.1µg/µl) was applied to pelleted 

cells, and samples incubated for 30 minutes at 4°C. The sample assigned as isotype 

control was incubated in a solution of buffer and a cocktail of the relevant 

conjugated isotype controls. After incubation, a further 800µl buffer was applied to 

each tube, and then centrifuged at 1000g for 7 minutes at 4°C. The antibody/buffer 

solution was removed by aspiration, and finally, cells were resuspended in 300µl 

buffer prior to analysis. 
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In order to allow for compensation of PE- and Alexa Fluor488-conjugated 

antibodies, staining was also assessed individually (i.e. antibodies used singularly 

rather than a cocktail of 4) using the same protocol outlined here. Appropriate 

isotype controls were also assessed individually. Samples were analysed using a 

CyanADP flow cytometer, using the following protocol: 

 For detection of PE staining: 488nm laser; 575/25 bandpass filter 

 For detection of APC staining: 635nm laser; 665/20 bandpass filter 

 For detection of Alexa Fluor488 staining: 488nm laser; 530/40 bandpass 

filter 

 For detection of Pacific Blue staining: 405nm laser; 450/50 bandpass filter 

 

Table 4.1 Details of Antibodies used for Flow Cytometry 

Protein of 

Interest 

Supplier 

Information 

Antibody 

Working 

Concentration  

Isotype Control Isotype 

Control 

Working 

Concentration 

Brachyury 

(APC-

conjugated) 

R&D Systems 

(IC20851A) 

 

 

150µg/µl Mouse IgG 2B 

Isotype Control-

APC (R&D 

Systems IC0041A) 

 

 

150µg/µl 

Carbonic 

Anhydrase-

12 (PE-

conjugated) 

Bioss USA (bs-

6025R-PE) 

0.1µg/µl Rabbit IgG Isotype 

Control PE-

conjugated (Bioss 

USA bs-0295P-PE) 

 

 

0.1µg/µl 

CD24 

(Pacific 

Blue-

conjugated) 

 

Exbio 

Antibodies  

(PB-503-T100) 

2.5µg/µl Mouse IgG1 

Control Pacific 

Blue-conjugated 

(Exbio 

AntibodiesPB-457-

C100) 

2.5µg/µl 

Galectin-3 

(Alexa 

Fluor488-

conjugated) 

R&D Systems 

(IC1154G) 

200µg/µl Goat IgG Control 

Alexa Fluor488 

(R&D Systems 

IC108G) 

 

 

200µg/µl 
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4.3.3.3 Flow Cytometry Data Analysis 

All data analysis was performed using Summit 4.1 software. Briefly, dual parameter 

dot plots of forward scatter versus pulse width and forward scatter versus side scatter 

were created to gate samples and remove cells in clusters and dead cells from 

analysis. Then, isotype controls were compared to staining observed in samples 

incubated with primary antibody to ensure that good separation of the two was noted. 

Dual parameter dot plots were then created for each possible fluorochrome 

combination. Firstly, isotype control data was loaded, and a quadrant drawn to 

indicate the boundary between isotype and non-isotype staining. The data from the 

antibody-stained samples was then loaded into these same plots, and the percentage 

positivity taken from these graphs.  Expression levels were correlated to patient age 

and degenerative score, and statistical significance determined by Spearman’s Rank 

correlation. 
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4.4 Results 

4.4.1 Comparison of Gene Expression in Cervical and Lumbar IVD Specimens 

The evidence presented in Chapter 3 indicated that gene expression levels between 

cervical and lumbar disc specimens is comparable, and that the samples can be used 

interchangeably for in vitro research purposes. In order to validate novel marker 

genes identified by microarray in a cohort comprised of tissues from both regions, 

the expression levels of NP and NC cell marker genes in cervical and lumbar NP 

specimens was assessed. 

Analysis of novel NP markers FOXF1, PAX-1, KRT8, KRT18, KRT19 and CAXII 

(Figure 4.2) demonstrated that expression of FOXF1 (Figure 4.2A), PAX-1 (Figure 

4.2B), KRT18 (Figure 4.2D), KRT19 (Figure 4.2E) and CAXII (Figure 4.2F) did not 

vary significantly between cervical and lumbar NP cells (p= 0.2626, p= 0.3853, p= 

p= 0.1327, p= 0.1917 and p= 0.1209 respectively). KRT8 gene expression levels 

(Figure 4.2C) were significantly higher in cervical specimens as compared to lumbar 

(p= 0.0014). When expression levels of notochordal cell marker genes NOTO, 

FOXJ1, T, FOXA2, CHRD, NOGGIN, LGALS3 and CD24 were compared between 

cervical and lumbar NP cells, FOXJ1 (Figure 4.3B), FOXA2 (Figure 4.3D), CHRD 

(Figure 4.3E), NOGGIN (Figure 4.3F), LGALS3 (Figure 4.3G) and CD24 (Figure 

4.3H) did not vary significantly between samples (p= 0.3571, p= 0.2206, p= 0.9982, 

p= 0.4799, p= 0.2262, p= 0.1595 respectively). Expression levels of NOTO (Figure 

4.3A) and T (Figure 4.3C) did however vary significantly, with NOTO more highly 

expressed in cervical as compared to lumbar NP cells (p= 0.<0001), whilst 

conversely, T was more highly expressed in lumbar NP samples (p= 0.0002). Thus, 

gene expression levels of novel NP and notochordal marker genes was largely 

comparable between lumbar and cervical specimens, confirming evidence presented 

in chapter 3, and intimating that samples from both spinal regions can be used 

interchangeably. 
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Figure 4.2 Novel NP cell marker gene expression in NP cells derived from adult 

human cervical and lumbar NP tissue. Gene expression levels of FOXF1 (A), 

PAX-1 (B), KRT8 (C), KRT18 (D), KRT19 (E), and CAXII (F) were compared 

between cervical (blue) and lumbar (green) cohorts. **p=<0.01. 
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Figure 4.2 Notochordal cell marker gene expression in NP cells derived from 

adult human cervical and lumbar NP tissue. Gene expression levels of NOTO 

(A), FOXJ1 (B), T (C), FOXA2 (D), CHRD (E), NOGGIN (F), LGALS3 (G) and 

CD24 (H) were compared between cervical (blue) and lumbar (green) cohorts. 

***p=<0.001. 
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4.4.2 Validation of Novel NP Cell Marker Genes 

The expression of novel NP cell marker genes identified by microarray FOXF1, 

PAX-1, KRT8, KRT18, KRT19 and CAXII was assessed in a large cohort of human 

specimens and analysed according to age and level of degeneration. With regards to 

variations with patient age, FOXF1 (Figure 4.4A) gene expression was significantly 

greater in young adult as compared to mature adult specimens (p= 0.0077), but 

expression levels did not differ between young vs. elderly and mature vs. elderly 

samples (p= 0.5054 and p=0.3925 respectively). With regards to PAX-1 expression 

(Figure 4.4B), young adult specimens expressed significantly higher levels of the 

gene when compared to mature adult (p= 0.0495). There were no further variations 

in expression with regards to young adult vs. elderly adult and mature adult vs. 

elderly adult comparisons (p= 0.4292 and p= 0.5999 respectively). Expression levels 

of KRT8 (Figure 4.4C) and KRT18 (Figure 4.4D) did not vary significantly between 

young and mature adult specimens (p= 0.6918 and p=0.4352 respectively), young 

and elderly adult specimens (p= 0.8160 and p= 0.2859 respectively) and mature and 

elderly adult specimens (p= 0.9864 and p= 0.0808 respectively). KRT19 (Figure 

4.4E) expression did not vary significantly between young and mature, and young 

and elderly specimens (p= 0.3434 and 0.1243 respectively), whilst expression was 

significantly higher in elderly adult specimens as compared to mature (p= 0.0283). 

Like for KRT8 and KRT18, expression levels of CAXII (Figure 4.4F) did not vary 

significantly between the age groups assessed (young vs. mature adult p= 0.4801; 

young vs. elderly adult p= 0.3054; mature vs. elderly adult p= 0.0704). 

When expression levels were assessed according to histological level of 

degeneration, only FOXF1 (Figure 4.5A) and PAX-1 (Figure 4.5B) demonstrated 

any significant variations in expression levels. FOXF1 gene expression did not vary 

between non-degenerate and moderately degenerate specimens, or between non-

degenerate and severely degenerate specimens (p= 0.9834 and p= 0.2082 

respectively), although expression was significantly higher in moderately degenerate 

samples as compared to severely degenerate (p= 0.0490). Regarding PAX-1 

expression, expression did not vary in non-degenerate vs. moderately degenerate and 

non-degenerate vs. severely degenerate specimens (p= 0.4806 and p= 0.1580 

respectively), however, expression was significantly higher in moderately degenerate 

as compared to severely degenerate samples (p= 0.0201). KRT8 (Figure 4.5C), 



 153   
 

KRT18 (Figure 4.5D), KRT19 (Figure 4.5E) and CAXII (Figure 4.5F) expression 

levels did not vary between either non-degenerate vs. moderately degenerate (p= 

0.5062; p= 0.6728; p= 0.8934; and p= 0.8618 respectively), non-degenerate vs. 

severely degenerate (p= 0.0595; p= 0.2683; p= 0.8639; and p= 0.9023 respectively), 

or moderately degenerate vs. severely degenerate specimens (p= 0.3230; p= 0.3825; 

p= 0.6662; and p= 0.9423 respectively). 
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Figure 4.4 Correlation of novel NP cell marker gene expression with age. 

Expression levels of genes FOXF1 (A), PAX-1 (B), KRT8 (C), KRT18 (D), KRT19 

(E) and CAXII (F) (normalised to the average gene expression of reference genes 

MRPL19 and EIF2B1) were assessed according to patient age at the time of surgery, 

categorised into three age groups: young adult (0-39 years, n=21); mature adult (40-

59 years, n=31); elderly adult (60+ years, n=10). *p <0.05 **p<0.01. 
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Figure 4.5 Correlation of novel NP cell marker gene expression with level of 

degeneration. Expression levels of genes FOXF1 (A), PAX-1 (B), KRT8 (C), 

KRT18 (D), KRT19 (E) and CAXII (F) (normalised to the average gene expression 

of reference genes MRPL19 and EIF2B1) were assessed according to level of tissue 

degeneration, as determined histologically, categorised into three degrees of 

degeneration: non-degenerate (grades 0-4, n=6); moderately degenerate (grade 5-7, 

n=31); severely degenerate (grades 8-12, n=25). *p <0.05. 
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4.4.3 Validation of Novel NP Cell Negative Marker Genes 

IBSP and FBLN1 are genes identified by microarray as negative markers of the NP 

cell phenotype, in that they are more lowly expressed in adult human NP cells when 

compared to AC cells. With regards to variation with ageing, expression levels of 

FBLN1 (Figure 4.6B) did not differ significantly between young vs. mature adult 

specimens (p= 0.4136), young vs. elderly adult specimens (p= 0.3039) or mature vs. 

elderly adult specimens (p= 0.1529). IBSP (Figure 4.6A) gene expression was 

significantly lower in mature adult samples when compared to both young adult (p= 

0.0191) and elderly adult (p=0.0087), whilst comparisons of young and elderly adult 

expression levels showed no significant variation (p= 0.3723). 

When assessed according to the severity of tissue degeneration, expression levels of 

neither IBSP (Figure 4.7A) nor FBLN1 (Figure 4.7B) demonstrated any significant 

variations when comparisons were made between young and mature adult (p= 

0.7309 and p= 0.6412 respectively); young and elderly adult (p= 0.7596 and p= 

0.7536 respectively); and mature and elderly specimens (p= 0.9492 and p= 0.4058 

respectively). 
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Figure 4.6 Correlation of novel NP cell negative marker gene expression with 

age. Expression levels of genes IBSP (A) and FBLN1 (B) (normalised to the average 

gene expression of reference genes MRPL19 and EIF2B1) were assessed according 

to patient age at the time of surgery, categorised into three age groups: young adult 

(0-39 years, n=21); mature adult (40-59 years, n=31); elderly adult (60+ years, 

n=10). *p <0.05 **p <0.01. 
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Figure 4.7 Correlation of novel NP cell negative marker gene expression with 

level of degeneration. Expression levels of genes IBSP (A) and FBLN1 (B) 

(normalised to the average gene expression of reference genes MRPL19 and 

EIF2B1) were assessed according to level of tissue degeneration, as determined 

histologically, categorised into three degrees of degeneration: non-degenerate 

(grades 0-4, n=6); moderately degenerate (grade 5-7, n=31); severely degenerate 

(grades 8-12, n=25).  
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4.4.4 Assessment of Notochordal Cell Marker Gene Expression in Adult NP Cells 

The gene expression levels of a number of NC cell marker genes (NOTO, T, 

FOXA2, CHRD, NOGGIN, LGALS3 and CD24) were assessed in cells obtained 

from the adult human NP, and expression levels correlated to patient age or severity 

of IVD degeneration, as determined histologically. Overall, 100% of specimens 

analysed expressed NOGGIN, LGALS3 and CD24, whilst NOTO, T, FOXA2 and 

CHRD expression was only shown in 42%, 71%, 94% and 97% of samples 

respectively. Tables 4.2 and 4.3 indicate the percentage of specimens with detectable 

gene expression levels for the various age and degenerative score groups assessed. 

There appears to be no correlation between the percentage of specimens with 

detectable expression levels and patient age or severity of tissue degeneration. 

 

Table 4.2 Percentage of Samples Expressing NC Cell Markers and Ageing 

 Notochordal Marker Gene 

 NOTO T FOXA2 CHRD NOGGIN LGALS3 CD24 

Young 

Adult 

48% 81% 100% 100% 100% 100% 100% 

Mature 

Adult 

39% 71% 88% 94% 100% 100% 100% 

Elderly 

Adult 

40% 50% 100% 100% 100% 100% 100% 

Young Adult (0-39 years); Mature Adult (4-59 years); Elderly Adult (60+ years). 

 

Table 4.3 Percentage of Samples Expressing NC Cell Markers and 

Degeneration 

 Notochordal Marker Gene 

 NOTO T FOXA2 CHRD NOGGIN LGALS3 CD24 

Non-

Degenerate 

17% 67% 100% 100% 100% 100% 100% 

Moderately 

Degenerate 

48% 61% 90% 97% 100% 100% 100% 

Severely 

Degenerate 

40% 64% 100% 100% 100% 100% 100% 

Non-Degenerate (grades 0-4); Moderately Degenerate (grades 5-7); Severely 

Degenerate (grades 8-12). 
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With regards to patterns of expression with ageing, significantly increased NOTO 

(Figure 4.8A) expression was noted in elderly adult specimens as compared to young 

adults (p= 0.0240), but there were no further variations in young vs. mature and 

mature vs. elderly samples (p= 0.3375 and p= 0.3044 respectively). Expression 

levels of T (Figure 4.8B), FOXA2 (Figure 4.8C), CHRD (Figure 4.8D), NOGGIN 

(Figure 4.8E) and CD24 (Figure 4.8G) did not vary between any of the age groups 

analysed: young adult vs. mature adult (p= 0.6200, p= 0.8142, p= 0.9153, p= 0.8692 

and p= 0.5642 respectively); young adult vs. elderly adult (p= 0.7191, p= 0.7840, p= 

0.6761, p= 0.1815 and p= 07212 respectively); and mature adult vs. elderly adult (p= 

0.8412, p= 0.8777, p= 0.6091, p= 0.1244 and p= 0.3599 respectively). LGALS3 

(Figure 4.8F) expression was significantly lower in mature adult as compared to 

young adult samples (p= 0.0281), although there were no significant variations in 

expression when comparisons of young adult/elderly adult and mature adult/elderly 

adult specimens were made (p= 0.9134 and p= 0.1119 respectively). 

Regarding variations in gene expression levels with degeneration, with the exception 

of CD24, there were no significant differences in gene expression levels with 

increasing severity of degeneration. NOTO (Figure 4.9A) expression was only 

detected in 1 non-degenerate specimen and statistical comparisons could therefore 

not be made, and when moderately degenerate and severely degenerate specimens 

were compared, no significance was noted (p= 0.7715). For T (Figure 4.9B), FOXA2 

(Figure 4.9C), CHRD (Figure 4.9D), NOGGIN (Figure 4.9E) and LGALS3 (Figure 

4.9F), no significant variations in expression were noted between non-degenerate 

and moderately degenerate (p= 0.4095, p= 0.3248, p= 0.1508, p= 0.5819, and p= 

0.9515 respectively); non-degenerate and severely degenerate (p= 0.3847, p= 

0.2154, p= 0.2548, p= 0.6782 and p= 0.5743 respectively); and moderately 

degenerate and severely degenerate samples (p= 0.8729, p= 0.5989, p= 0.5476, p= 

0.0857 and p= 0.3230 respectively). With regards to CD24 expression (Figure 4.9G), 

no significant differences in expression were noted between both non-degenerate and 

moderately degenerate (p= 0.8934) and non-degenerate and severely degenerate 

specimens (p= 0.1171). Expression was significantly lower in severely degenerate 

samples as compared to moderately degenerate (p= 0.0183). 
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Figure 4.8 Correlation of NC cell marker gene expression with age. Expression 

levels of genes NOTO (A), T (B), FOXA2 (C), CHRD (D), NOGGIN (E), LGALS3 

(F) and CD24 (G) (normalised to the average gene expression of reference genes 

MRPL19 and EIF2B1) were assessed according to patient age at the time of surgery, 

categorised into three age groups: young adult (0-39 years n=21); mature adult (40-

59 years, n=31); elderly adult (60+ years, n=10). *p <0.05. 
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Figure 4.9 Correlation of NC cell marker gene expression with level of 

degeneration. Expression levels of genes NOTO (A), T (B), FOXA2 (C), CHRD 

(D), NOGGIN (E), LGALS3 (F) and CD24 (G) (normalised to the average gene 

expression of reference genes MRPL19 and EIF2B1) were assessed according to 

level of tissue degeneration, as determined histologically, categorised into three 

degrees of degeneration: non-degenerate (grades 0-4, n=6); moderately degenerate 

(grade 5-7, n=31); severely degenerate (grades 8-12, n=25). *p <0.05. 
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4.4.5 Localisation of Novel NP and NC Cell Marker Proteins in the Adult NP 

A number of markers were selected from the panel of novel NP and NC cell marker 

genes assessed in 4.4.1 and 4.4.3. (FoxF1, Pax-1, Cytokeratin-8, Cytokeratin-18, 

Cytokeratin-19, Carbonic Anhydrase-12, Brachyury, Galectin-3 and CD24), and the 

protein expression of these analysed by immunohistochemistry with a view to 

confirming gene expression findings and to localise expression to cells of the adult 

human NP. 

 

4.4.5.1 Identification of Protein Expression in Adult Human NP Cells 

4.4.5.1.1 FoxF1 

FoxF1 expression was detected in cells of the adult human NP (Figure 4.10A). AF 

cells of the same tissue demonstrated some expression (Figure 4.10B), whilst NC 

cell remnants present in the NP of an 18-year old were positive also (Figure 4.10C). 

When analysis was conducted in human foetal NC tissue, staining was noted in all 

NC cells, but also in the surrounding mesenchymal cells (Figure 4.10D). Human 

kidney tubule cells were utilised as a positive control tissue and demonstrated high 

levels of expression (Figure 4.10E) and adult human NP sections stained with an 

isotype control stained negatively throughout (Figure 4.10F). 

 

4.4.5.1.2 Pax-1 

Protein expression staining for Pax-1 was intense in cells of the adult human NP 

(Figure 4.11A), and like that observed for FoxF1, staining was also noted in some 

AF cells of the same specimens (Figure 4.11B). NC cell remnant clusters obtained 

from adolescent NP demonstrated low levels of expression for Pax-1, but expression 

was detected nonetheless (Figure 4.11C). Human foetal NC cells were ubiquitously 

positive for Pax-1 expression, as were cells of the surrounding mesenchyme (Figure 

4.11D). Human placental cells (trophoblasts) were stained as positive control cells, 

and high levels of staining were shown (Figure 4.11E). Finally, sections of adult 

human NP tissue stained with an isotype control showed no staining throughout the 

tissue (Figure 4.11F). 
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Figure 4.10 FoxF1 protein expression by immunohistochemistry. FoxF1 protein 

expression was assessed in mature adult human NP cells (A); mature adult human 

AF cells (B); 18 y/o adult human NC cell remnants (C); human foetal NC cells (D); 

human kidney tubule cells (E); and isotype negative control adult human NP cells 

(F). Black arrows indicate positive staining. Scale bar = 50µm. 
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Figure 4.11 Pax-1 protein expression by immunohistochemistry. Pax-1 protein 

expression was assessed in mature adult human NP cells (A); mature adult human 

AF cells (B); 18 y/o adult human NC cell remnants (C); human foetal NC cells (D); 

human placental cells (E); and isotype negative control adult human NP cells (F). 

Black arrows indicate positive staining. Scale bar = 50µm. 
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4.4.5.1.3 Cytokeratin-8 

Immunopositivity for cytokeratin-8 was detected in cells of the adult human NP 

(Figure 4.12A), whilst AF cells of the same tissue were negative (Figure 4.12B). NC 

cell remnant clusters in the NP of an 18-year old were highly positive for 

cytokeratin-8 (Figure 4.12C), as were human foetal NC cells (Figure 4.12D). 

Interestingly, mesenchymal cells surrounding the foetal NC cells were entirely 

negative for expression of cytokeratin-8 protein (Figure 4.12D). Glandular cells 

located in the sub-epidermal layers of human skin were stained as a positive control, 

and all cells showed high levels of expression (Figure 4.12E). Negative isotype 

control sections of adult human NP tissue demonstrated negative staining throughout 

(Figure 4.12F). 

 

4.4.5.1.4 Cytokeratin-18 

Cells of the adult human NP demonstrated positivity for cytokeratin-18 protein 

expression (Figure 4.13A), whilst little staining was noted in AF cells of the same 

samples (Figure 4.13B). High levels of positivity were noted in NC remnant cells 

present in the NP of an 18-year old’s IVD (Figure 4.13C), and NC cells of a human 

foetal spine were also highly positive (Figure 4.13D). Human sub-epidermal 

glandular cells were stained as a positive control, and demonstrated high levels of 

expression (Figure 4.13E), whilst a negative control specimen (adult human NP 

stained with an isotype control) were negatively stained throughout the tissue (Figure 

4.13F). 

 

4.4.5.1.5 Cytokeratin-19 

Protein expression of cytokeratin-19 could not be detected in cells of the adult 

human NP (Figure 4.14A), nor in AF cells of the same tissues (Figure 4.14B). 

However, NC cell remnants in 18-year old NP tissue displayed positive staining 

(Figure 4.14C), as did NC cells of human foetal spine (Figure 4.14D). Glandular 

cells located in the sub-epidermal layers of human skin also demonstrated positive 

expression as a positive control tissue (Figure 4.14E), whilst sections of human NP 

tissue stained with an isotype control showed no positivity (Figure 4.14F). 
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Figure 4.12 Cytokeratin-8 protein expression by immunohistochemistry. 

Cytokeratin-8 protein expression was assessed in mature adult human NP cells (A); 

mature adult human AF cells (B); 18 y/o adult human NC cell remnants (C); human 

foetal NC cells (D); human glandular epithelial cells (E); and isotype negative 

control adult human NP cells (F). Black arrows indicate positive staining. Scale bar 

= 50µm. 

 

 



 168   
 

 
Figure 4.13 Cytokeratin-18 protein expression by immunohistochemistry. 

Cytokeratin-18 protein expression was assessed in mature adult human NP cells (A); 

mature adult human AF cells (B); 18 y/o adult human NC cell remnants (C); human 

foetal NC cells (D); human glandular epithelial cells (E); and isotype negative 

control adult human NP cells (F). Black arrows indicate positive staining. Scale bar 

= 50µm. 
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Figure 4.14 Cytokeratin-19 protein expression by immunohistochemistry. 

Cytokeratin-19 protein expression was assessed in mature adult human NP cells (A); 

mature adult human AF cells (B); 18 y/o adult human NC cell remnants (C); human 

foetal NC cells (D); human glandular epithelial cells (E); and isotype negative 

control adult human NP cells (F). Black arrows indicate positive staining. Scale bar 

= 50µm. 
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4.4.5.1.6 Carbonic Anhydrase-12 

Carbonic Anhydrase-12 protein was detected in almost all cells of the adult human 

NP samples tested (Figure 4.15A), and positivity was also shown in adult human AF 

cells (Figure 4.15B). Low levels of immunopositivity were detected in NC cell 

remnants in 18-year old NP tissue (Figure 4.15C), and regarding positivity in human 

foetal NC cells, expression was shown in NC cells but also in cells of the 

surrounding mesenchyme (Figure 4.15D). Human kidney specimens were stained as 

a positive control, and staining noted in the tubule cells (Figure 4.15E), and negative 

control sections of adult human NP stained with an isotype control demonstrated no 

staining (Figure 4.15F). 

 

4.4.5.1.7 Brachyury 

Strong Brachyury expression was detected in adult human NP cells (Figure 4.16A), 

but also in a small number of AF cells from the same specimens (Figure 4.16B). NP 

tissue containing NC cell remnants from the IVD of an 18-year old stained mildly 

positive for the protein (Figure 4.16C), whilst NC cells of human foetal tissue were 

highly immunopositive, as were the surrounding mesenchymal cells (Figure 4.16D). 

Human chordoma tissue was utilised as a positive control tissue, and chordoma cells 

demonstrated high positivity (Figure 4.16E), whilst human NP tissue negative 

control slides stained with isotype control has no positively stained cells (Figure 

4.16F). 

 

4.4.5.1.8 Galectin-3 

Protein expression of Galectin-3 was detected in NP cells of the adult human IVD 

(Figure 4.17A), as well as a minority of AF cells of the same tissue (Figure 4.17B). 

High levels of staining were noted in remnant NC cells of 18-year old’s IVD (Figure 

4.17C), as well as in NC cells and surrounding mesenchymal cells of human foetal 

spine (Figure 4.17D). Cells of human chordoma tissue were highly immunopositive 

as a positive control tissue (Figure 4.17E), whilst human NP cells stained with an 

isotype control were negatively stained throughout as a negative control section 

(Figure 4.17F). 



 171   
 

 
Figure 4.15 Carbonic Anhydrase-12 protein expression by 

immunohistochemistry. Carbonic Anhydrase-12 protein expression was assessed in 

mature adult human NP cells (A); mature adult human AF cells (B); 18 y/o adult 

human NC cell remnants (C); human foetal NC cells (D); human kidney tubule cells 

(E); and isotype negative control adult human NP cells (F). Black arrows indicate 

positive staining. Scale bar = 50µm. 
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Figure 4.16 Brachyury protein expression by immunohistochemistry. Brachyury 

protein expression was assessed in mature adult human NP cells (A); mature adult 

human AF cells (B); 18 y/o adult human NC cell remnants (C); human foetal NC 

cells (D); human chordoma cells (E); and isotype negative control adult human NP 

cells (F). Black arrows indicate positive staining. Scale bar = 50µm. 
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Figure 4.17 Galectin-3 protein expression by immunohistochemistry. Galectin-3 

protein expression was assessed in mature adult human NP cells (A); mature adult 

human AF cells (B); 18 y/o adult human NC cell remnants (C); human foetal NC 

cells (D); human chordoma cells (E); and isotype negative control adult human NP 

cells (F). Black arrows indicate positive staining. Scale bar = 50µm. 
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4.4.5.1.9 CD24 

Some staining was noted in NP cells of adult human IVD tissue (Figure 4.18A), as 

well as in a very small number of AF cells of the same specimens (Figure 4.18B). 

Human NC cells remaining in NP tissue of an 18-year old spine were mildly 

positively stained (Figure 4.18C), whilst NC and mesenchymal cells of human foetal 

spine were also positively stained (Figure 4.18D). Human chordoma tissue was 

stained as a positive control, and chordoma cells were highly immunopositive 

(Figure 4.18E), and negative control sections of human NP tissue stained with an 

isotype control were negatively stained throughout (Figure 4.18F). 
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Figure 4.18 CD24 protein expression by immunohistochemistry. CD24 protein 

expression was assessed in mature adult human NP cells (A); mature adult human 

AF cells (B); 18 y/o adult human NC cell remnants (C); human foetal NC cells (D); 

human chordoma cells (E); and isotype negative control adult human NP cells (F). 

Black arrows indicate positive staining. Scale bar = 50µm. 
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4.4.5.2 Quantification of Immunohistochemical Protein Expression 

For each of the markers assessed, percentage cell immunopositivity was quantified 

by counting all cells within the NP and AF tissues of each specimen, as well as the 

number of positively stained cells within these. Staining levels were then correlated 

against patient age and histological level of degeneration. Note, no assessment of 

cytokeratin-19 immunopositivity was made as no staining was detected in cells of 

the adult human NP or AF. Immunopositivity was noted in 100% of specimens 

stained for FoxF1, Pax-1, Carbonic Anhydrase-12 and Brachyury, whilst samples 

stained for Cytokeratin-8, Cytokeratin-18, Galectin-3 and CD24 displayed some 

degree of immunopositivity in 72%, 96%, 95% and 91% of specimens respectively. 

 

4.4.5.2.1 Total Immunopositivity within NP Cells 

Figure 4.19 illustrates the mean percentage immunopositivity within NP tissues 

noted for each of the markers tested. The average NP cell immunopositivity values 

were as follows: FoxF1 74.73%±2.728; Pax-1 68.21%±3.278; Cytokeratin-8 

10.59%±1.858; Cytokeratin-18 29.01%±3.459; Carbonic Anhydrase-12 

72.08%±3.918; Brachyury 43.32%±2.739; Galectin-3 50.02%±3.631; and CD24 

16.76%±2.065. Crucially, this data highlights that for all of the markers assessed, 

expression is not ubiquitous throughout the NP. Novel NP cell markers demonstrated 

greater mean NP cell immunopositivity than notochordal cell markers, but there was 

also huge variation in expression levels between samples. 

 

 

 

 

 

 



 177   
 

F
o

x
F

1

P
a
x
-1

C
y
to

k
e
ra

t i
n

-8

C
y
to

k
e
ra

t i
n

-1
8

C
a
rb

o
n

ic
 A

n
h

y
d

ra
s
e
-1

2

B
ra

c
h

y
u

ry

G
a
le

c
t i

n
-3

C
D

2
4

0

2 0

4 0

6 0

8 0

1 0 0

P
e

r
c

e
n

ta
g

e
 P

o
s

it
iv

e
 N

P
 C

e
ll

s

 
Figure 4.19 Mean NP cell immunopositivity as a percentage of total NP cell 

count. Error bars calculated from standard error of the mean. 

 

4.4.5.2.2 Novel NP Cell Marker Protein Expression in the Adult Human NP: 

Changes with Age 

The percentage immunopositivity of novel NP cell marker proteins (FoxF1, Pax-1, 

Cytokeratins-8, -18, -19 and Carbonic Anhydrase-12) in cells of the adult human NP 

were initially assessed according to patient age at the time of surgery. No significant 

variation was demonstrated in the cell positivity of FoxF1 (Figure 4.20A), Pax-1 

(Figure 4.20B), Cytokeratin-8 (Figure 4.20C), Cytokeratin-18 (Figure 4.20D), or 

Carbonic Anhydrase-12 (Figure 4.20E) with increasing age in young vs. mature 

adult (p= 0.1731; p= 0.2555; p= 0.9698; p= 0.8269; and p= 0.6122 respectively), 

young vs. elderly adult (p= 0.4000; p= 0.6023; p= 0.9736; p= 0.2479; and p= 0.4188 

respectively), and mature vs. elderly adult specimens (p= 0.8342, p= 0.1888; p= 

0.7450; p= 0.4993; and p= 0.6899 respectively). 
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Figure 4.20 Immunopositivity for Novel NP Cell Marker Proteins: Changes 

with Age. The percentage of adult human NP cells that stained positively for novel 

NP cell marker proteins FoxF1 (A), Pax-1 (B), Cytokeratin-8 (C), Cytokeratin-18 

(D) and Carbonic Anhydrase-12 (E) was assessed according to patient age at the 

time of surgery (young adult 0-39 years n=20; mature adult 40-59 years, n=28; 

elderly adult 60+ years, n=7). 
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4.4.5.2.3 Novel NP Cell Marker Protein Expression in the Adult Human NP: 

Changes with Degeneration 

When the same markers were assessed according to degenerative score, FoxF1 

(Figure 4.21A), Pax-1 (Figure 4.21B), and Cytokeratin-8 (Figure 4.21C) 

demonstrated no significant variations in percentage cell positivity between non-

degenerate and moderately degenerate samples (p= 0.3121; p= 0.6935; and p= 

0.2793 respectively), non-degenerate and severely degenerate samples (p= 0.0925; 

p= 0.8162; and p= 0.1033 respectively) and moderately and severely degenerate 

samples (p= 0.6855; p= 0.3073; and p= 0.2355 respectively). Expression of 

Cyokeratin-18 (Figure 4.21D) and Carbonic Anhydrase-12 (Figure 4.21E) was not 

significantly variable between non-degenerate and moderately degenerate tissues (p= 

0.2771 and p= 0.1196 respectively) and non-degenerate and severely degenerate 

specimens (p= 0.9427 and p= 0.7764 respectively), although the number of positive 

cells was significantly greater in severely degenerate NP cells as compared to 

moderately degenerate (p= 0.0474 and p= 0.0184 respectively). 
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Figure 4.21 Immunopositivity for Novel NP Cell Marker Proteins: Changes 

with Degeneration. The percentage of adult human NP cells that stained positively 

for novel NP cell marker proteins FoxF1 (A), Pax-1 (B), Cytokeratin-8 (C), 

Cytokeratin-18 (D) and Carbonic Anhydrase-12 (E) was assessed according to 

histological grade of tissue degeneration (non-degenerate grades 0-4, n=5; 

moderately degenerate grades 5-7, n=27; severely degenerate grades 8-12, n=23). *p 

<0.05. 
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4.4.5.2.4 Notochordal Marker Cell Protein Expression in the Adult Human NP: 

Changes with Age 

Notochordal cell marker proteins Brachyury, Galectin-3 and CD24 were also 

localised to adult human NP cells, and staining levels correlated with patient age. 

CD24 positivity (Figure 4.22C) did not vary with increasing age (young vs. mature 

adult p= 0.4173; young vs. elderly adult p= 0.0684; and mature vs. elderly adult p= 

0.2280). Brachyury (Figure 4.22A) cell positivity was significantly lower in mature 

adult as compared to young specimens (p= 0.0218), but no variation between young 

and elderly specimens (p= 0.0609) and mature and elderly specimens (p= 0.6847). 

Galectin-3 (Figure 4.22B) immunopositivity was significantly higher in mature adult 

samples when compared to young adult (p= 0.0139), but no further variations were 

noted between young and elderly tissues (p= 0.1390) and mature and elderly tissues 

(p= 0.7852). 

 

4.4.5.2.5 Notochordal Cell Marker Protein Expression in the Adult Human NP: 

Changes with Degeneration 

Notochordal cell marker protein expression was analysed according to grade of 

degeneration, and cellular staining for Galectin-3 (Figure 4.23B) and CD24 (Figure 

4.23C) demonstrated no variation in the percentage of immunopositive cells in non-

degenerate vs. moderately degenerate (p= 0.3576 and p= 0.7773 respectively), non-

degenerate vs. severely degenerate (p= 0.7051 and p= 0.8095 respectively) and 

moderately degenerate vs. severely degenerate specimens (p= 0.0939 and p= 0.9854 

respectively). Positivity for Brachyury protein (Figure 4.23A) did not differ between 

either non-degenerate and moderately degenerate samples (p= 0.0602) or moderately 

degenerate and severely degenerate tissues (p= 0.7391), although a comparison of 

non-degenerate and severely degenerate tissue staining levels did show variability, 

with greater staining noted in non-degenerate specimens (p= 0.0385). 
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Figure 4.22 Immunopositivity for Notochordal Cell Marker Proteins: Changes 

with Age. The percentage of adult human NP cells that stained positively for 

notochordal cell marker proteins Brachyury (A), Galectin-3 (B) and CD24 (C) was 

assessed according to patient age at the time of surgery (young adult 0-39 years 

n=20; mature adult 40-59 years, n=28; elderly adult 60+ years, n=7). *p <0.05. 
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Figure 4.23 Immunopositivity for Notochordal Cell Marker Proteins: Changes 

with Degeneration. The percentage of adult human NP cells that stained positively 

for notochordal cell marker proteins Brachyury (A), Galectin-3 (B) and CD24 (C) 

was assessed according to histological grade of tissue degeneration (non-degenerate 

grades 0-4, n=5; moderately degenerate grades 5-7, n=27; severely degenerate 

grades 8-12, n=23). *p <0.05. 
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4.4.5.2.6 The Effects of Ageing and Degeneration on the Proportion of Clustered and 

Single NP Cells 

The proportion of single NP cells and NP cell clusters within the tissue was first 

determined for each of the specimens assessed. On average across the cohort, 

87.69%±1.154 of NP cells were single cells, whilst an average of 12.31%±1.154 of 

NP cells were localised within NP cell clusters. Figure 4.24 illustrates the average 

percentage of NP cells localised within clusters or as single cells for each of the 

antibodies assessed. Of note, variation in these proportions was comparable between 

each antibody specimen cohort, with no significant variation the percentage of 

singular and clustered NP cells noted between antibody cohorts, irrespective of age 

or degeneration (p=>0.9999 and p=>0.9999 respectively), and therefore  any trends 

identified correlated to the presence of single or clustered NP cells was not 

associated with variations in the proportions of these populations between tissue 

sections. 

When the proportion of NP cells in clusters was correlated against the histological 

grade of degeneration, a significant positive correlation was noted (Figure 4.25A) (r= 

0.3055, p= 0.0209, 95% CI), indicating that increasing severity of disc degeneration 

results in increased NP cell cluster formation. A significant negative correlation was 

noted when the proportion of single NP cells was correlated to the histological grade 

of degeneration (Figure 4.25B) (r= -0.3640, p= 0.0054, 95% CI), indicating that the 

proportion of single NP cells declines with progressing severity of tissue 

degeneration. In terms of variation in the proportion of cell clusters with ageing and 

degeneration, there was no significant correlation between patient age and the 

proportion of NP cell clusters (Figure 4.25C) (r= -0.03305, p= 0.8072, 95% CI). 

Similarly, the proportion of single NP cells was not found to be correlated with 

patient age (Figure 4.25D) (r= -0.05983, p= 0.6584, 95% CI), 
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Figure 4.24 Protein Expression in Single and Cell Clusters. The average 

percentage of single (dark purple) and clustered NP cells (light purple) was 

determined for FoxF1 (A), Pax-1 (B), Cytokeratin-8 (C), Cytokeratin-18 (D), 

Carbonic Anhydrase-12 (E), Brachyury (F), Galectin-3 (G) and CD24 (H). Data 

taken from the average of all specimens tested with each antibody. 
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Figure 4.25 Variation in the proportion of singular and clustered NP cells with 

degeneration and ageing. The proportions of total NP cells within NP tissue localised 

within cell clusters (A and C) and as singular cells (B and D) was correlated against 

histological grade of degeneration (A and B) and patient age at the time of surgery (C and 

D). 
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4.4.5.2.7 Immunopositivity within Single NP Cells and NP Cell Clusters 

Comparisons of the proportion of single NP cells and NP cell clusters within the 

immunopositive cell populations were then made. Figure 4.26 illustrates the mean 

proportions of immunonegative and immunopositive NP cells for each marker 

assessed (grey pie charts), and of this positive population, the respective mean 

proportions localised as single and positive cells (green pie charts). With regards to 

FoxF1 expression, 74.73% of the total NP cell population was immunopositive, and 

of these cells, 75.23% were located as single cells, and 24.77% as NP cell clusters 

(Figure 4.26a). Similarly, Pax-1 was detected in 68.21% of all NP cells, with 80.18% 

immunopositive cells being single NP cells, and 19.82% cell clusters (Figure 4.26b). 

On average, Cytokeratin-8 was only detected in 10.59% of all NP cells, and 97.36% 

of these were single cells, versus 2.64% in cell clusters (Figure 4.26c). Cytokeratin-

18 staining was detected in an average of 29.01% of total NP cells, and of these 

positively stained cells, 82.59% of cells were single NP cells, and 17.41% NP cell 

clusters (Figure 4.26d). Carbonic Anhydrase-12 protein was present in an average of 

72.08% of the total NP cell population, with 64.08% in single NP cells, and 35.92% 

in NP cell clusters (Figure 4.26e). Regarding the notochordal cell marker proteins, 

Brachyury expression was demonstrated in an average of 43.32% of NP cells, and of 

these cells, 83.76% were single cells, and 16.24% in clusters (Figure 4.26f). An 

average of 50.02% of all NP cells was shown to express Galectin-3, and of this 

immunopositive cell population, 83.72% of cells were located as single NP cells, and 

16.28% within NP cell clusters (Figure 4.26g). Finally, CD24 immunopositivity was 

only demonstrated in 16.76% of all NP cells, and the majority (94.93%) of positively 

stained cells were single NP cells, and only 5.07% were clustered NP cells (Figure 

4.26h). 
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Figure 4.26 Mean immunopositivity in the total NP cell population, and average 

proportions of positive NP cells in clusters and single cells. The total NP cell 

population is represented by the grey pie chart. Of the immunopositive cells (black 

segment), the mean proportion of NP cells located as single cells (dark green) and 

clustered cells (light green) was determined for the markers FoxF1 (a); Pax-1 (b); 

Cytokeratin-8 (c); Cytokeratin-18 (d); Carbonic Anhydrase-12 (e); Brachyury (f); 

Galectin-3 (g); and CD24 (h). 
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4.4.5.2.8 Immunopositivity within All Single NP Cells and All NP Cell Clusters 

As the proportion of staining was noted to vary between cell clusters and single NP 

cells, the immunopositivity of these sub-populations of cells were further 

investigated. Figure 4.27 illustrates the immunopositivity of total single NP cells and 

total clustered NP cell cluster groups for each of the proteins investigated. Of the 

total single cell population assessed for FoxF1 expression, 40.60% of cells were 

immunopositive, compared to 60.08% of the total population of NP cells localised 

within cell clusters. Regarding Pax-1 expression, 43.08% of all single NP cells 

demonstrated positivity, whilst 70.26% of clustered NP cells were immunopositive. 

The total single NP cell population was comprised of only 8.03% cytokeratin-8 

immunopositive cells, whilst 46.05% of clustered NP cells were positively stained. 

Regarding Cytokeratin-18 staining, 41.42% of single NP cells demonstrated 

positivity, compared to 37.48% of clustered NP cells. Of the single NP cell sub-

population, 36.34% of cells were positive for Carbonic Anhydrase-12, whilst 

80.74% of NP cell clusters were positive for the same marker. In terms of NC cell 

marker protein expression, 41.10% of single NP cells demonstrated 

immunopositivity for Brachyury, in addition to 56.49% of clustered NP cells. 

Galectin-3 positivity was shown in 41.67% of all single NP cells and 60.87% of all 

clustered NP cells, whilst CD24 was detected in 47.91% of single NP cells, versus 

28.44% of clustered NP cells. Thus, although a greater proportion of the total 

immunopositive NP cells are single NP cells as compared to clustered, analysis of 

the single NP cell and NP cell cluster populations individually highlight that with the 

exception of Cytokeratin-18 and CD24, a greater proportion of the NP cells localised 

within cell clusters are immunopositive for these markers, as compared to single cell 

populations. 
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Figure 4.27 Mean immunopositivity of total single NP cell and total clustered 

NP cell populations. The percentage of single NP and clustered NP cells were 

counted for each specimen tested, as well as the positive staining demonstrated in 

each of these groups. For each marker, the mean percentage of immunopositive cells 

was determined for single (black bars) and clustered NP cell (grey bars) categories. 
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4.4.5.2.9 Variation in Single NP Cell Immunopositivity with Ageing 

Variations in the immunopositivity of the single NP cells and NP cell clusters with 

ageing and degeneration were determined. Figure 4.28 illustrates variation in single 

NP cell immunopositivity with ageing. The number of positively stained single NP 

cells for Cytokeratin-8 (Figure 4.28C), Cytokeratin-18 (Figure 4.28D), Carbonic 

Anhydrase-12 (Figure 4.28E), Brachyury (Figure 4.28F) and Galectin-3 (Figure 

4.28G) did not vary significantly between young and mature adult cohorts (p= 

0.4449; p= 0.1679; p= 0.2477; p= 0.1028; and p= 0.0559 respectively); young and 

elderly adult cohorts (p= 0.5116; p= 0.0764; p= 0.1809; p= 0.1204; and p= 0.1989 

respectively); and mature and elderly adult cohorts (p= 0.5906; p= 0.2265; p= 

0.3519; p= 0.7612; and p= 0.6179 respectively). FoxF1 (Figure 4.28A) and Pax-1 

(Figure 4.28B) immunopositivity did not vary significantly between young and 

mature adult specimens (p= 0.1464; and p= 0.0534 respectively), or mature and 

elderly adult specimens (p= 0.2759; and p= 0.1705 respectively), although the 

number of positively stained cells was significantly higher in young adult vs. elderly 

adult samples (p= 0.0402; and p= 0.0164 respectively). Regarding CD24 staining 

(Figure 4.28H), a comparison of young vs. mature adult staining levels demonstrated 

greater positivity in young specimens, as compared to mature (p= 0.0333), although 

no further variations were noted for young/elderly (p= 0.1080) and mature/elderly 

cohort (p= 0.7910) comparisons. 
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Figure 4.28 Variation in the immunopositivity of total single NP cell population 

and ageing. The immunopositivity of the total single NP cell population was 

assessed according to patient age for FoxF1 (A), Pax-1 (B), Cytokeratin-8 (C), 

Cytokeratin-18 (D), Carbonic Anhydrase-12 (E), Brachyury (F), Galectin-3 (G) and 

CD24 (H). Young adult (0-39 years, n=20); Mature adult (40-59 years, n=28); and 

Elderly adult (60+ years, n=7). *p= <0.05. 
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4.4.5.2.10 Variation in Single NP Cell Immunopositivity with Degeneration 

Regarding variation in single cell immunopositivity with degeneration, expression 

levels of Pax-1 (Figure 4.29B), Cytokeratin-8 (Figure 4.29C), Galectin-3 (Figure 

4.29G) and CD24 (Figure 4.29H) did not demonstrate any significant variations 

when either non-degenerate and moderately degenerate (p= 0.0561; p= 0.5705; p= 

0.0994; and p= 0.0642 respectively); non-degenerate and severely degenerate (p= 

0.0819; p= 0.2636; p= 0.0938; and p= 0.1732 respectively); or moderately 

degenerate and severely degenerate (p= 0.6448; p= 0.8491; p= 0.6712; and p= 

0.2113 respectively) specimens were compared. Immunopositivity of FoxF1 (Figure 

4.29A), Carbonic Anhydrase-12 (Figure 4.29E) and Brachyury (Figure 4.29F) 

significantly decreased with degeneration. When comparisons of non-degenerate and 

moderately degenerate staining levels were compared, significant decreases in the 

number of positively stained cells were noted (p= 0.0436; p= 0.0383; and p= 0.0334 

respectively); which was also noted when non-degenerate and severely degenerate 

samples were compared (p= 0.0229; p= 0.0128; and p= 0.0229 respectively), but not 

when moderately degenerate and severely degenerate specimens were analysed (p= 

0.9522; p= 0.6693; and p= 0.6061 respectively). With regards to Cytokeratin-18 

(Figure 4.29D) immunopositivity, no significant variations were noted between non-

degenerate and moderately degenerate (p= 0.0712); and moderately degenerate and 

severely degenerate samples (p= 0.5064), although the number of positively stained 

cells was significantly greater in non-degenerate vs. severely degenerate tissues (p= 

0.0128). 
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Figure 4.29 Variations in the immunopositivity of total single NP cell population 

and degeneration. The immunopositivity of the total single NP cell population was 

assessed according degenerative score for FoxF1 (A), Pax-1 (B), Cytokeratin-8 (C), 

Cytokeratin-18 (D), Carbonic Anhydrase-12 (E), Brachyury (F), Galectin-3 (G) and 

CD24 (H). Non-degenerate (grades 0-4, n=5); Moderately degenerate (grades 5-7, 

n=27); and Severely degenerate (grades 8-12, n=23). *p= <0.05. 
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4.4.5.2.11 Variation in NP Cell Cluster Immunopositivity with Ageing 

Variations in the immunopositivity of the NP cell clusters with ageing and 

degeneration was also investigated. Variations with age are shown in Figure 4.30. 

There was no significant variations in the NP cell cluster immunopositivity of any of 

the markers analysed (FoxF1 (Figure 4.30A), Pax-1 (Figure 4.30B), Cytokeratin-8 

(Figure 4.30C), Cytokeratin-18 (Figure 4.30D), Carbonic Anhydrase-12 (Figure 

4.30E), Brachyury (Figure 4.30F), Galectin-3 (Figure 4.30G) and CD24 (Figure 

4.30H)) when young and mature adult specimens (p= 0.0797; p= 0.4140; p= 0.1952; 

p= 0.3764; p= 0.6433; p= 0.1760; p= 0.7515; and p= 0.4968 respectively); young 

and elderly adult specimens (p= 0.4668; p= 0.8094; p= 0.3910; p= 0.4906; p= 

0.5395; p= 0.0721; p= 0.4600; and p= 0.6656 respectively); and mature and elderly 

adult specimens were compared  (p= 0.4120; p= 0.7621; p= 0.8199; p= 0.2389; p= 

0.2911; p= 0.3609; p= 0.2241; and p= 0.6250 respectively). 

 

4.4.5.2.12 Variation in NP Cell Cluster Immunopositivity with Degeneration 

Regarding variations in the NP cell cluster immunopositivity and degeneration, with 

the exception of Cytokeratin-18, no significant variations in the number of positively 

stained clustered NP cells for the novel NP and NC cell markers were noted. FoxF1 

(Figure 4.31A), Pax-1 (Figure 4.31B), Cytokeratin-8 (Figure 4.31C), Carbonic 

Anhydrase-12 (Figure 4.31E), Brachyury (Figure 4.31F), Galectin-3 (Figure 4.31G) 

and CD24 (Figure 4.31H) immunopositivity did not vary between non-degenerate 

and moderately degenerate (p= 0.0756; p= 0.7137; p= 0.9552; p= 0.7365; p= 0.9201; 

p= 0.6750; and p= 0.6912 respectively); non-degenerate and severely degenerate (p= 

0.1080; p= 0.7390; p= 0.8320; p= 0.7713; p= 0.2187; p= 0.6347; and p= 0.5975 

respectively); and moderately degenerate and severely degenerate tissue specimens 

(p= 0.4544; p= 0.9523; p= 0.6145; p= 0.4502; p= 0.4417; p= 0.8586; p= 0.9298 

respectively). Cytokeratin-18 (Figure 4.31D) immunopositivity was significantly 

higher in severely degenerate as compared to moderately degenerate specimens (p= 

0.0238), although no variation was noted between non-degenerate and moderately 

degenerate (p= 0.3126) and non-degenerate and severely degenerate specimens (p= 

0.8685). 
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Figure 4.30 Variations in the immunopositivity of total NP cell clusters and 

ageing. The immunopositivity of the total NP cell cluster was assessed according to 

patient age for FoxF1 (A), Pax-1 (B), Cytokeratin-8 (C), Cytokeratin-18, (D) 

Carbonic Anhydrase-12 (E), Brachyury (F), Galectin-3 (G) and CD24 (H). Young 

adult (0-39 years, n=20); Mature adult (40-59 years, n=28); and Elderly Adult (60+ 

years, n=7). 
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Figure 4.31 Variations in the immunopositivity of total NP cell clustersand 

degeneration. The immunopositivity of the total NP cell clusters was assessed 

according to degenerative score for FoxF1 (A), Pax-1 (B), Cytokeratin-8 (C), 

Cytokeratin-18 (D), Carbonic Anhydrase-12 (E), Brachyury (F), Galectin-3 (G) and 

CD24 (H). Non-degenerate (grades 0-4, n=5); Moderately degenerate (grades 5-7, 

n=27); and Severely degenerate (grades 8-12, n=23). *p= <0.05. 
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4.4.5.2.13 Influence of Increasing Proportion of NP Cell Clusters on 

Immunopositivity 

Variations in the total NP cell immunopositivity with increasing proportion of NP 

cells in clusters were investigated (Figure 4.32), in order to ascertain whether a 

progenitor cell population was potentially residing within the NP tissue. Given that 

increased proportions of clustered NP cells with progressing degeneration were 

noted here (and described previously by (Pritzker, 1977, Sive et al., 2002)), and it 

has been suggested that these may be a progenitor cell population, increased 

expression of novel NP and NC cell markers here may be indicative of such a 

population of cells. There was no significant correlation between the total NP cell 

immunopositivity and proportion of clustered NP cells when assessing 

immunopositivity of Pax-1 (Figure 4.32B) (r= 0.2295; p= 0.0859; 95% CI); 

Cytokeratin-8 (Figure 4.32C) (r= -0.04044, p= 0.7652, 95% CI); Carbonic 

Anhydrase-12 (Figure 4.32E) (r= 0.2043, p= 0.1277, 95% CI); and CD24 (Figure 

4.32H) (r= 0.08622; p= 0.5237, 95% CI). However, immunopositivity for FoxF1 

(Figure 4.32A) (r= 0.3711, p= 0.0045, 95% CI); Cytokeratin-18 (Figure 4.32D) (r= 

0.4297, p= 0.0009, 95% CI); Brachyury (Figure 4.32F) (r= 0.2634, p= 0.0477, 95% 

CI); and Galectin-3 (Figure 4.32G) (r= 0.5635, p= <0.0001, 95% CI) was 

significantly positively correlated with the proportion of NP cells located within 

clusters. 
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Figure 4.32 Variations in total NP cell immunopositivity with increasing 

proportion of clustered NP cells. Total NP cell immunopositivity for FoxF1 (A), 

Pax-1 (B), Cytokeratin-8 (C), Cytokeratin-18 (D), Carbonic Anhydrase-12 (E), 

Brachyury (F), Galectin-3 (G) and CD24 (H) was correlated with the percentage of 

NP cells localised in cell clusters. 
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4.4.5.2.14 NP and NC Cell Marker Protein Expression in the Adult Human AF 

Percentage cell immunopositivity of novel NP cell markers (FoxF1, Pax-1, 

Cytokeratin-8, Cytokeratin-18 and Carbonic Anhydrase-12) and notochordal cell 

marker (Brachyury, Galectin-3 and CD24) proteins in adult human AF tissues were 

calculated. Figure 4.33 illustrates the mean percentage immunopositivity within AF 

tissues noted for each of the markers tested. The average AF cell immunopositivity 

values were as follows: FoxF1 72.25%±5.659; Pax-1 50.36%±7.507; Cytokeratin-18 

1.871%±0.5610; Carbonic Anhydrase-12 36.31%±5.640; Brachyury 9.978%±3.036; 

Galectin-3 4.061%±1.295; and CD24 6.357%±1.818. Of note, there was no 

detectable staining of Cytokeratin-8 in cells of the adult human AF. Interestingly, the 

novel NP cell markers FoxF1, Pax-1 and Carbonic Anhydrase-12 demonstrated the 

greatest percentage of AF immunopositivity, whereas NC cell markers (Brachyury, 

Galectin-3 and CD24) were lowly expressed by AF cells. 
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Figure 4.33 Mean AF cell immunopositivity as a percentage of total AF cell 

count. Error bars calculated from standard error of the mean. 
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4.4.5.2.15 NP Cell Marker Protein Expression in the AF: Changes with Ageing and 

Degeneration 

Figure 4.34 illustrates the relationship between novel NP cell marker protein 

expression in adult human AF cells and patient age. Of note, as only 21 specimens 

contained distinct AF tissue, analysis according to age and degeneration was 

performed as a scatter plot and Spearman’s Rank correlation rather than box plots 

and Mann Whitney-U tests. No statistically significant correlation between FoxF1 

(Figure 4.34A) AF immunopositivity and ageing was shown (r = 0.03905, p 

=0.8655, 95% CI). Similarly, no significant correlations were demonstrated for Pax-

1 (Figure 4.34B), Cytokeratin-18 (Figure 4.34D), and Carbonic Anhydrase-12 

(Figure 4.34E) immunopositivity and ageing (r =-0.09974, p =0.6671, 95% CI; r =-

0.3657, p =0.1031, 95% CI; r =-0.3729, p =0.0959, 95% CI respectively). As 

demonstrated by Figure 4.35, there was also no significant correlation between 

degenerative score and the immunopositivity of novel NP cell markers FoxF1 

(Figure 4.35A) (r =0.03027, p =0.8964, 95% CI), Pax-1 (Figure 4.35B) (r =-0.05338, 

p =0.8182, 95% CI), Cytokeratin-18 (Figure 4.35D) (r =0.1396, p =0.5461, 95% CI), 

and Carbonic Anhydrase-12 (Figure 4.35E) (r =0.2270, p =0.3224, 95% CI). In 

summary, there was no significant correlation between AF cell immunopositivity for 

novel NP cell marker proteins and age or level of degeneration. 

 

 

 

 

 

 

 

 

 



 202   
 

P a t ie n t  A g e  a t   T im e  o f  S u r g e r y

P
e

r
c

e
n

ta
g

e
 P

o
s

it
iv

e
  

A
F

 C
e

ll
s

0 2 0 4 0 6 0 8 0

0

2 0

4 0

6 0

8 0

1 0 0

P a t ie n t  A g e  a t   T im e  o f  S u r g e r y

P
e

r
c

e
n

ta
g

e
 P

o
s

it
iv

e
  

A
F

 C
e

ll
s

0 2 0 4 0 6 0 8 0

0

2 0

4 0

6 0

8 0

1 0 0

P a t ie n t  A g e  a t   T im e  o f  S u r g e r y

P
e

r
c

e
n

ta
g

e
 P

o
s

it
iv

e
  

A
F

 C
e

ll
s

0 2 0 4 0 6 0 8 0

0

2 0

4 0

6 0

8 0

1 0 0

P a t ie n t  A g e  a t   T im e  o f  S u r g e r y

P
e

r
c

e
n

ta
g

e
 P

o
s

it
iv

e
  

A
F

 C
e

ll
s

0 2 0 4 0 6 0 8 0

0

2 0

4 0

6 0

8 0

1 0 0

P a t ie n t  A g e  a t   T im e  o f  S u r g e r y

P
e

r
c

e
n

ta
g

e
 P

o
s

it
iv

e
  

A
F

 C
e

ll
s

0 2 0 4 0 6 0 8 0

0

2 0

4 0

6 0

8 0

1 0 0

A B

D

E

C

Figure 4.34 Immunopositivity for novel NP cell marker proteins: Changes with 

Age. A correlation of AF cell immunopositivity against patient age at the time of 

surgery was performed for FoxF1 (A), Pax-1 (B), Cytokeratin-8 (C), Cytokeratin-18 

(D) and Carbonic Anhydrase-12 (E). 
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Figure 4.35 Immunopositivity for novel NP cell marker proteins: Changes with 

Degeneration. A correlation of AF cell immunopositivity against histological score 

of degeneration was performed for FoxF1 (A), Pax-1 (B), Cytokeratin-8 (C), 

Cytokeratin-18 and Carbonic Anhydrase-12 (E). 
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4.4.5.2.16 NC Cell Marker Protein Expression in the AF: Changes with Ageing and 

Degeneration 

Notochordal cell marker protein expression in cells of the adult human AF was 

correlated with age and degenerative score. The correlation between Brachyury 

(Figure 4.36A), Galectin-3 (Figure 4.36B) and CD24 (Figure 4.36C) 

immunopositivity and patient age was not statistically significant (r =-0.06168, p 

=0.7906, 95% CI; r = -0.07049, p =0.7614, 95% CI; and r =-0.06913, p =0.7659, 

95% CI). Similarly, when correlated against histological grading of IVD 

degeneration, immunopositivity of Brachyury (Figure 4.37A) (r =-0.1939, p 

=0.3997, 95% CI), Galectin-3 (Figure 4.37B) (r =0.02467, p =0.9155, 95% CI) and 

CD24 (Figure 4.37C) (r =-0.03632, p =0.8758, 95% CI) was also not statistically 

significant. 
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Figure 4.36 Immunopositivity for notochordal cell marker proteins: Changes 

with Ageing. A correlation of AF cell immunopositivity against patient age at the 

time of surgery was performed for Brachyury (A), Galectin-3 (B) and CD24 (C). 
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Figure 4.37 Immunopositivity for notochordal cell marker proteins: Changes 

with Degeneration. A correlation of AF cell immunopositivity against histological 

score of degeneration was performed for Brachyury (A), Galectin-3 (B) and CD24 

(C). 
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4.4.6 Analysis of Co-Expression in Adult Human NP Cell Populations 

Of the markers demonstrating differential expression levels by 

immunohistochemistry in 4.4.4, four were selected for analysis of co-expression in 

adult human NP cells: Carbonic Anhydrase-12, Brachyury, Galectin-3 and CD24. 

Figures 4.38-4.42 demonstrate expression levels of these proteins when investigated 

separately, and the relevant measurements of immunopositivity are summarised in 

Table 4.4. 

 

Table 4.4. Protein Expression Levels of Markers Assessed by Flow Cytometry 

Specimen Carbonic 

Anhydrase-12 

Positivity (%) 

Brachyury 

Positivity (%) 

Galectin-3 

Positivity (%) 

CD24 

Positivity (%) 

HH0295 99.92 70.45 97.96 6.75 

HH0298 99.99 84.39 99.92 12.64 

HH0581 99.93 94.92 98.01 41.64 

HH0593 100.00 31.28 99.97 33.35 

HH0613 99.93 96.96 97.92 5.38 

 

Analysis by flow cytometry demonstrated that an average of 99.95%±0.01691 of 

adult NP cells expressed Carbonic Anhydrase-12. Similarly, an average 

98.75%±0.4857 of adult NP cells were shown to be Galectin-3 immunopositive. 

However, immunopositivity of Brachyury and CD24 was found to be far more 

variable, with Brachyury positivity ranging from 31% to 97% (mean 75.60%±12.04), 

and CD24 from 5% to 42% (mean 19.93%±7.382). All isotype controls (shown in 

Figures 4.36-4.40) were almost entirely negatively stained. 
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Figure 4.38 Flow cytometric analysis of novel NP and NC cell protein 

expression in adult human NP cells. Expression of Galectin-3 (A, B); Carbonic 

Anhydrase-12 (C, D); CD24 (E, F); and Brachyury (G, H) was investigated (sample 

HH0295). Isotype controls were utilised as negative controls (B, D, F, H). Cellular 

fluorescence detected in the upper left and right quadrants indicate positive staining. 
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Figure 4.39 Flow cytometric analysis of novel NP and NC cell protein 

expression in adult human NP cells. Expression of Galectin-3 (A, B); Carbonic 

Anhydrase-12 (C, D); CD24 (E, F); and Brachyury (G, H) was investigated (sample 

HH0298). Isotype controls were utilised as negative controls (B, D, F, H). Cellular 

fluorescence detected in the upper left and right quadrants indicate positive staining. 
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Figure 4.40 Flow cytometric analysis of novel NP and NC cell protein 

expression in adult human NP cells. Expression of Galectin-3 (A, B); Carbonic 

Anhydrase-12 (C, D); CD24 (E, F); and Brachyury (G, H) was investigated (sample 

HH0581). Isotype controls were utilised as negative controls (B, D, F, H). Cellular 

fluorescence detected in the upper left and right quadrants indicate positive staining. 
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Figure 4.41 Flow cytometric analysis of novel NP and NC cell protein 

expression in adult human NP cells. Expression of Galectin-3 (A, B); Carbonic 

Anhydrase-12 (C, D); CD24 (E, F); and Brachyury (G, H) was investigated (sample 

HH0593). Isotype controls were utilised as negative controls (B, D, F, H). Cellular 

fluorescence detected in the upper left and right quadrants indicate positive staining. 
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Figure 4.42 Flow cytometric analysis of novel NP and NC cell protein 

expression in adult human NP cells. Expression of Galectin-3 (A, B); Carbonic 

Anhydrase-12 (C, D); CD24 (E, F); and Brachyury (G, H) was investigated (sample 

HH0613). Isotype controls were utilised as negative controls (B, D, F, H). Cellular 

fluorescence detected in the upper left and right quadrants indicate positive staining. 
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Variations in expression levels were subsequently investigated with relation to 

patient age and severity of tissue degeneration, as shown in Figures 4.43 and 4.44. 

There appeared to be no trend with regards to age and percentage immunopositivity 

for Carbonic Anhydrase-12 (Figure 4.43A), Brachyury (Figure 4.43B), Galectin-3 

(Figure 4.43C) or CD24 (Figure 4.43D). Similarly, no correlation between 

degenerative score and percentage positivity was demonstrated for Carbonic 

Anhydrase-12 (Figure 4.44A), Brachyury (Figure 4.44B), Galectin-3 (Figure 4.44C) 

and CD24 (Figure 4.44D). Of noted, sample HH0581 could not be graded 

histologically as insufficient NP tissue was present in the fixed specimen with which 

to gain an accurate grade. 
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Figure 4.43 Correlation between patient age and flow cytometric 

immunopositivity. Immunopositivity for Carbonic Anhydrase-12 (A), Brachyury 

(B), Galectin-3 (C) and CD24 (D) were plotted against the age of the specimen. 
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Figure 4.44 Correlation between degenerative score and flow cytometric 

immunopositivity. Immunopositivity for Carbonic Anhydrase-12 (A), Brachyury 

(B), Galectin-3 (C) and CD24 (D) were plotted against the histological score of 

degeneration. 

 

Finally, as it could be assumed that almost all cells would express both Carbonic 

Anhydrase-12 and Galectin-3, and as Brachyury and CD24 staining levels 

demonstrated variability, further analysis of the Brachyury+ and CD24+ cell 

populations were undertaken, with a view to elucidating whether the same cells were 

largely expressing both of these proteins. Figure 4.45 illustrates simultaneous 

analysis of both Brachyury and CD24 positivity, and these results are summarised in 

Table 4.5. The results demonstrate that although Brachyury and CD24 are expressed 

by a subset of NP cells they are not necessarily co-expressed by the same population 

of NP cells, as demonstrated by the presence of both Brachyury+/CD24- and 

Brachyury-/CD24+ populations (indicated by regions R19 and R22 in Figure 4.45 

respectively). However, further analysis shows that an average of 78.9%±6.586 of 
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total CD24+ cells also express Brachyury (region R20 in Figure 4.45), although only 

21.1%±7.769 of all Brachyury+ cells also express CD24.  

 
Figure 4.45 Simultaneous analysis of Brachyury and CD24 expression. 

Specimens HH0295 (A); HH0298 (B); HH0581 (C); HH0593 (D); and HH0613 (E) 

were assessed multi-parametrically for positivity of Brachyury and CD24 staining. 

Region R19 highlights Brachyury+/CD24- cells; region R20 highlights 

Brachyury+/CD24+ cells; region R21 is indicative of Brachyury-/CD24- cells; and 

region R22 shows Brachyury-/CD24+ cells. 

 

Table 4.5 Summary of Multiple Staining Analysis 

Phenotype Sample 

HH0295 

Sample 

HH0298 

Sample 

HH0581 

Sample 

HH0593 

Sample 

HH0613 

Brachyury-/CD24- 27.87% 14.34% 3.57% 46.87% 2.86% 

Brachyury+/CD24- 65.36% 73.02% 54.46% 19.78% 91.76% 

Brachyury-/CD24+ 1.66% 1.27% 1.18% 21.85% 0.18% 

Brachyury+/CD24+ 5.09% 11.37% 40.46% 11.50% 5.20% 
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4.5 Discussion 

Recent gene profiling studies are yet to validate novel NP marker genes in a large 

cohort of human specimens, nor have variations in expression of such markers been 

investigated with regards to ageing or degeneration. Additionally, localisation of 

these markers to specific cells of the adult human NP has not been fully elucidated 

and thus requires definition. This study has confirmed microarray findings of a panel 

of genes as novel markers of the adult human NP cell phenotype, and has also 

identified expression of NC cell marker genes in the same adult NP cells. Protein 

expression analysis confirmed that novel NP cell markers are expressed by the 

majority of NP cells, but also by a proportion of cells of the AF, while NC cell 

marker proteins were localised to a subset of adult NP cells and only a few AF cells. 

Furthermore, multi-parametric protein analysis identified sub-populations of NP 

cells with differential expression profiles. 

 

4.5.1 Gene Expression Findings 

Importantly, novel NP cell markers identified by microarray analysis have been 

confirmed as such in a large cohort of adult human specimens and generally, 

expression of these markers did not vary with age or tissue degeneration. FOXF1 

and KRT8 were first identified as novel NP markers in a bovine IVD model 

(Minogue et al., 2010b), and also assessed for their expression in adult human cells 

in the same study. However, only 5 non-degenerate and 5 degenerate IVD specimens 

were utilised, and thus, a more representative investigation of these markers in a 

larger cohort of specimens (n=62 spanning a greater range of ages and levels of 

tissue degeneration) was required. FOXF1 is a member of the forkhead transcription 

factor family, and has been shown to be involved in numerous cell processes, 

including cell growth, proliferation and differentiation (Kalinichenko et al., 2002, 

Mahlapuu et al., 2001, Ormestad et al., 2006). FOXF1 is activated by SHH which is 

required for post-natal growth and differentiation of the IVD (Dahia et al., 2012) and 

FOXF1 expression was demonstrated to be decreased in degenerate human NP cells 

as compared to non-degenerate (Minogue et al., 2010b), a finding which was not 

replicated here. Again, this may be due to the increased cohort size used for 

investigation in this study, and the composition of the cohort being solely surgical 

specimens, all of which must display clinical, if not histological features of 
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degeneration in order to be considered for surgical intervention. FOXF1 expression 

was further described in a second gene profiling investigation, but variations with 

ageing and degeneration were not described, and only 5 specimens (all of which 

were non-degenerate) were used in the study (Minogue et al., 2010a). 

CAXII has been identified in two human microarray investigations as a novel marker 

of the NP cell phenotype (Minogue et al., 2010a, Power et al., 2012). CAXII is a 

membrane-associated member of the carbonic anhydrase family of enzymes, which 

function to catalyse the reversible hydration of carbon dioxide to bicarbonate and 

protons, thereby buffering intracellular pH (Lindskog, 1997). CAXII is regulated by 

HIF-1α – a molecule previously described as highly expressed in the NP (Risbud et 

al., 2006) – and thus determination of this gene as a novel NP cell marker is largely 

unsurprising. A negative correlation in CAXII expression with both age and 

degeneration was noted by Power et al. which was not found here, although Power 

and colleagues only assessed 7 specimens (Thompson grades 1-4), and perhaps the 

larger cohort of 62 specimens investigated here is more indicative of expression in 

the wider human population. Additionally, Power et al. merely correlated expression 

with grade of degeneration rather than breaking down the grade of degeneration into 

non-degenerate, mildly degenerate and severely degenerate as performed here, which 

may have affected the outcome and explain this discrepancy. Given that CAXII 

functions to buffer intracellular pH, and that IVD pH decreases with degeneration, a 

decrease in CAXII expression may be indicative of the degenerative state of the 

tissue. PAX-1 is a novel NP cell marker also identified by human microarray 

analysis (Minogue et al., 2010a). PAX-1 is a transcription factor involved in pattern 

formation during development, and interestingly is expressed in the embryonic 

sclerotome (the developmental origin of AF tissue) (Koseki et al., 1993, 

Mcgaughran et al., 2003). Its role in adult human NP cells is unclear, although like 

FOXF1, it is activated by SHH; a gene required for postnatal growth and 

differentiation of the NP (Dahia et al., 2012). Interestingly, PAX-1 has recently been 

described as a negative regulator of chondrogenic maturation, and PAX-1 mis-

expressing chondrocytes have been demonstrated to have decreased expression of 

the genes SOX9, COL2A1 and ACAN (Takimoto et al., 2013). Thus, expression of 

PAX-1 so highly in adult human NP cells is surprising. To date, no investigations 

have been undertaken to investigate the expression of this marker with ageing and 
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degeneration in the adult human NP, and thus, the data presented here is entirely 

novel. PAX-1 expression may decrease with ageing (young vs. mature) and 

degeneration (moderately vs. severely) because of changes to SHH expression, as 

loss of such signalling has been shown to result in a loss of differentiation markers of 

NP cells (Dahia et al., 2012), although FOXF1 and PAX-1 were not investigated. 

KRT8 expression did not vary with age or degeneration in this study, suggesting that 

it is constitutively expressed by adult human NP cells, although this does not marry 

with the findings of Minogue et al., where it was demonstrated to be significantly 

decreased in degenerate NP specimens as compared to non-degenerate. This 

significant decrease in expression was also demonstrated by (Sun et al., 2013b). 

However, it is possible that expansion of this comparison to a cohort of human 

specimens containing 62 samples is more representative of KRT8 expression in the 

human population, although such differences may also be due to the use of cadaveric 

non-degenerate specimens in previous studies (compared to the solely surgical 

specimens utilised in this investigation). Additionally, the inclusion of only 5 non-

degenerate specimens in the present study may also affect the significance of KRT8 

expression levels. KRT18 and -19 were first identified as novel NP markers in 

microarray investigations undertaken in canine and rat models respectively (Lee et 

al., 2007, Sakai et al., 2009), and were subsequently validated in bovine and human 

specimens (Minogue et al., 2010a, Minogue et al., 2010b, Rutges et al., 2010). 

Classically, cytokeratins are integral to protein structure formation within the 

cytoplasm, and as such, are protective from mechanical (and non-mechanical) 

stressors (Karantza, 2011). KRT8 is known to dimerise with KRT18, and in the 

absence of KRT18, KRT19 dimersation acts as compensation (Kulesh et al., 1989, 

Oshima, 2002), and it is therefore unsurprising that each of these genes were 

identified as novel NP markers. No variation in KRT18 expression was found with 

ageing or degeneration here, although KRT18 gene expression has previously been 

demonstrated to decrease significantly with degeneration (Minogue et al., 2010b). 

Similarly, previously literature has demonstrated a significant decrease in KRT19 

with ageing, which was not shown here (Rutges et al., 2010). Again, these studies 

only utilised small cohorts of human samples, and thus, the data presented here may 

be giving a more representative indication of gene expression levels by comparison. 

However, the presence of an entirely surgical cohort in the present investigation 
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compared to some non-surgical specimens in previous investigations may also serve 

to explain such findings. 

Novel NP negative markers FBLN1 and IBSP were first identified by bovine and 

human microarray investigations (Minogue et al., 2010a, Minogue et al., 2010b), 

where it was demonstrated that although these genes were expressed in adult human 

NP cells, they are expressed at significantly lower levels than AC cells. In this study, 

neither gene demonstrated significant variation with degeneration in terms of 

expression levels, although FBLN1 has previously been demonstrated to be 

increased in degenerate adult human NP cells as compared to non-degenerate 

(Minogue et al., 2010b), which as stated previously, may be due to differences in the 

samples used between the two studies. Interestingly, this is the first study to 

investigate variations in IBSP expression with ageing, and has shown a decrease in 

IBSP expression in mature adult as compared to young adult samples, but then an 

increase again in elderly adult as compared to mature adult samples. The rationale 

for such variations are unclear; however, similar patterns of expression were noted 

for CAXII and KRT19 proteins in previous literature (Power et al., 2012, Rutges et 

al., 2010). 

Overlapping gene expression profiles of bovine NP and NC cells (Minogue et al., 

2010b), and the recent demonstration of a common ontogeny between developmental 

NP and adult NP cells in the mouse (Choi et al., 2008), prompted the investigation 

into the expression of NC cell markers in adult human NP cells shown here. NOTO 

has previously been used to characterise node and notochordal cells (Winzi et al., 

2011), and is involved in regulation of notochord ciliogenesis, left/right patterning, 

and node morphogenesis (Beckers et al., 2007). To date, this is the first study to 

investigate NOTO expression in the adult human NP; a major novel finding, and 

although no variations were noted with degeneration, a significant increase in 

expression was noted with ageing. This in itself is surprising, as NOTO has recently 

been used in lineage tracing studies of NC cells in a mouse model (Mccann et al., 

2012), and given the loss of morphologically distinct NC cells with maturity in 

humans, it would be expected that NOTO expression would in fact decrease. NOTO 

acts downstream of other NC cell marker genes T and FOXA2 (Abdelkhalek et al., 

2004), although no such variation in expression of these genes was noted here. There 

is currently no existing literature to support a correlation between NOTO expression 
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and ageing/hypoxia/degeneration/inflammation, which may have explained the 

finding presented here. In the present study, NOTO expression was determined only 

at the gene level, and thus it is not possible to infer whether the gene expression is 

translated to protein. No previous study has characterised NOTO expression at the 

protein level, and further investigation is therefore required before the function of 

NOTO in cells of the adult human NP can be elucidated. 

T and FOXA2 have both been described as expressed in the embryonic NC 

(Harrelson et al., 2012, Wilkinson et al., 1990), and are reportedly co-expressed 

(Weinstein et al., 1994). Until now, FOXA2 expression has not been demonstrated 

in adult human NP cells, although it has been shown as pivotal to IVD formation in a 

mouse model in combination with FOXA1 expression (Maier et al., 2013). T was 

demonstrated as expressed by both bovine NP and NC cells, and when validated in 

human NP specimens, expression did not vary with degeneration, although 

expression was not correlated to age (Minogue et al., 2010a). Here, no variations in 

expression of either of these markers with ageing or degeneration were observed, 

suggestive of constitutive expression of these genes by cells across ages and 

throughout the degenerative process. The genomic targets of T during differentiation 

have been demonstrated in a mouse model, including components of the WNT, 

MAPK, TGF-β and FGF signal transduction pathways, which are known to be 

expressed in the IVD (Dahia et al., 2009). As such signalling pathways are integral 

to normal function of the IVD, continuous expression of T with ageing and 

degeneration may be required for maintenance of normal cell signalling processes. 

Similarly, FOXA2 expression has been demonstrated as required for expression of 

SHH (Maier et al., 2013), but given that SHH expression  is also linked to regulation 

of FOXF1 and PAX-1 expression and that changes to SHH expression might be 

linked to alterations in gene expression with ageing and degeneration, it is unclear as 

to whether SHH expression is linked to the static FOXA2 expression noted here. 

This study identified no variations in the expression of CHRD and NOGGIN with 

either ageing or increasing severity of degeneration. Both act as bone morphogenic 

protein (BMP) antagonists, by binding directly with the proteins, and preventing 

them from binding to their appropriate receptors (Groppe et al., 2002). CHRD 

expression in the adult human IVD has not been identified before. NOGGIN has 

been identified as expressed throughout the developing mouse embryo, but was 



 221   
 

localised solely in the AF (Dipaola et al., 2005). In articular chondrocyte cells, 

CHRD has been demonstrated to increase with degeneration of the cartilage tissue 

(Tardif et al., 2006), which was not observed here, suggesting that like the 

expression of other NC cell markers, the lack of variation with ageing and 

degeneration may be due to the need for expression in order to maintain tissue 

function (and prevent the formation of bone in the cartilaginous NP).  

Finally, the NC cell marker gene LGALS3 has previously been localised to the 

embryonic notochord (Gotz et al., 1997b), whilst CD24 has been described as 

expressed specifically in rat NP cells (Fujita et al., 2005), although the suitability of 

CD24 as an NP cell marker has since been discredited (Minogue et al., 2010b, 

Rutges et al., 2010). This study has demonstrated that CD24 expression does not 

vary with ageing, but was decreased in severely degenerate as compared to 

moderately degenerate specimens, whilst LGALS3 expression was decreased in 

mature adult as compared to young adult samples, but levels were unaffected by 

degeneration. Although Rutges et al. investigated the expression of CD24 in adult 

human specimens, expression was not correlated to age or degeneration, and thus, 

the findings presented here are not comparable.  

Another interesting finding of the notochordal gene expression analysis was that the 

notochordal cell genes investigated were not expressed in all adult human NP 

samples analysed. Furthermore, the data appears to suggest that genes expressed 

earlier in embryonic NP tissue development are expressed in fewer samples than 

those expressed at later stages. As this is the first study to extensively investigate 

expression of such markers in adult human NP cells, there is little evidence to 

explain why this might be. However, it can be postulated that the presence or 

absence of expression of these genes is related to different stages of NP cell 

maturation. Thus the loss of morphologically-distinct NC cells from the tissue with 

age, may be due to differentiation to adult NP cells, expressing fewer notochordal-

associated genes, but resembling small NP cells in terms of morphology. However, 

this requires further investigation. 

One of the limitations of gene expression analysis is that it is not possible to infer 

from such information whether expression is ubiquitous throughout cells of the 

entire NP tissue, or specific to a subset of NP cells. Additionally, the detection of 
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expression of such markers at the gene level is not necessarily indicative of protein 

expression, and thus, such investigations must be undertaken. Therefore, protein 

localisation by immunohistochemistry using the same larger cohort was performed.  

 

4.5.2 Localisation of NP and NC Cell Protein Expression 

The data presented here indicates that novel NP cell marker proteins are more highly 

expressed throughout the adult human NP than NC cell marker proteins. 

Additionally, novel NP cell marker proteins are also expressed by AF cells of the 

same tissue. Novel NP cell marker protein expression appears to be largely 

unaffected by ageing and degeneration, although this may be due to the use of solely 

surgical specimens obtained only from adult patients. It is possible that protein 

expression changes would be noted if paediatric or adolescent samples, as well as 

adult specimens from asymptomatic individuals, were analysed. These tissues would 

generally be entirely non-degenerate and allow for the inclusion of specimens 

younger than those assessed here. 

This is the first study to assess the expression of FoxF1 and Pax-1 proteins in the 

adult human IVD, and has demonstrated high levels of expression in NP and AF 

cells. This matches gene expression findings for FOXF1, where it has been shown 

that human NP and AF cells express similar levels of the marker (Minogue et al., 

2010b); however, such comparisons have not been performed for PAX-1, but the 

data presented here suggests that it too is a marker of both NP and AF cells. 

Carbonic Anhydrase-12 protein expression has been shown here to be unaffected by 

ageing, and increased in the most severe stages of degeneration. This fits with 

observations by Power et al., where the most intense staining was noted in the most 

severely degenerate NP cells; however it should be noted that the staining 

quantification methods utilised in the present study involved counting all cells within 

a tissue section, whilst Power et al., merely count positivity of cells within a chosen 

field of view, and therefore may not be representative of staining throughout the NP 

tissue. Additionally, Power et al., report immunonegativity in AF cells, although it is 

not clear whether like the NP data, this was concluded from analysis of only one 

field of view. With regards to both FOXF1 and PAX-1, gene expression analysis 

revealed significantly lower expression in mature adult as compared to young adult, 
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and in severely degenerate as compared to non-degenerate specimens, which was not 

noted at the protein level. Conversely, CAXII gene expression did not vary with age 

or degenerative score, but at the protein level was significantly more highly 

expressed in severely degenerate as compared to moderately degenerate specimens. 

Although factors influencing the transcription of FOXF1 and PAX-1 are well 

documented, mechanisms involved in their post-transcriptional regulation (which 

would explain the disparities between gene and protein expression noted here) are 

less well defined. Similarly, elucidation of human CAXII gene sequences has 

identified two isoforms generated by alternative splicing (Haapasalo et al., 2008), 

and it may therefore be possible that the antibody used for protein analysis does not 

detect both transcript variants. For FOXF1, PAX-1 and CAXII, no evidence exists as 

to the modification of genes post-transcriptionally by either RNA editing, capping of 

the 5’ mRNA sequence or poly(A) tail addition, which may serve to explain the 

differences noted in terms of trends in expression for gene and protein levels in the 

present study, but further study may enable definition of this. Evidence exists which 

suggests that protein and gene expression levels are not necessarily correlated and 

factors including protein stability (which is highly variable), rate of transcription vs. 

translation, post-transcriptional regulation, alternative splicing and RNA processing 

may affect the relationship between gene and protein expression (Vogel and 

Marcotte, 2012), and it is therefore possible that such parameters may have resulted 

in the differences noted here. 

Regarding the expression of Cytokeratins -8, -18 and -19, the fact that these have 

been identified as novel NP cell markers and yet are expressed at the protein level so 

lowly throughout the adult human NP is surprising. Interestingly, the cytokeratins 

investigated here have previously been identified as expressed in the developing IVD 

(Gotz et al., 1995), which provides further evidence of a notochordal origin of some 

adult human NP cells. Cytokeratin-8 protein expression has been demonstrated to be 

localised to only 10% of bovine NP cells, although details of the quantification 

method utilised were not given (Gilson et al., 2010). Similarly, Cytokeratin-8 

expression has been demonstrated to be decreased in degenerative human disc 

samples as compared to non-degenerate and scoliotic specimens, although an 

explanation of how staining was quantified was again not given (Sun et al., 2013b). 

However, given that the samples assessed here are all degenerate, this may serve to 
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explain why low levels of staining were noted. Additionally, Cytokeratin-8 

expression has been demonstrated to decrease with compressive load application, 

and this may explain why expression appears to decrease in adult specimens as 

compared to foetal NP samples (Sun et al., 2013a). Cytokeratin-18 expression has 

previously been investigated by (Weiler et al., 2010) and has shown 

immunonegativity in surgical AF specimens, largely confirming the findings 

presented here. Expression of Cytokeratin-18 protein was noted in younger NP 

specimens, but was absent in older specimens, which was not noted here (Weiler et 

al., 2010). Like Power et al., the method for staining quantification only categorised 

staining as <10%; 10-50%; and >50%, which may not be accurate enough to note 

some trends, and thus may serve to explain why the data presented here showed no 

age-associated variations in expression levels, with expression detected in elderly 

adult specimens. Interestingly, in the same investigation, Cytokeratin-8 and -19 

protein expression was investigated by utilising a Pan-Cytokeratin antibody that 

stains both proteins. From this data it is impossible to infer which of the cytokeratin 

isoforms the observed staining relates to, but given the data shown here, it is likely to 

be Cytokeratin-8 rather than -19 staining. Previous investigations of Cytokeratin-19 

protein expression in human specimens have shown that samples over the age of 25 

are generally immunonegative for expression, confirming the data presented here 

(Rutges et al., 2010). However, this previous study also used a staining 

quantification method where the number of positive cells per field of view was 

considered representative of staining throughout the tissue, and this therefore differs 

from the method employed here, thus explaining the discrepancies in findings 

between studies. The absence of Cytokeratin-19 staining in the present study may be 

due to preferential dimerisation of Cytokeratin-8 with Cytokeratin-18. It has been 

shown that when Cytokeratins-8 and -18 are co-expressed, levels of Cytokeratin-19 

protein are undetectable, thought to be because Cytokeratin-8 assembly with 

Cytokeratin-18 is more efficient that Cytokeratin-8/-19 interaction (Pankov et al., 

1997). It has been demonstrated previously that Cytokeratin-18 is rapidly degraded 

in the absence of a Cytokeratin-8 binding partner (although the methods of 

degradation are not elucidated) (Kulesh et al., 1989). Given that Cytokeratin-19 also 

binds to Cytokeratin-8, it is possible that in the adult human NP, that Cytokeratin-8 

is only bound to Cytokeratin-18 (as is this is a more efficient form of keratin 

filament assembly), and Cytokeratin-19 protein may therefore be degraded in the 
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same manner as previously described for Cytokeratin-18, thereby explaining the lack 

of Cytokeratin-19 protein expression in the current study. 

With regards to the protein expression of NC cell markers, this is the first study to 

undertake detailed investigation of Brachyury protein expression in the adult human 

IVD. Previously, Brachyury expression has been demonstrated in rat NP cells (Tang 

et al., 2012), and in human specimens by means of Western blot (Risbud et al., 

2010). Brachyury immunonegativity has previously been described in adult human 

NP cells (Vujovic et al., 2006), although this was investigated using a cohort of only 

7 specimens, and no information as to the age and grade of these tissues was given. 

Here, decreases in Brachyury expression with ageing and degeneration were found, 

which does not mirror the gene expression findings of no variation. As described 

previously, this may be due to post-transcriptional modification of Brachyury, and 

although the evidence regarding modifications to Brachyury are limited, other T-Box 

transcription family members have been demonstrated to undergo alternative 

splicing to form transcript variants (Campbell et al., 1998). To date, no literature 

exists that suggests that Brachyury expression alters with nutrient supply, oxygen 

state, inflammation or pH, and thus, such differences are difficult to explain. The 

detection of Brachyury protein in cells of the AF is not a surprising finding, given 

that it is a marker of the embryonic mesoderm, and mesodermal tissues go on to 

form both the AF and NP. Galectin-3 protein has previously been localised to cells 

of the adult human IVD (Gotz et al., 1997b, Weiler et al., 2010). In one study, only 2 

specimens were analysed (Gotz et al., 1997b), whilst the other only demonstrates 

staining in samples < 31 years old, although again, the method for quantification of 

staining differs from that used in the current study (Weiler et al., 2010). In this study, 

there were few variations in NC cell protein immunopositivity with age or 

degeneration; mirroring the gene expression findings. In the present investigation, 

expression of NC cell marker proteins was demonstrated in cells of the AF, in 

agreement with previous literature that has demonstrated immunopositivity for 

Galectin-3 in both rat AF and NP at various ages (Oguz et al., 2007), and paired with 

the data presented here suggests that it may not be the most appropriate marker of 

the NC cell phenotype. Finally, CD24 has previously been localised to NP cells of 

the human and rat IVD (Fujita et al., 2005, Tang et al., 2012); however, 

quantification of staining levels in the human IVD has not been demonstrated in the 
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literature, and specificity to NP tissues remains unaddressed also. Here, CD24 

expression is not demonstrated to alter with degeneration, which matches data from 

Fujita et al., where expression is maintained in herniation (albeit in a rodent model). 

Similarly, the data shown here demonstrates no variation in expression level with 

ageing, although investigation in a rat model shows decreased expression with age 

(Tang et al., 2012). However, this disparity may be attributed to the fact that rodent 

age and human age are not comparable, and as such, this may not be an appropriate 

model for studying age-related alterations as it cannot be extrapolated to human 

ageing. 

The present study is the first to characterise such an extensive range of proteins in 

tissues of both adult human IVD and foetal NC specimens. The data has 

demonstrated the expression of all markers in cells of the foetal NC, as well as 

expression of some proteins in surrounding mesenchymal cells (FoxF1, Pax-1, 

Carbonic Anhydrase-12, Brachyury, Galectin-3 and CD24). Overlapping protein 

expression profiles between human NP and NC cells (including NC cell remnants of 

adolescent IVD) may support evidence of a common ontogeny of the two cell types. 

Minogue et al. demonstrated using a bovine model that such cells do display 

overlapping gene expression profiles, and suggest it is indicative of a shared 

ontogeny. Recent lineage tracing studies have concluded also that the adult NP is 

notochordally-derived (Choi et al., 2008, Mccann et al., 2012). 

To date, many studies have investigated the expression of the markers studied here, 

but have not related this expression to single NP cells and NP cells localised within 

clusters, with the exception of a recent study (Sun et al., 2013b). Healthy NP cells 

contain few cellular clusters, but these are noted to increase with degeneration 

(Pritzker, 1977, Sive et al., 2002), and have been linked to increased cellular 

proliferation within the NP tissue (Johnson et al., 2001). Evidence presented here 

supports such findings, with a significant correlation noted between the proportion of 

NP cells localised as clusters and histological grade of degeneration. For each of the 

markers analysed, the majority of immunopositive cells were single NP cells. 

Analysis of the single and cell cluster populations individually demonstrates that 

generally, a greater proportion of the cell clusters are immunopositive for the 

markers investigated here as compared to single cells, which may intimate that NP 



 227   
 

cell clusters represent a more NC cell-like remnant population as compared to single 

cells.  

One of the limitations of the data presented here is that only one section per 

specimen was stained for each marker, and thus may not give a representative view 

of expression throughout the entire NP tissue. However, the methods used for 

quantification here are far more detailed than those in the current literature, and in 

addition to the large cohort of samples utilised in this study ensures that such 

methodologies are sufficient.  

 

4.5.3 Multi-Protein Analysis of the NP Cell Phenotype 

Immunohistochemical methods are limited in that from such staining you cannot 

determine whether it is the same cells expressing the same markers, and whether 

distinct sub-populations of cells exist within the tissue. Use of flow cytometric 

methods is advantageous because it allows for elucidation of such findings using a 

combination of markers. The immunohistochemistry data here indicated the presence 

of NP cell sub-populations, as the proteins analysed were not ubiquitously expressed 

throughout the NP, and the findings of the flow cytometry confirmed this matter. 

The finding that almost all adult human NP cells express Carbonic anhydrase-12 is 

unsurprising given that immunohistochemical analysis showed high levels of 

expression; however, the detection of Galectin-3 positivity in virtually all NP cells 

did differ from the earlier protein expression analysis, and does not match with 

previous data of non-ubiquitous expression in adult human specimens (Gotz et al., 

1997b, Weiler et al., 2010). The expression of Galectin-3 in all adult human NP cells 

may be due to a culture-associated artefact, where certain sub-populations of cells 

(perhaps those positive for Galectin-3) are preferentially selected and expanded, or 

that cultured cells alter their phenotype. The preferential selection of cell sub-

populations may be analysed through monitoring of cell growth and proliferation, 

labelling certain cell populations with fluorescent proteins to measure this by means 

of either flow cytometry or cell sorting if required for further culture or analysis. 

Unlike Galectin-3, expression levels of Brachyury and CD24 were far more variable, 

and perhaps indicative of NP cell sub-populations, but these populations are not 
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distinct (with varying degrees of positivity for both Brachyury and CD24); the 

proportion of which are not related to age or degeneration.  

An abundance of evidence has come to light over recent years regarding the presence 

of NP cell sub-populations. A possible stem cell niche has been identified within the 

rabbit outer AF that may become active during disc degeneration and expression of 

such markers was confirmed also in human specimens (Henriksson et al., 2009, 

Henriksson et al., 2012). Additionally, an MSC-like cell population has been 

identified as present in adult human IVDs in two studies (Blanco et al., 2010, Risbud 

et al., 2007). However, Risbud et al., did not compare their findings to control MSC 

cells, and Blanco et al., do not achieve adipogenic differentiation of the MSC-like 

cells, which suggests that it is not a true MSC cell population. Similarly, a stem cell 

population has been isolated from canine NP cells and unlike native canine NP cells, 

did not express Brachyury, and comprised 1% of the total cell population (Erwin et 

al., 2013). However, differences between these isolated canine cells and traditional 

stem cells were identified, and as such, these cells were described as a regenerative 

niche. Another recent study has identified a sub-population of NP cells that are 

Tie2
+
GD2

+
, that possess the ability to differentiate down each of the mesenchymal 

lineages, and whose number decreases with ageing and IVD degeneration (Sakai et 

al., 2012). However, none of the aforementioned studies have investigated the 

possibility of a NC cell sub-population by utilisation of NC cell markers for 

characterisation. Here it has been demonstrated that the adult human NP is 

heterogeneous in its composition, and that such cells express differing levels of a 

range of NP and NC markers. Previous investigations have suggested that NC cells 

may confer some protective effects over NP cells through maintenance of disc 

integrity and ECM (Aguiar et al., 1999, Cappello et al., 2006), and through 

protection from degradation and apoptosis (Erwin et al., 2011). Thus, the presence of 

cell populations expressing NC cell markers may indicate a progenitor cell type 

existing within the adult human NP. This matter however is only speculative at 

present, and requires extensive further investigation as to the function of these cells 

before such conclusions can be confirmed. Moreover, the distinctions in adult human 

NP cells with regards to phenotype may represent distinctions with regards to 

cellular ontogeny. As it is currently hypothesised that the adult human NP is 

populated by cells that either derive from the embryonic NC or from the infiltrating 
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AF/CEP during maturity of the tissue, differential cell phenotypes may arise as a 

result of this. Thus, the heterogeneous cell population identified here may in fact 

intimate that the adult human NP contains cells originating from both the NC and 

mesenchymally-derived AF, thereby explaining these distinctions. However, this 

hypothesis is not confirmed in the present study and thus requires further assessment. 

 

4.5.4 Implications of this Investigation 

Morphologically distinct NC cells have been demonstrated to disappear from NP 

tissue with ageing, replaced by the smaller chondrocyte-like cells of the adult NP 

(Louman-Gardiner et al., 2011). However, data presented here suggests that sub-

populations of NP cells persist in mature specimens that differentially express a 

range of NC cell markers, with the markers associated with the developmental NC 

lower in abundance than those characteristic of adult NP cells. These cells may be 

distinct from other NP cells in terms of function, and it is hypothesised here that 

given the high levels of notochordal cell marker expression in these cells, they 

represent a notochordal cell-like population that may act as a progenitor cell 

population in the degenerate IVD. However, this is purely speculative, and isolation 

of cell subpopulations and functional analysis of these will elucidate if such distinct 

functions exist. Additionally, what remains unclear  are the processes underlying the 

apparent loss of these specialised cells from NP tissue during childhood, and this 

requires investigation. If this can be elucidated, the function of NC-like cell sub-

populations in adult specimens such as those investigated here may then be fully 

understood. A more full understanding of the discrete role that these cell sub-

populations play in vivo may then allow for a more informed decision as to the 

optimal cell phenotype for recapitulation in novel cell-based regenerative therapies 

targeting IVD degeneration. 
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5.1 Background 

Work from the previous chapter has demonstrated that the adult human NP is 

comprised of a heterogeneous cell population, with cells expressing differential 

levels of both NP and NC cell markers. Whilst the expression of NC cell markers in 

cells of the adult human NP intimates a common ontogeny, it remains unclear as to 

why only a subset of NP cells expresses these markers, but it could be postulated that 

they are functionally distinct as well as phenotypically distinct, and given the high 

levels of notochordal cell marker expression in some cell sub-populations, that 

certain cells are progenitor-like. Findings presented in this investigation previously 

suggest the presence of an NC cell-like population persisting in the adult IVD, but 

also indicate that the adult human NP is populated by cells both morphologically and 

phenotypically distinct from those of the developing IVD. However, mechanisms 

underlying the change in NP cell population in adult as compared to developing or 

neonate IVD remain undefined. 

 

5.1.1 Alterations to the NP Cellular Composition with Growth and Ageing 

As described previously, during human development the NP is comprised of 

morphologically-distinct NC cells (Taylor, 1975), but it has been demonstrated that 

alterations to the cellular population of the NP occur with ageing and subsequent 

maturity of the tissue. The infant NP contains NC cell clumps and strands (Trout et 

al., 1982a) which gradually disappear by age 8, replaced with smaller, rounded 

chondrocyte-like cells, that populate the NP throughout adulthood (Louman-

Gardiner et al., 2011). Additionally, the NP tissue itself becomes softer and 

relatively hypocellular (Taylor, 1975). Of note, the loss of notochordal cells from the 

human NP is thought to precede the onset of IVD degeneration, as it is at the point of 

NC cell loss that the first signs of disc degeneration are observed (Nerlich et al., 

1997). However, the precise mechanisms underlying the loss of these distinct cells 

from NP tissue is unknown.  

The unknown fate of NC cells in the human IVD also casts controversy regarding the 

developmental origin of smaller NP cells within adult tissues. It is thought that NC 

cells form the NP and remain as developmental remnants within the IVD. Fate-

mapping studies of adult mouse intervertebral disc cells found that all cells of the NP 
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are in fact derived from the embryonic notochord (Choi et al., 2008) and this has 

subsequently been confirmed through the use of a Noto-Cre mouse model (Mccann 

et al., 2012). It can be postulated that NC cells exist as remnants within the disc in 

order to support the chondrocyte-like cells of the disc in maintaining a normal 

phenotype. Bovine NP and NC cell co-cultures have demonstrated increased PG 

expression by NP cells in the presence of NC cells, suggesting that NC cells promote 

maintenance of healthy disc ECM (Aguiar et al., 1999). Similarly, NC cells have 

been shown to secrete connective tissue growth factor (CTGF), which may play a 

role in ECM anabolism (Erwin et al., 2006). In support of this theory, expression of 

Cytokeratin-8 (also expressed by NC cells) has been isolated in small clusters of 

cells of the mature bovine IVD, suggestive therefore of a sub-population of bovine 

NC cells persisting during maturity (Gilson et al., 2010). Expression of known 

notochordal cell markers in a proportion of adult human NP cells has been 

demonstrated in another study (Weiler et al., 2010), again suggesting that at least 

some of the adult NP cells may be notochordally-derived.  

However, what remains unaddressed in such studies is whether NC cells are actually 

lost from the tissue and replaced by the familiar chondrocyte-like cells of the adult 

human NP, or whether they in fact differentiate to chondrocyte-like cells that mature 

and subsequently lose expression of NC cell markers to some degree. The finding 

that notochordal cell markers were identified in a sub-population of NP cells in much 

older adult specimens, and that these cells themselves do not resemble the 

morphologically distinct NC cells as noted during foetal development is supportive 

of the latter theory (Weiler et al., 2010). Thus, this may suggest that the NP is 

derived from the embryonic notochord, but that the NC cells that populate the tissue 

during development go on to differentiate into chondrocyte-like cells, whilst still 

retaining the expression of some NC cell markers (Cappello et al., 2006). A 

chondrocyte-like phenotype (expressing SOX9, COL2 and ACAN) in NC cells has 

been demonstrated, suggesting that NC cells could potentially differentiate to 

chondrocyte-like cells (Kim et al., 2009). However, the authors fail to address 

whether this differentiation is indicative of in vivo processes, or whether it is merely 

a consequence of in vitro culture methods. Similarly, NC cells cultured in vitro under 

hypoxia have been demonstrated to produce a highly organised cellular construct 

mimicking that observed in vivo, which suggests that in a microenvironment akin to 
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that of the adult human disc, NC cells produce an NP-like ECM (Erwin et al., 2009). 

A mouse degeneration model (employing needle-puncture techniques) demonstrated 

a chondrogenic-like differentiation of notochordal cells as defined by increased type 

II collagen expression, supporting the hypothesis that such cells undergo 

differentiation to smaller NP cells in the mature human disc (Yang et al., 2009). 

Interestingly, the injury was caused to the AF, and the authors suggest that NC cells 

may be susceptible to physical alterations within the annulus, but this was merely 

speculation and investigated no further. Annular alterations are commonly observed 

in human disc degeneration (Peng et al., 2005), raising the question of whether 

resultant atypical load influences the loss of morphologically distinct NC cells.   

The evidence presented so far in this investigation is indicative of sub-populations of 

cells existing within the adult human NP that express differential levels of NC cell 

markers, thereby suggesting that the hypothesis of NC cell differentiation to NP cells 

with a subsequent loss of NC cell marker expression is most likely. The 

aforementioned studies however, fail to elucidate the exact mechanisms of NC cell 

differentiation and loss of distinct morphology within the human IVD, and thus, this 

requires investigation. The IVD, particularly NP, microenvironment is known to 

alter as the IVD ages, with increasing hypoxia, increased load-bearing, decreased 

pH, reduced nutrient supply and induction of a catabolic cytokine milieu noted 

(Diamant et al., 1968, Grunhagen et al., 2006, Le Maitre et al., 2007b, Ohshima and 

Urban, 1992). Given the simultaneous loss of morphologically distinct NC cells from 

the NP, it is possible that the IVD microenvironment is influential to this process.  

 

5.1.2 The Influence of Microenvironment on NC Cells 

The effect of a number of microenvironmental factors on NC cell phenotype and 

function has been investigated. Firstly, regarding tissue pH, levels of lactic acid are 

high in the centre of the IVD. Lactic acid is a bi-product of anaerobic respiration by 

glycolysis, and the high acidity is due to increased distance for removal of metabolic 

waste products through the endplate via diffusion (Diamant et al., 1968). Survival of 

IVD cells is dependent on expression of ASIC3 when cells are exposed to this low-

pH microenvironment (Uchiyama et al., 2007). Carbonic anhydrases are 

metalloenzymes that function to maintain intracellular pH through the catalysis of 
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the reaction CO2 + H2O ↔ H+ HCO3
- 
and carbonic anhydrase-12 has recently been 

demonstrated as expressed by adult human NP cells, where it is postulated that it 

functions to maintain pH levels in this highly acidic environment (Minogue et al., 

2010a). It has been demonstrated that cultures of porcine and bovine NC cells in a 

variety of acidic levels differed in terms of glycolysis and cell survival rates 

(Guehring et al., 2009). A standard pH of 7.4 was demonstrated to promote both 

glycolysis rates and cellular survival as compared to culture in a pH of 6.8; however, 

no investigation as to the effect of pH on notochordal cell phenotype was 

undertaken.  

Low glucose levels are also characteristic of the adult human intervertebral disc 

microenvironment (Grunhagen et al., 2006). The increased distance across which 

small molecules such as glucose must diffuse in the adult IVD results in low glucose 

concentrations in the most central portions of the NP. Disc cells cannot survive in an 

environment where glucose levels are less than 0.5mM (Horner and Urban, 2001) 

and it has been demonstrated that reductions in glucose concentrations result in 

decreased expression of ECM molecules aggrecan and type II collagen (Neidlinger-

Wilke et al., 2012).   High glucose concentration has been shown to be detrimental to 

NC cell proliferation and survival, with increased expression of apoptotic markers 

and MMPs in cells cultured on 0.4M glucose as compared to those cultured with no 

glucose (Park and Park, 2013a). Subsequent investigation showed that high glucose-

induced oxidative stress resulted in cell death via the autophagic pathway (Park and 

Park, 2013b). However, both of these studies undertook culture of rat NC cells in 

monolayer, whilst most of the existing literature demonstrates that a 3D culture 

environment is most appropriate for NC cell culture. Decreased cellular proliferation 

and lactate production rates by NC cells cultured in high glucose were also noted 

(Guehring et al., 2009). However, the effect of glucose on NC cell phenotype and 

differentiation has yet to be investigated, and thus it is still unclear whether this 

culture condition is influential to the loss of NC cells noted in human IVD 

development. 

Mechanical load has previously been demonstrated to influence NC cell phenotype. 

In a rabbit model, compression was applied to discs for up to 56 days and 

histological observations showed that the NP became far more fibrous, with 

disappearance of vacuolated tissue also noted (Guehring et al., 2010). Additionally, 
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cytokeratin-8 immunopositivity was significantly decreased in discs exposed to 

mechanical loading as compared to controls. However, a more extensive 

investigation as to the effects of mechanical load on NC cell phenotype in this study 

would have provided more conclusive evidence as to the detrimental effects of this 

environmental factor on phenotypic maintenance. Interestingly, evidence has shown 

that daily pressurisation increases matrix marker and NOGGIN expression in porcine 

NC cells, whilst T was shown to be maintained, and KRT18 expression decreased 

(Purmessur et al., 2012), but a comprehensive description of loss of NC cell 

phenotypic marker expression, and induction of NP cell marker expression was not 

described. 

Finally, with regards to oxygen state, the healthy adult IVD is generally avascular, 

(Freemont, 2009, Raj, 2008), although some vascularity is noted in the outer AF 

region (Boos et al., 2002). Thus, cells in the central NP of larger lumbar IVDs reside 

up to 20mm from the nearest blood supply (Moore, 2006), and oxygen levels in this 

portion of the tissue are subsequently low (Bartels et al., 1998, Grunhagen et al., 

2006). The number of blood vessels supplying oxygen to the tissue decreases with 

ageing, and IVD cells therefore generate energy through metabolism of glucose to 

form lactic acid, and not via respiration, reducing their need for oxygen (Holm et al., 

1981). Hypoxic culture of canine NC cells has been demonstrated to promote 

formation of an organised cellular construct similar to that observed in vivo; a level 

of organisation absent from concurrent normoxic cultures (Erwin et al., 2009). 

Additionally, histological analysis of these 3D cultures demonstrated superior levels 

of PG deposition in the hypoxic specimens, as compared to normoxic. However, this 

study failed to assess the effect of oxygen state on the phenotype of cells within the 

constructs, relying solely on histological analysis, and thus this requires 

investigation. The effect of low oxygen culture on the metabolism and survival of 

porcine and bovine NP and NC cells has also been investigated, and demonstrated 

that cellular survival is comparable in both normoxic and hypoxic cultures, but that 

lactic acid production is significantly elevated in hypoxic specimens as compared to 

normoxic (Guehring et al., 2009). Like the investigation by (Erwin et al., 2009) the 

authors here also fail to elucidate the impact of low oxygen culture on the phenotype 

of NC cells. Although an understanding of histological differences and alterations to 

intrinsic cellular processes are important, it is vital given the evidence presented that 
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suggests NC cell differentiation precedes the population of NP tissue with 

chondrocyte-like cells, that differences in phenotype in response to oxygen state are 

also described. Such differences were briefly described in a rat model of NC cells, 

and normoxia was shown to promote maintenance of CD24 expression, although the 

authors also suggest that the findings may show that hypoxia induces chondrogenic 

differentiation of NC cells, given increased expression of SOX9 and type IIA 

procollagen (Rastogi et al., 2009). However, as expression levels of only 3 genes 

were investigated, a more extensive description of phenotypic alterations is needed. 

Finally, high levels of inflammatory cytokine expression are noted as a feature of the 

degenerate IVD microenvironment (Le Maitre et al., 2007b). Bovine NP cells 

cultured in the presence of IL-1β with the addition of NC cell-conditioned media 

demonstrated decreased cell death via apoptosis and increased expression of ECM 

markers compared to those cultured in conditioned media obtained from NP cells, 

thereby leading the authors to conclude that NC cells secrete factors protective 

against the deleterious effects of IL-1β (Erwin et al., 2011). However, no evidence 

currently exists as to the direct effects of IL-1β and other pro-inflammatory 

cytokines on the phenotype of NC cells, or their transition to NP cells, and thus, 

further investigation is required. 

 

5.1.3 The Use of Ex Vivo Models and Cell Systems for the Study of the IVD 

The scarcity of developmental human IVD tissue available for research of factors 

influencing the change in cell types populating the NP tissue with ageing in humans 

requires the development of a cell system or ex vivo model to enable such studies. A 

number of small animal models have been employed in numerous IVD 

investigations, including rat, mouse and rabbit (Mccann et al., 2013, Miyagi et al., 

2012, Mwale et al., 2011), but distinct differences in terms of animal age and the 

load exerted on these discs suggests that these models may not be appropriate for 

such studies, thus necessitating the use of larger animal models. Additionally, rodent 

aggrecan molecules are distinct from that of all other mammalian species (Barry et 

al., 1994), and other animal models may therefore be more appropriate. Ovine disc 

biomechanics have been shown to vary significantly with that of the human IVD, 

implying that this may not be the most appropriate model for investigation 
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(Showalter et al., 2012), whilst some canine breeds retain NC cells within the IVD 

and demonstrate a resistance to development of IVD degeneration (Erwin and 

Inman, 2006), which again may not be optimal for study of the human pathology. 

The relative abundance of NC cells in non-chondrodystrophic breeds, and the 

similarities in terms of biochemistry with human discs (Bergknut et al., 2012) makes 

it an attractive source of cells or tissue for investigation of NC cell loss; however, the 

current investigation would rely on the use of cadaveric specimens for analysis, 

where a number of variables could not be controlled for (age, disease state etc.) and 

thus, an alternative species is likely more suitable.  

Species bred for agricultural purposes are advantageous as they are numerous, can be 

age-matched, and are raised in similar environments, reducing the number of 

variables which may introduce bias. The cell population of the porcine NP is 

comprised predominantly of NC cells (Guehring et al., 2009, Purmessur et al., 

2012), although some anatomical differences between human and porcine discs have 

been identified (Bozkus et al., 2005, Dath et al., 2007, Sheng et al., 2010, Showalter 

et al., 2012), and these must be accounted for if in vivo models were to be developed. 

Although anatomical variations have also been noted between bovine and human 

IVDs (Sheng et al., 2010), the biomechanics of discs obtained from bovine tails have 

been shown as similar to that of humans (Ishihara et al., 1996, Oshima et al., 1993). 

Similarities have also been observed between bovine coccygeal discs and humans in 

terms of ECM production (Miyazaki et al., 2009, Oshima et al., 1993). Additionally, 

bovine tails have been demonstrated as populated by both smaller NP cells 

characteristic of the adult human disc, as well as NC cells (Minogue et al., 2010b). 

This is advantageous because when studying alterations to NC cell morphology or 

phenotype, a resident cell population can be utilised for comparison which is 

phenotypically similar to adult human NP cells (Minogue et al., 2010b). 

Whilst selection of the optimal species for investigation is crucial, it is also 

important to design an appropriate model for study, whether that is a cell system, or 

an in vitro or ex vivo model. The obvious choice would be to culture NC cells in 

monolayer in vitro, expose them to a range of microenvironmental factors and study 

the effects. However, NC cells are not plastic adherent, thus necessitating the use of 

a 3D construct in which these cells can be cultured and remain viable (Erwin et al., 

2006, Erwin et al., 2009, Guehring et al., 2009, Kim et al., 2009). Additionally, 
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porcine NC cell explants have been cultured in sterile bags under hydrostatic 

pressure, and maintenance of cell viability was noted (Purmessur et al., 2012). The 

effects of load on NC cell-rich discs have been investigated through the use of ex 

vivo organ culture models, whereby whole motion segments were cultured intact and 

exposed to load (Guehring et al., 2010, Le Maitre et al., 2009), with viability noted 

after long-term culture. Both sterile bag culture methods and ex vivo whole disc 

culture systems are advantageous as cells are not removed from their highly 

specialised ECM, and explants can be exposed to a range of factors, including load, 

simultaneously. A method for separation of NC cells in a mixed population of cells 

obtained from NP tissue has been developed (Cappello et al., 2006, Minogue et al., 

2010b). The sized-based separation of cell populations would allow for the 

characterisation of both small NP cells (akin to that of the adult human IVD) and NC 

cells simultaneously, and the use of a bovine model is advantageous over a porcine 

model as expression of novel NP marker genes applicable to the human NP cell 

phenotype has already been described (Minogue et al., 2010b). However, previous 

studies have failed to assess the purity of isolated cell populations, which must first 

be determined if this methodology is to be utilised for investigation of alterations to 

NC cell populations specifically. 
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5.2 Aims and Hypotheses 

The findings of the current investigation indicate that a proportion of adult human 

NP cells express NC cell markers, and it is hypothesised that these are differentiated 

NC cells, that undergo a change in morphology and phenotype with ageing of the 

adult human IVD. The mechanisms underlying this cellular change is unknown, but 

prior to investigation, a suitable model for study must be developed. Human NC cell-

rich NP tissue is scarce, thus necessitating the use of animal specimens, and given 

that NC cells have previously been isolated from adult bovine coccygeal discs, this 

will be the first animal model investigated. It is hypothesised that cells isolated by 

size-filtration will be distinct in terms of morphology, and the larger cells (>15µm) 

will resemble NC cells and the smaller cells (<8µm) will resemble mature 

chondrocyte-like NP cells, and may share similarities with regards to phenotype. 

Previous literature describing the effects of hypoxia on NC cells is conflicting, but it 

is hypothesised that hypoxic culture will result in decreased expression of NC cell 

phenotypic markers in NP cells and increased expression of NP markers, as hypoxic 

in vitro culture is representative of the in vivo oxygen state thought to precede the 

loss of NC cells. Similarly, as the loss of morphologically distinct NC cells is 

thought to coincide with the onset of disc degeneration, and that expression of pro-

inflammatory cytokines is characteristic of disc degenerative processes, culture of 

NC cells in the presence of inflammatory cytokines is hypothesised to be detrimental 

to the maintenance of NC cell phenotype and morphology. 

 

Thus, the aims of this investigation were two-fold 

1) To establish a cell/tissue model system suitable for studying the hypothesised 

transition of developmental NC cells to a more NP cell-like phenotype and 

morphology, through investigation of histology and gene expression profiles. 

2) To assess the influence of microenvironmental factors on the maintenance 

and/or loss of the NC cell phenotype in vitro with a view to elucidating the 

mechanisms underlying the loss of morphologically distinct NC cells with 

maturity in vivo. 
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5.3 Experimental Design 

Initially, isolation of bovine NP and NC cells was performed using previously 

described methods (Cappello et al., 2006, Minogue et al., 2010b), but due to non-

homogenous separation of cells, a porcine model where discs are comprised 

predominantly of NC cells was then employed, negating the need for size-based 

separation of cells. In order to maintain culture of NC cells, explants of porcine NP 

tissue were used, as 3D culture has been demonstrated as crucial to maintenance of 

NC cell viability in vitro. Cells were exposed to microenvironmental factors akin to 

that of the adult human IVD, and effects on both the gene and protein expression 

profiles of these cells analysed. Sub-optimal results necessitated the further 

development of this porcine model to include the culture of porcine whole motion 

segments, thereby maintaining both the 3D culture environment required for NC cell 

culture, as well as applying constraint to NP tissues in both normoxia and hypoxia. 

5.3.1 Isolation of Bovine IVD Tissue 

5.3.1.1 Equipment, Materials and Reagents 

5.3.1.1.1 Equipment 

Orbital shaking incubator     Hybaid 

Cytospin       Thermo Scientific 

 

5.3.1.1.2 Materials 

1ml syringe       BD Biosciences 

5ml syringe       BD Biosciences 

8µm cell filter       BioDesign Inc. 

15µm cell filter      BioDesign Inc 

24-blade scalpel      Swann Morton 

50ml tubes       BD Biosciences 

250ml sterile bottle      BD Biosciences 

Autoclaved bone saw      Morton Swann 

Positively charge microscope slides    Thermo Scientific 

Sterile forceps       Morton Swann 

Sterile petri dish      Sterilin Limited 

 

5.3.1.1.3 Reagents 

Antibiotic/antimycotic     Sigma Aldrich 

Dulbecco’s Modified Eagle Medium (DMEM)  Sigma Aldrich  

Heparin (25kU)      Sigma Aldrich 

Methanol       Thermo Scientific 

Dulbecco’s Phosphate Buffered Saline (PBS)  Sigma Aldrich 



 241   
 

5.3.1.2 Protocol for Isolation of Bovine Coccygeal IVDs 

Bovine tails were obtained from the local abattoir and processed within 18 hours of 

slaughter (stored at 4°C upon arrival). The board used for dissection was autoclaved 

prior to use and opened within the sterile class II microbiology cabinet. Starting at 

the apex of the tail (where IVDs are largest), excess muscle, fat and connective tissue 

were removed using a sterile 24-blade scalpel in order that the disc to be removed 

could be exposed. A sterile bone saw was used to cut into the vertebrae as close to 

the bony endplate as possible. As the disc was isolated from the tail, 2ml heparin 

solution (20U/ml) was administered to the endplate using a 5ml syringe in order to 

prevent blood from clotting on the endplate. A bone saw was used to cut at the other 

bony endplate boundary, thereby isolating the disc whole, and discs were then 

submerged in a dish of dilute heparin solution (20U/ml) for 15 minutes. A total of 6 

discs were isolated. One disc was fixed in 4% (w/v) paraformaldehyde for 3 days, 

then processed and wax embedded as detailed in 2.3.3. 

 

5.3.1.3 Enzymatic Digestion of Bovine NP Tissue and Sized-Based Cell Separation 

For the remaining 5 discs, NP tissue was enzymatically digested as detailed in 

2.1.3.1. The cell suspension was passed through a 40µm cell strainer into a 50ml 

tube. Cells were centrifuged at 500g for 5 minutes, the supernatant removed by 

aspiration, and cells resuspended in 10ml of serum-free DMEM containing 

4500mg/L glucose, L-alanyl-L-glutamine, NaHCO3 and pyridoxine HCl, 

supplemented with antibiotic/antimycotic (10,000U/ml penicillin, 10mg/ml 

streptomycin, 25µg/ml amphotericin). Sized-based filtration of cells was then 

undertaken. Figure 5.1 illustrates the materials used for the cell separation. The cell 

suspension was poured into the tube in Figure 5.1 using a 10ml stripette, allowing 

for control of flow rate through the filter, so that the sufficient time was allowed for 

the solution to pass through the membrane and so that an appropriate volume of cell 

suspension poured into the apparatus initially. The aspirator tube was intermittently 

applied to the 1ml syringe tip inserted into the side of the 50ml tube, thereby creating 

a light vacuum forcing the solution to pass through the filter. Cells were first filtered 

through the 15µm cell filter, and the filter was subsequently washed in 20ml media 

to detach cells (>15µm in size). The filtrate that passed through the 15µm filter was 

filtered a second time through an 8µm cell filter using the same technique. The filter 
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was washed in 20ml media to detach cells (8-15µm in size) and the filtrate retained 

as it contained the small NP cells (<8µm). Following this, cells were resuspended in 

an appropriate amount of media to allow for a proportion of cells to be subject to 

RNA extraction (as detailed in 2.2.2 and 2.2.3) and a proportion to be cytospun for 

histological analysis. 

 
Figure 5.1 Materials utilised in bovine cell separation. 

 

5.3.1.4 Cytospinning of Cells 

Positively-charged microscope slides were inserted into the cytospin apparatus, and 

100µl of the appropriate cell suspension pipetted into the funnel. Slides were spun at 

800rpm for 10 minutes. The filter paper was removed carefully so as to not disturb 

the spun cells, and slides were fixed in 100% methanol for 5 minutes at room 

temperature. Slides were then transferred to PBS for short-term storage at 4°C, prior 

to histological staining by Giemsa stain (described in 5.3.9.2). 

5.3.2 Isolation of Porcine IVD Tissue 

5.3.2.1 Materials and Reagents 

5.3.2.1.1 Materials 

24-blade scalpel      Morton Swann 

Sterile petri dish      Sterilin Limited 

 

5.3.2.1.2 Reagents  

Antibacterial mouthwash     Tesco 

Antibiotic/antimycotic     Sigma Aldrich 

Dulbecco’s Modified Eagle Medium (DMEM)  Sigma Aldrich 

Foetal bovine serum      Gibco 

Gentamicin       Invitrogen 

Hank’s balanced salt solution (HBSS)   Sigma Aldrich 
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Heparin (25kU)      Sigma Aldrich 

HEPES       Sigma Aldrich 

L-Ascorbic acid      Sigma Aldrich 

Paraformaldehyde      Sigma Aldrich 

Phosphate buffered solution (PBS)    Sigma Aldrich 

 

5.3.2.2 Protocol for Isolation of Porcine IVD Tissue 

Pigs (11 weeks old) sacrificed at a local abattoir and transferred to the laboratory 

within 4 hours were utilised in this study. Dissection of the spine was performed 

under sterile conditions, and care was taken when removing the spine as to leave the 

spinal cord intact in situ to avoid issues of contamination. Excess muscle and 

connective tissue was removed from the spine prior to NP tissue dissection. The 

lower lumbar disc levels could not be removed due to the presence of the pelvic 

bone, whilst the upper most cervical disc levels had such large bony processes that a 

smooth excision was not possible. Once the remaining portion of the spine was 

dissected, specimens were transferred to a class II microbiology cabinet for further 

dissection. Where the NP tissue was to be cultured as an explant, a sterile 24-blade 

scalpel was used, and an incision made in the posterior AF, close to the boundary 

with one of the CEPs. Keeping the incision close to the edge of the IVD allowed 

removal of the whole NP rather than tissue fragments, which was essential for this 

experiment. Using a fresh scalpel blade and sterile spatula, NP tissue was detached 

from the surrounding AF and placed into a sterile petri dish containing PBS to 

remove any blood contaminants prior to culture. This process was repeated for each 

of the disc levels. Approximately 15 NP explants were excised from each spine.  

Where discs were to be cultured as whole motion segments, the IVD was dissected 

using a 24-blade scalpel. The discs were excised so that 1-2mm of anterior and 

posterior endplate was located at either end of the IVD segment, with the AF and NP 

constrained between the two. Upon complete excision, discs were soaked in 250ml 

0.02kU/ml heparin in Hank’s Balanced Salt Solution (HBSS) for 15 minutes to 

remove blood clots. Sterile forceps were then used to transfer discs to a sterile 

culture pot containing 250ml 10% (v/v) mouthwash in PBS and soaked for 15 

minutes. Following this, discs were soaked in PBS for 10 minutes and then briefly 

washed in medium (DMEM containing 4500mg/L glucose, L-alanyl-L-glutamine, 

NaHCO3 and pyridoxine HCl, supplemented with 10% FBS and 

antibiotic/antimycotic (10,000U/ml penicillin, 10mg/ml streptomycin, 25µg/ml 
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amphotericin) 25µg/ml ascorbate, 20mM HEPES and 50µg/ml gentamicin). Discs 

were subsequently cultured as outlined in 5.3.4. 

 

5.3.3 Culture of NP Explants 

5.3.3.1 Equipment, Materials and Reagents 

5.3.3.1.1 Equipment 

Hypoxic culture chamber    Laboratory Products Inc 

Hypoxic culture incubator    Binder 

Normoxic culture incubator    Binder  

 

5.3.3.1.2 Materials 

24-well culture plate     BD Falcon 

Bottle top filter     BD Falcon 

Cell culture inserts (0.4µm)    BD Falcon 

 

5.3.3.1.3 Reagents 

Antibiotic/antimycotic    Sigma Aldrich 

Dulbecco’s Modified Eagle Medium (DMEM) Sigma Aldrich 

Foetal bovine serum     Gibco 

L-ascorbic acid     Sigma Aldrich 

Recombinant IL-1β     Peprotech 

 

5.3.3.2 Explant Culture Protocol 

Sterile cell culture inserts were placed inside the wells of a 24-well culture plate 

using sterile forceps, and 600µl culture media (DMEM containing 4500mg/L 

glucose, L-alanyl-L-glutamine, NaHCO3 and pyridoxine HCl, supplemented with 

10% FBS, 25µg/ml ascorbate and antibiotic/antimycotic (10,000U/ml penicillin, 

10mg/ml streptomycin, 25µg/ml amphotericin)) pipetted into the bottom of each 

well. The NP tissue explant was placed into each insert using sterile forceps and 

200µl culture media applied to the top of each explant. Where explants were exposed 

to IL-1β in the culture media, this was added to the media just prior to pipetting into 

the wells. The same plate set-up was duplicated in hypoxia, and set up in a sterile 

hypoxic chamber (2% O2). For each of the following experimental parameters, an 

n=7 tissue explants was employed: 
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 Normoxic culture, standard media 

 Normoxic culture, media supplemented with 10ng/ml recombinant IL-1β 

 Hypoxic culture, standard media 

 Hypoxic culture, media supplemented with 10ng/ml recombinant IL-1β 

Explants were cultured for 14 days in either hypoxic (2% O2, 37°C, 5% CO2) or 

normoxic (21% O2, 37°C, 5% CO2) incubators, with media changed every 48 hours. 

Oxygen was removed from media for hypoxic culture by filtration through a bottle-

top filter in a hypoxic chamber. Non-cultured tissue explants served as controls, and 

following excision, one explant was fixed for histological analysis (see 2.3.2 and 

2.3.3) and six explants were subject to RNA extraction placing in sealed tin foil, 

snap-freezing in liquid nitrogen and stored at -80°C prior to RNA extraction as 

detailed in 5.3.5. Following the 14 days in culture, one explant from each condition 

was processed for histological analysis. Six further explants were sealed in tin foil, 

snap frozen in liquid nitrogen and stored at -80°C as above. 

 

5.3.4 Culture of IVD Whole Motion Segments 

5.3.4.1 Equipment and Materials 

5.3.4.1.1 Equipment 

Hypoxic culture chamber    Laboratory Products Inc 

Hypoxic culture incubator    Binder 

Normoxic culture incubator    Binder 

Waterbath      Stuart Scientific 

 

5.3.4.1.2 Materials 

24-blade scalpel     Swann Morton 

Whirl-pak bags     SLS 

 

 

5.3.4.2 Whole Motion Segment Culture Protocol 

For initial testing, 4 excised whole motion segments were placed in Whirl-pak bags 

using sterile forceps, and 50ml medium added to each bag using sterile 25ml 

stripettes (DMEM containing 4500mg/L glucose, L-alanyl-L-glutamine, NaHCO3 

and pyridoxine HCl, supplemented with 10% FBS and antibiotic/antimycotic 

(10,000U/ml penicillin, 10mg/ml streptomycin, 25µg/ml amphotericin) 25µg/ml 

ascorbate, 20mM HEPES and 50µg/ml gentamicin). Air bubbles were removed from 
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the bags, and bags tightened and incubated in a 37°C waterbath (prepared using 

sterile deionised water) for 7 days, with media changed every 48 hours. One disc was 

processed for histological analysis as a day 0 control (as outlined in 2.3.2 and 2.3.3), 

and one disc dissected into NP and AF tissue using a 24-blade scalpel, placed sealed 

in tin foil, snap-frozen in liquid nitrogen and stored at -80°C prior to RNA extraction 

(see 5.3.5). During media changes, discs were placed into fresh Whirl-pak bags using 

sterile forceps, exposing the tissue to air for as short time as possible. After 7 days, 

one disc was processed whole for histological analysis (detailed in 2.3.2 and 2.3.3) 

and the remaining 3 discs processed for RNA extraction, as outlined for day 0 

specimens. 

Following initial testing, the effect of hypoxic culture on the phenotype of porcine 

NP cells was assessed by culturing whole motion segments in normoxia and 

hypoxia. As it was not possible to expose discs to a hypoxic environment using the 

Whirl-pak bag and waterbath method, 8x discs were placed in sterile sample pots 

containing 50ml complete medium (detailed above) and 4x pots incubated in a 

normoxic culture incubator (37°C, 5% CO2, 21% O2) and 4x pots incubated in a 

hypoxic culture incubator (37°C, 5% CO2, 2% O2) for 7 days, with media changed 

every 48 hours. The lids of the pots were left slightly loose when in the incubators to 

allow for gaseous exchange to occur. Oxygen was removed from media for hypoxic 

cultures as outlined in 5.3.3.2 and all media changes for the hypoxic cultures 

performed in a hypoxic chamber, with normoxic cultures changed in a class II 

microbiology cabinet. One whole disc was processed for histological analysis at day 

0 to serve as a control (detailed in 2.3.2 and 2.3.3) and NP dissected from 3x discs 

and processed for RNA extractions. After 7 days, 1x disc cultured in normoxia, and 

1x disc cultured in hypoxia were processed whole for histological analysis (detailed 

in 2.3.2 and 2.3.3) and the remaining 3 discs at each oxygen tension processed for 

RNA extraction. 
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5.3.5 Extraction of Total RNA from Porcine Tissue Explants 

5.3.5.1 Equipment, Materials and Reagents 

5.3.5.1.1 Equipment 

Homogenising apparatus    Amazon 

Rubber mallet      B&Q 

Vice       B&Q 

Vortex       Grant Instruments 

 

5.3.5.1.2 Materials 

RNase-free microcentrifuge tubes   Axygen 

RNase-free pipette tips    Corning 

 

5.3.5.1.3 Reagents 

TriReagent      Invitrogen 

 

 

5.3.5.2 RNA Extraction Protocol 

Specimens frozen at -80°C were transferred again to liquid nitrogen to ensure that 

they were as cold as possible. Following baking of the apparatus for tissue 

homogenisation (Figure 5.2) at 225°C for 18 hours, it was cooled to -80°C overnight. 

The apparatus was removed from the freezer just prior to use to ensure that it 

remained cool for as long as possible. Specimens were removed from the tin foil 

packets using sterile forceps and placed into the base of the apparatus (indicated by 

the red arrow) and the piston placed on top. The apparatus was placed into a vice and 

a force applied to the piston using a mallet, resulting in the tissue being powdered. 

Using a sterile spatula, powdered tissue was transferred to 1.5ml RNase-free MCTs, 

and 1ml TriReagent applied. Each MCT was vortexed briefly to ensure maximum 

recovery of RNA from the tissue and incubated at room temperature for 15 minutes, 

vortexing briefly every 5 minutes. Tubes were then stored at -80°C prior to RNA 

extraction, following the procedure outlined in 2.2.2. Specimens were then subject to 

DNase treatment and cDNA synthesis as detailed in 2.2.3 and 2.2.4. 
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Figure 5.2 Apparatus for homogenising disc tissues. Specimens were placed in the 

base of the unit (red arrow) and the piston placed on top, prior to application of a 

force resulting in the tissue being powdered. 

 

5.3.6 Optimisation of Bovine and Porcine qPCR Primers 

5.3.6.1 Equipment, Materials and Reagents 

5.3.6.1.1 Equipment 

Centrifuge      Thermo Scientific 

Positive displacement pipette    Gilson 

StepOnePlus Real Time PCR Machine  Invitrogen 

 

5.3.6.1.2 Materials 

96-well PCR plate     Starlab 

Optical Adhesive film     Starlab 

Positive displacement pipette tips (10µl)  Gilson 

 

5.3.6.1.3 Reagents 

Fast SYBR Green Universal Mastermix  Applied Biosystems 

Molecular biology-grade water   VWR 

Bovine oligonucleotides    Applied Biosystems 

Porcine oligonucleotides    Sigma Aldrich 

 

5.3.6.2 qPCR Primer Optimisation 

Primers required optimisation prior to use in gene expression analyses. The porcine 

primers differed from that used previously in that they were designed for use with 

SYBR Green mastermix, and therefore do not require the use of a fluorescent probe. 
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Primers were assessed at concentrations of 750nM and 500nM, diluted in molecular 

biology-grade water. Each primer concentration was tested in triplicate across 3 

dilutions of control cDNA: 12.5ng/µl, 2.5ng/µl and 0.5ng/µl. Mastermix for the 

experiment was generated as follows: 5µl Fast SYBR Green Universal Mastermix, 

1µl forward primer, 1µl reverse primer and 1µl molecular biology-grade water per 

well. Eight microlitres of mastermix was pipetted using a positive displacement 

pipette into each well of a 96-well PCR plate, and 2µl of control cDNA (from bovine 

genomic DNA or whole porcine organ cDNA generated in-house) added to the 

relevant wells. The plate was sealed using optical adhesive film, centrifuged at 

2000g for 60 seconds and PCR performed using a StepOnePlus Real Time PCR 

Machine using the following experimental parameters: 95°C for 20 seconds followed 

by 40 cycles of 95°C for 1 seconds and 60°C for 20 seconds. As these assays did not 

use a probe, melt curves were also generated in order to ensure that only the desired 

products were being formed, rather than non-specific secondary products. Standard 

curves were constructed using the serial dilution of control cDNA for each primer 

concentration and primers were considered optimal when the reaction efficiency was 

95-105%. 

 

5.3.7 Gene Expression Analysis by qPCR 

5.3.7.1 Quantitative Real-Time PCR Methodology 

The expression levels of various genes were assessed using qPCR: COL1A1, 

COL2A1, ACAN, KRT8, KRT18, KRT19, CAXII, IBSP, NOTO, FOXJ1, T, 

FOXA2, LGALS3 and NOGGIN. Expression levels were normalised to that of the 

internal reference gene GAPDH. Bovine-specific primer sequence information and 

optimal concentration information is detailed in Table 5.1, whilst those pertaining to 

analysis of porcine specimens are listed in Table 5.2. An assay mastermix was 

generated as outlined in 5.3.6.2. Each sample was analysed in triplicate, with two 

negative and two positive control wells also tested. The negative control wells 

contained 2µl molecular biology-grade water in place of cDNA, whilst the positive 

control wells contained 2µl of the porcine whole organ cDNA or bovine genomic 

DNA used for primer optimisation in 5.3.6.2. Experimental parameters were the 

same as that described in 5.3.6.2. 
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Table 5.1 Bovine qPCR Primer Details 
Gene Name Forward Primer Sequence 5’-3’ Reverse Primer Sequence 5’-3’ Optimal Primer 

Concentration 

GAPDH TGCCGCCTGGAGAAACC CGCCTGCTTCACCACCTT 500nM 

SOX9 GGGAAGCCTCACATCGACTTC 

 

GGACATTACCTCATGGCTGAT

CT 

 

500nM 

COL2A1 CGGGCTGAGGGCAACA 

 

 

CGTGCAGCCATCCTTCAGA 500nM 

ACAN GGGAGGAGACGACTGCAATC 
 

 

CCCATTCCGTCTTGTTTTCTG 500nM 

CAXII CCAACAACGGCCACTCAGT 
 

 

CCCCGGACCTGCATGTC 
 

500nM 

IBSP GTTTTAATTTTGCTCAGCATTT

TGG 

GGCTCTTCGATTCAAATTTTTC

A 

 

500nM 

FBLN1 GCAGCGCAGCCAAGTCAT 

 
 

AGATATGTCTGGGTGCTACAA

ACG 

500nM 

T ACTTCGTGGCGGCTGACA 

 
 

GCACCCACTCCCCATTCA 500nM 

LGALS3 AGGCCTCGCATGCTGATAAC 

 

 

AAGCAAGTCTGTTCGCATTGG 

 

500nM 

CD24 TTCTGGCGCTGCTCTTACCT 

 

 

GGGAGGAGTTACTTGGTGTTA

CAAC 

500nM 

 

Table 5.2 Porcine qPCR Primer Details 
Gene Name Forward Primer Sequence 5’-3’ Reverse Primer Sequence 5’-3’ Optimal Primer 

Concentration 

GAPDH GTATGATTCCACCCACGG 
 

GATCTCGCTCCTGGAAGA 
 

500nM 

COL1A1 AGTTGTCTTATGGCTATGATG

AG 

GACCACGAGGACCAGAAG 

 

500nM 

COL2A1 TATAATGATAAGGATGTGTGG
AA 

GATTATGTCGTCGCAGAG 
 

500nM 

ACAN GACTTTAGTGAACTTCCATCT 

 

GCCCAAATGTTTCTCCAG 

 

500nM 

KRT8 CCTCTGATGTCCTGTC 
 

TGAATTGGCTTGGAGT 
 

500nM 

KRT18 CAGGGACTGGAGTCATTA 

 

GCATTGTCCACAGAACTT 

 

500nM 

KRT19 AAGAAGAACCACGAGGAG 
 

GGAGCCGAATCAACCT 
 

500nM 

CAXII ACACACATGGATGACCC 

 

CAGCCTCTCGTCAAACT 

 

750nM 

NOTO CGATACCAGCGTCCAG 

 

CCTCTGTCCCCATCCT 250nM 

FOXJ1 GCTCGTGGATGTTGAC 

 

TTGGCGTTGAGAATGG 

 

250nM 

FOXA2 AGCATTCTCATTCTTGACA 
 

GCAGTAGGAACACACATT 
 

500nM 

T CCTTCAGCAAAGTCAAGC 

 

CGTACTTATGTAAGGAGTTCA

G 

250nM 

NOGGIN AGTGCTCATGCTAGAACT 
 

GAAAGCTAGGTCTCTGTAG 
 

500nM 
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5.3.7.2 qPCR Data Analysis 

Data was analysed according to both the ΔCt and ΔΔCt method (Livak and 

Schmittgen, 2001). In experiments where specimens did not undergo culture for a 7 

or 14 day timepoint, RNA from day 0 control specimens was not generated to 

normalised data back to in the ΔΔCt method. In these conditions, ΔCt analysis was 

performed. In order to assess for statistical significance, Mann Whitney-U tests were 

employed, and GraphPad InStat software utilised for analysis. 

 

5.3.8 Confirmation of Cell Viability by Total Message In Situ Hybridisation 

Cellular viability at the end of the culture period was assessed in order to ensure that 

the culture protocol was not detrimental to explant viability. 

 

5.3.8.1 Equipment, Materials and Reagents 

5.3.8.1.1 Equipment 

Humidity chamber    Patolab    

UV Transilluminator    RS Component 

 

5.3.8.1.2 Materials 

22x40mm coverslips    Scientific Laboratory Supplies 

Loctite glue     Loctite 

Positively charged microscope slides  Thermo Scientific 

 

5.3.7.1.3 Reagents 

30% (v/v) hydrogen peroxide   Thermo Scientific 

Anti-Dig-AP, Fab fragments   Roche 

Boehringer Blocking Reagent   Boehringer 

Cobalt chloride (CoCl2)   Sigma Aldrich    

Diethylpyrocarbonate (DEPC)  Sigma Aldrich 

Dig-11-UTP     Roche 

Diemthyl formamide    Sigma Aldrich 

Ethylenediaminetetraacetic acid (EDTA) BDH 

Fast red ITR     Sigma Aldrich 

Glycine     Fisher Scientific 

Hydrochloric acid (HCl)   Fisher Scientific 

Industrial methylated spirits (IMS)  Fisher Scientific 

Levamisole     Sigma Aldrich 

Magnesium chloride    BDH 

Mayer’s haematoxylin   Solmedia 

Naphthol AS-BI phosphate   Sigma Aldrich 
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Paraformaldehyde    Sigma Aldrich 

PIPES      Sigma Aldrich     

Poly-dTTP (2.5mM)    Roche 

Poly-d(T) probe    Roche 

Polyethylene glycol 6000   Sigma Aldrich    

Proteinase K     Promega 

Salmon sperm DNA    Life Technologies 

Sodium acetate    Sigma Aldrich 

Sodium barbitone    Sigma Aldrich  

Sodium chloride (NaCl)   Fisher Scientific 

Sodium citrate     Sigma Aldrich 

Terminal transferase (400U)   Roche 

Terminal transferase tailing buffer (5x) Roche 

Tris-Base     Fisher Scientific 

Triton-X 100     Sigma Aldrich 

Xylene      Fisher Scientific 

 

 

5.3.8.2 In Situ Hybridisation Methodology 

At completion of the 14-day culture protocol, explants were removed from the 

culture inserts using sterile forceps, and washed briefly in sterile PBS to remove any 

traces of culture media. Explants were then placed in a 15ml centrifuge tube 

containing 5ml 4% (w/v) paraformaldehyde, and incubated at 4°C for 24 hours. 

Specimens were then washed in PBS twice before being processed and wax-

embedded as outlined in 2.3.3. 

All glassware used in this experiment was treated for ubiquitous RNase 

contamination by treating with 3% (v/v) hydrogen peroxide and baking at 250°C for 

3 hours. Additionally, all solutions were treated with 0.1% (v/v) 

diethylpyrocarbonate (DEPC) or prepared in DEPC-treated water followed by 

autoclaving. Wax-embedded sections were cut and mounted as detailed in 2.3.4. 

Prior to commencing the protocol, slides were incubated at 60°C for 48 hours to 

ensure that specimens were firmly attached to the slide surface. Slides were then 

heated on a hotplate to thoroughly melt the wax, before dewaxing in xylene for 3 x 5 

minutes and rehydrating in IMS for 4 x 3 minutes. Sections were rinsed in DEPC-

treated water for 10 minutes, and then immersed in 0.2N HCl for 20 minutes. 

Sections were rinsed in 2X SSC (300mM NaCl, 30mM sodium citrate) for 2 x 3 

minutes and then rinsed in 50mM Tris HCl pH 7.4 for 3 minutes. Slides were placed 

in humidity chambers and 5µg/ml proteinase K applied to each, before incubating at 

37°C for 1 hour. Slides were then rinsed in 0.2% glycine (v/v) in PBS for 2 x 3 
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minutes and then in PBS alone for 2 x 3 minutes. Specimens were then subject to 

post-fixation, by incubating in cold 0.4% (w/v) paraformaldehyde for 20 minutes, 

followed by rinsing in DEPC-treated water. 

A pre-hybridisation step was then conducted in order to block non-specific binding 

sites and decrease background signal. Hybridisation buffer (2ml) was made up as 

follows: 240µl 5M NaCl, 200µl 10X PE (100mM PIPES pH 6.8, 10mM EDTA), 

20µl 10mg/ml salmon sperm DNA, 400µl 50% (v/v) polyethylene glycol 6000 and 

1140µl DEPC-treated water. Slides were placed in a humidity chamber and 100µl of 

pre-hybridisation buffer applied to each slide. A coverslip was placed over negative 

control sections. All slides were incubated at 37°C for 1 hour. The probe was then 

prepared as follows: 10µl 5x terminal transferase tailing buffer, 10µl 25mM CoCl2 

solution, 3.5µl 2.5mM poly dTTP, 2µl 1mM Dig-11-UTP, 1µl 1µg/ml poly d(T) 

probe, 22.5µl DEPC-treated water and 1µl terminal transferase (400U). The prepared 

probe was incubated at 37°C for 15 minutes, and the labelling reaction stopped by 

adding 5µl 0.2M EDTA pH 8.0. This probe was then utilised in making the 

hybridisation buffer as follows: 120µl 5M NaCl, 100µl 10X PE, 10µl 10mg/ml 

salmon sperm DNA, 200µl 50% (v/v) polyethylene glycol 6000, 520µl DEPC-

treated water and 50µl of the prepared Dig-labelled poly d(T) probe. The pre-

hybridisation buffer was poured off the sections (excluding the negative control) and 

50µl of hybridisation buffer applied to each test slide. Negative control sections were 

not tested with probe. Each was covered with a coverslip and incubated at 37°C 

overnight. 

Post-hybridisation washes were then performed. Coverslips were removed from 

sections by rinsing in 4X SSC (600mM NaCl, 60mM sodium citrate). Slides were 

then washed in 2X SSC (300mM NaCl, 30mM sodium citrate) for 3 x 10 minutes at 

37°C. Slides were then washed in 0.1% Triton-X 100 (v/v) in TBS at room 

temperature for 15 minutes. Detection of the Dig-labelled probe was then performed 

using alkaline phosphatase, visualised with fast red and naphthol salt. Briefly, 

sections were rinsed in ISH buffer (0.15M NaCl, 0.1M Tris, pH 7.5) for 5 minutes. 

Non-specific binding sites were then blocked by incubating sections in 100µl 0.5% 

(w/v) Boehringer blocking reagent in ISH buffer for 30 minutes at room temperature. 

The blocking solution was poured off slides and tissue used to wipe around the 

section. The antibody conjugate (Anti-Dig-AP, Fab fragments) was diluted 1:250 in 
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blocking solution and applied to each section, followed by incubation at room 

temperature for 2 hours. The antibody conjugate was poured off the slides, which 

were then rinsed in ISH buffer for 2 x 15 minutes. Sections were then rinsed briefly 

in veronal acetate buffer (30mM sodium acetate, 30mM sodium barbitone, 100mM 

sodium chloride, 50mM magnesium chloride pH 9.2). A detection solution was 

prepared as follows: 0.5mg/ml fast red ITR and 0.2mg/ml levamisole added to 

100ml veronal acetate buffer and mixed until dissolved. Naphthol AS-BI phosphate 

(250mg/ml) was dissolved in dimethylformamide (made in a glass container), and 

200µl added immediately to the veronal acetate buffer containing fast red and 

levamisole. The detection solution was filtered and prior to incubating slides for 1 

hour at room temperature. The detection buffer was poured off and slides washed in 

cold water until non-specific staining was reduced. Sections were counterstained in 

haematoxylin for 30 seconds, and slides rinsed in water for 10 minutes. Finally, 

sections were air dried for approximately 15 minutes, mounted in Loctite, and glass 

coverslips bonded using UV irradiation applied for 5 minutes. 

 

5.3.9 Histological Analysis of Morphology and Changes to NP Extracellular Matrix 

5.3.9.1 Materials and Reagents 

5.3.9.1.1 Materials 

Glass coverslips (22x40mm)   Scientific Laboratory Supplies 

Shandon consul permanent mountant  Thermo Scientific 

 

5.3.9.1.2 Reagents 

Acetic acid     Fisher Scientific 

Fast green     Difco 

Giemsa reagent    Thermo Fisher  

Jenner reagent     TCS Biosciences 

Masson trichrome staining kit   Biostain Ready Reagent 

Mayer’s haematoxylin   Solmedia 

pH 6.4 buffer solution    Merck   

Safranin-O     Sigma Aldrich 

Weigert’s haematoxylin   TCS Biosciences Ltd 

 

5.3.9.2 Giemsa Staining 

Slides were placed into a coplin jar and 0.3% (w/v) Jenner (in 100% methanol) 

added to half-fill the jar, incubating the slides for 2 minutes. The solution within the 

coplin jar then filled to the top with pH 6.4 buffer solution and slides incubated for a 
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further 60 seconds. The Jenner solution was poured off the slides, and 2% (v/v) 

Giemsa stain (in pH 6.4 buffer solution) applied, and slides incubated for 20 

minutes. Following this, Giemsa stain was poured off the slides and slides washed 

twice using pH 6.4 buffer solution. Slides were placed on a sheet of filter paper, and 

a second sheet of filter paper applied to the top, gently pressing on the slides to 

remove excess stain and buffer solution. Slides were mounted in Shandon Consul 

permanent mountant, and a 22x40mm glass coverslip applied. 

 

5.3.9.3 Masson Trichrome Staining 

Wax embedded sections 5µm in thickness were prepared as detailed in 2.3.4 and 

were dewaxed in xylene for 3 x 5 minutes, followed by rehydration in IMS for 4 x 5 

minutes. Weigert’s haematoxylin was applied to each slide, and incubated for 10 

minutes. Haematoxylin was poured off each slide, and ponceau fuchsin masson 

applied for 10 minutes. Following this, slides were briefly washed in deionised 

water, and phosphotungstic acid applied for 10 minutes. Slides were again washed in 

deionised water and aniline blue applied to each, followed by incubation for 8 

minutes. Slides were then drained and 1% (v/v) acetic acid applied. After 5 minutes 

of incubation, slides were washed in deionised water, dehydrated in IMS for 4 x 1 

minute, and cleared in xylene for 3 x 3 minutes. Finally, slides were mounted using 

Shandon Consul permanent mountant and covered with a 22x40mm glass coverslip. 

 

5.3.9.4 Safranin-O/Fast Green Staining 

Wax embedded specimens 5µm in thickness were dewaxed in xylene for 3 x 5 

minutes, rehydrated in IMS for 4 x 5 minutes and stained in filtered Weigert’s 

haematoxylin for 3 minutes. Sections were washed in tap water for 10 minutes and 

stained in 0.2% (w/v) Fast Green for 5 minutes. Slides were washed briefly in 1% 

acetic acid and the liquid poured off the slides. Sections were then stained in filtered 

0.1% (w/v) Safranin-O for 4 minutes. Finally, sections were rinsed in IMS for 1 

minute, dehydrated further in IMS for 4 x 3 minutes, cleared in xylene for 3 x 5 

minutes and mounted in Shandon Consul permanent mountant and covered with a 

22x40mm glass coverslip. All histological analysis was performed as outlined in 

2.3.8. 
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5.4 Results 

5.4.1 Size-Based Separation of NP and NC Cells from Bovine Coccygeal Disc 

Tissue 

Haematoxylin and eosin stained sections of fixed bovine IVD tissue provided 

evidence that NC cell clusters existed within the NP tissue (Figure 5.3B), as well as 

small chondrocyte-like NP cells, akin to that of the adult human IVD (Figure 5.3A). 

 
Figure 5.3 Haematoxylin and eosin stained sections of bovine coccygeal NP. 

Small NP cells (A) and NC cells (B) identified within the tissue sections. Scale bars= 

50µm. 

 

Gene expression profiles of isolated NP and NC cells from enzymatically-digested 

tissue were subsequently compared (Figure 5.4). In terms of the expression of the 

classic chondrogenic markers, expression of ACAN did not differ significantly 

between NP and NC cells (p= 0.8417). Expression of both SOX9 and COL2A1 was 

significantly greater in NP as compared to NC cells (p= 0.0091 and p= 0.0086 

respectively), whilst expression of the novel NP cell marker CAXII was not 

significantly different between the two cell types (p=0.6343). Regarding the 

expression of novel NP cell negative markers, IBSP expression was comparable 

between the two cell types (p=0.5344), but expression of FBLN1 was significantly 

decreased in NC when compared to NP cells (p= 0.0004). Notochordal cell markers 

T, LGALS3 and CD24 were all detected in bovine NP and NC cells, with both 

LGALS3 and CD24 significantly more highly expressed in NC as compared to NP 

cells (p= 0.0391 and p= 0.0095 respectively). Expression of T did not vary 

significantly between the two cell types (p= 0.7656). 
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Figure 5.4 Gene expression profiles of isolated bovine NP and NC cells. Bovine 

small NP cells (<8µm; black bars) and NC cells (>15µm; grey bars) were compared 

for their gene expression profiles for a genes SOX9, COL2A1, ACAN, CAXII, 

IBSP, FBLN1, T, LGALS3 and CD24. *p=0.05 **p=0.01 **p=0.001. 

 

 

Figure 5.5 illustrates the morphology and size of bovine NP cells separated by size-

based filtration following cytospinning of the preparation. Both filtrates appeared to 

contain cells that were similar in terms of size and morphology. The arrows indicate 

that both separations contained cells that appeared to be vacuolated, like NC cells, 

but also smaller cells, akin to the adult chondrocyte-like NP cells, indicative of 

heterogeneous cell populations. Additionally, portions of undigested ECM tissue 

were apparent in the cell suspension obtained from the 15µm filter, which may have 

affected the ability of cells to pass through the membrane. 
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Figure 5.5 Giemsa stained isolated bovine NP and NC cells. Supposed bovine 

small NP cells (<8µm; A) and NC cells (>15µm; B) were stained with giemsa to 

compare and confirm isolated cells were distinct in terms of size and morphology. 

Arrows indicate the presence of NC cells in both populations. Undigested ECM 

tissue was also apparent in the cell suspension obtained from the 15µm filter (green 

circle). Scale bar =25µm. 

 

5.4.2 Assessment of the Porcine NC Cell Phenotype as a Suitable Model 

Given that the populations of cells isolated by size-based filtration in the bovine 

model were not distinct in terms of morphology, a porcine NP model was employed 

as it is comprised primarily of morphologically distinct NC cells. Cells extracted 

from porcine NP tissue were stained with Giemsa to ensure that they were comprised 

predominantly of morphologically distinct NC cells (Figure 5.6).  

 

 
Figure 5.6 Giemsa stained porcine NC cells. Cells isolated from porcine NP tissue 

were stained with giemsa to ensure that the isolated cells were akin to an NC 

morphology. Scale bar =50µm. 
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The gene expression profile of porcine NC cells was investigated (Figure 5.7). 

Expression of all of the genes analysed (COL1A1, COL2A1, ACAN, KRT8, 

KRT18, KRT19, CAXII, NOTO, FOXJ1, T, FOXA2 and NOGGIN) was detected in 

porcine NC cells. 
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Figure 5.7 Gene expression profile of porcine NC cells. Porcine NC cells were 

assessed for their expression of the ECM markers COL1A1, COL2A1 and ACAN; 

novel NP cell markers KRT8, KRT18, KRT19, and CAXII; and notochordal cell 

markers NOTO, FOXJ1, T, FOXA2 and NOGGIN. 
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5.4.3 The Effects of the IVD Microenvironment on Porcine NC Cell Phenotype 

5.4.3.1 Assessment of Cellular Viability 

Porcine NC cell viability following culture was confirmed by in situ hybridisation 

for total message RNA (Figure 5.8). Viable cells were noted in explants cultured 

under all conditions (Figure 5.8A, 5.8B, 5.8C and 5.8D), as well as explants of NP 

obtained at day 0 (Figure 5.8E). Negative control sections demonstrated no positivity 

(Figure 5.8F), confirming that porcine NP explants remain viable following 14 days 

of in vitro culture. 
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Figure 5.8 In situ hybridisation for total message RNA in cultured porcine NP 

explants. Sections cultured in normoxia (A), normoxia + IL-1β (B), hypoxia (C), 

hypoxia + IL-1β (D), and day 0 control explants (E) were assessed. Negative control 

sections of IVD control tissue were tested with the addition of no probe (F). Red 

stained nuclei indicate viable cells (black arrows). Scale bar =50µm. 
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5.4.3.2 Gene Expression Analysis 

As it had been established that porcine NC cells express markers also expressed by 

human NC and NP cells, explants of porcine NP tissue were utilised in the 

assessment of the effect of an IVD-like microenvironment (high IL-1β and hypoxia) 

on the phenotype of NC cells. Figures 5.9, 5.10 and 5.11 illustrate the gene 

expression profiles of porcine NP explants when exposed to normoxic culture, 

normoxic culture and IL-1β challenge, hypoxic culture, or hypoxic culture and IL-1β 

challenge, when normalised to directly extracted NC cells (no culture). 

 

Regarding the expression of the ECM markers (Figure 5.9), COL1A1 expression 

was significantly increased under all culture conditions as compared to day 0 

controls, whilst COL2A1 and ACAN expression did not differ at all: normoxia (p= 

<0.0001, p= 0.5636, p= 0.3469 respectively); normoxia + IL-1β (p= <0.0001, p= 

0.3469, p= 0.6390 respectively); hypoxia (p= <0.0001, p= 0.5740, p= 0.3971); and 

hypoxia + IL-1β (p= <0.0001, p= 0.0739, p= 0.9688). COL1A1 expression was 

significantly decreased in hypoxic compared to normoxic culture (p= 0.0004), but 

COL2A1 and ACAN demonstrated no such variations (p= 0.1902 and p= 0.0776 

respectively). Expression of COL1A1, COL2A1 and ACAN did not differ under 

normoxia and normoxia with IL-1β (p= 0.9291, p= 0.7123, and p= 0.2243 

respectively), or under hypoxia and hypoxia with IL-1β (p= 0.4317, p= 0.4545, p= 

0.2387 respectively). Finally, under IL-1β challenge, expression of COL1A1, 

COL2A1 and ACAN did not differ when cultured in normoxia or hypoxia (p= 

0.0705, p= 0.2273, p= 0.8451 respectively). 
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Figure 5.9 The effects of the IVD microenvironment on the expression of ECM 

markers in porcine NP explants. Expression levels of COL1A1, COL2A1 and 

ACAN were assessed in NC cells from porcine NP explants when cultured in 

normoxia, normoxia + IL-1β, hypoxia, and hypoxia + IL-β. Gene expression was 

normalised to reference gene GAPDH and back to day 0 control levels (2-ΔΔCt 

method). ***p= 0.001. 

 

With reference to novel NP marker expression (Figure 5.10), generally, significant 

downregulations in expression were noted under all culture conditions when 

compared to day 0 control expression levels for KRT8, KRT18, KRT19 and CAXII: 

normoxia (p= <0.0001, p= <0.0001, p= 0.0298, and p= 0.0081 respectively); 

normoxia + IL-1β (p= 0.0080, p= <0.0001, p= <0.0001, and p= 0.0238 respectively); 

hypoxia (p= 0.0105, p= <0.0001, p= 0.0007, and p= <0.0001 respectively); and 



 265   
 

hypoxia + IL-1β (p= 0.2526, p= <0.0001, p= 0.0027, and p= 0.2684 respectively), 

with the exception of CAXII which was significantly upregulated under hypoxia. 

Regarding variations between normoxic and hypoxic culture, KRT8, KRT18 and 

KRT19 expression demonstrated no significant differences (p= 0.0680, p= 0.1331, 

and p= 0.4980 respectively), but CAXII expression was significantly increased in 

normoxic as compared to hypoxic cultures (p= <0.0001). Addition of IL-1β resulted 

in some significant variations. Under normoxia, KRT19 expression was significantly 

decreased in IL-1β culture (p= 0.0410), but expression levels of KRT8, KRT18 and 

CAXII did not differ (p= 0.0506, p= 0.9538, and p= 0.5162 respectively). In 

hypoxia, KRT18 was significantly decreased upon addition of IL-1β, whilst CAXII 

was significantly increased (p= 0.0478 and p= 0.0320 respectively), whilst 

expression of KRT8 and KRT19 did not alter (p= 0.7492 and p= 0.7627 

respectively). Finally, under IL-1β challenge, expression of KRT8 and KRT19 did 

not vary between normoxic and hypoxic cultures (p= 0.6569 and p= 0.9057 

respectively), but significant variations were noted in KRT18 and CAXII expression 

(p= 0.0245 and p= 0.0191 respectively).  
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Figure 5.10 The effects of the IVD microenvironment on the expression of novel 

NP cell markers in porcine NP explants. Expression levels of KRT8, KRT18, 

KRT19 and CAXII were assessed in NC cells from porcine NP explants when 

cultured in normoxia, normoxia + IL-1β, hypoxia, and hypoxia + IL-β. Gene 

expression was normalised to reference gene GAPDH and back to day 0 control 

levels (2-ΔΔCt method). *p= 0.05 **p= 0.01 ***p= 0.001. 

 

Notochordal cell marker expression was also assessed (Figure 5.11). Again, 

significant downregulations in expression were largely noted under all culture 

conditions when compared to day 0 control expression levels for NOTO, FOXJ1, T, 

FOXA2 and NOGGIN: normoxia (p= <0.0001, p= <0.0001, <0.0001, p= <0.0001 

and p= 0.0670 respectively); normoxia + IL-1β (p= <0.0001, p= <0.0001, p= 

<0.0001, p= <0.0001 and p= 0.0042 respectively); hypoxia (p= <0.0001, p= 

<0.0001, p= <0.0001, p= 0.0651 and p= <0.0001 respectively); and hypoxia + IL-1β 

(p= <0.0001, p= <0.0001, p= <0.0001, p= <0.0001 and p= <0.0001 respectively). 

When expression levels were compared between normoxic and hypoxic cultures, 

FOXJ1, T and NOGGIN expression was significantly decreased under hypoxia (p= 
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<0.0001, p= 0.0186 and p= 0.0045 respectively), whilst NOTO and FOXA2 

expression demonstrated no variation (p= 0.1251 and p= 0.4838 respectively). 

Addition of IL-1β in normoxia in fact increased NOTO expression (p= 0.0378), but 

expression levels of FOXJ1, T, FOXA2 and NOGGIN were unaltered (p= 0.0588, 

p= 0.2763, p= 0.6893 and p= 0.9755 respectively). Similarly, supplementing culture 

media with IL-1β in hypoxia did not alter gene expression levels of NOTO, FOXJ1, 

T, FOXA2, and NOGGIN (p= 0.8938, p= 0.3444, p= 0.1875, p= 0.3693 and p= 

0.0845 respectively). Finally, when expression levels of hypoxic and normoxic 

cultures with IL-1β were compared, NOTO, FOXJ1 and NOGGIN expression was 

significantly decreased (p= 0.0004, p= 0.0088, and p= 0.0131 respectively), whilst T 

and FOXA2 expression did not alter significantly (p= 0.4622 and p= 0.7492 

respectively). 

 



 268   
 

N O T O F O X J 1 T F O X A 2 N O G G IN0 .0 1

0 .1

1

1 0

R
e

la
ti

v
e

 G
e

n
e

 E
x

p
r
e

s
s

io
n

D a y  0

N o rm o x ia

N o rm o x ia  +  IL -1 B

H y p o x ia

H y p o x ia  +  IL -1 B

***

***

***

***

***

***

***
***

***

***

***

**

***

***

***

***

* ***

***

***

***

***

**

**

*

Figure 5.11 The effects of the IVD microenvironment on the expression of 

notochordal cell markers in porcine NP explants. Expression levels of NOTO, 

FOXJ1, T, FOXA2 and NOGGIN were assessed in NC cells from porcine NP 

explants when cultured in normoxia, normoxia + IL-1β, hypoxia, and hypoxia + IL-

β. Gene expression was normalised to reference gene GAPDH and back to day 0 

control levels (2-ΔΔCt method). *p= 0.05 **p= 0.01 ***p= 0.001. 
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5.4.3.3 Histological Analysis 

Figure 5.12 illustrates the morphology of cells within the NP explants, stained with 

H&E. In all of the cultures (Figures 5.12A-D), there was loss of collagen within the 

NP as compared to day 0 controls (Figure 5.12E). Also, a loss in the organisation of 

the NC network was noted as compared to day 0 controls, particularly in the hypoxic 

cultures (Figures 5.12C and 5.12D). Interestingly, explants cultured in hypoxia 

(Figure 5.12C) alone lost much of the PG within the ECM, as noted from the 

decreased staining of the matrix. Thus, in vitro culture resulted in decreased 

organisation of the cellular network and a loss of collagen/PG within the ECM. 

PG content of explants following in vitro culture was assessed using Safranin-O and 

Fast Green histological staining (Figure 5.13). Histological analysis demonstrated 

that PG content was completely lost following the 14 day in vitro culture protocol 

irrespective of the culture conditions (Figure 5.13A, 5.13B, 5.13C and 5.13D), as 

compared to day 0 control, which had high levels of PG staining (Figure 5.13E). A 

small amount of PG was retained in cultures exposed to only normoxia (Figure 

5.13A).  

Similarly, Masson trichrome staining of cultured explants tissues was performed in 

order to further investigate alterations to the explant ECM following culture (Figure 

5.14). Collagen fibres appear blue or green in this histological stain, and this staining 

was not present in any of the cultured explants (Figure 5.14A-D), as compared to day 

0 controls (Figure 5.14E), which showed high levels of collagen staining. Also, these 

images serve to confirm the findings presented with the H&E staining of loss of 

ECM and cellular network organisation following in vitro culture. 
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Figure 5.12 Haematoxylin and eosin stained sections of cultured porcine NP 

explants. Sections cultured in normoxia (A), normoxia + IL-1β (B), hypoxia (C), 

and hypoxia + IL-1β (D) and day 0 control explants (E) were stained with H&E. 

Scale bar =50µm. 
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Figure 5.13 Safranin-O and fast green stained sections of cultured porcine NP 

explants. Sections cultured in normoxia (A), normoxia + IL-1β (B), hypoxia (C), 

and hypoxia + IL-1β (D) and day 0 control explants (E) were stained with Safranin-

O and fast green. Scale bar =50µm. 
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Figure 5.14 Masson trichrome stained sections of cultured porcine NP explants. 

Sections cultured in normoxia (A), normoxia + IL-1β (B), hypoxia (C), and hypoxia 

+ IL-1β (D) and day 0 control explants (E) were stained with Masson trichrome. 

Scale bar =50µm. 
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5.4.4 Testing the Effect of Constraint on Maintenance of NC Cell Phenotype in vitro 

As 5.4.3 demonstrated that in vitro culture alone was detrimental to NC cell 

phenotype (as observed from decreased expression of several marker genes in 

normoxic cultures after 14 days), it was hypothesised that a model where the NP 

remained constrained (akin to constraint by the AF and CEP in vivo) would be more 

appropriate for mimicking the change in cell populations within the NP tissue with 

maturity. As such, porcine whole motion segments were cultured in normoxia for 7 

days and compared to tissue obtained at day 0, to assess the impact of culture on 

phenotype, viability and morphology. 

 

5.4.4.1 Assessment of Cellular Viability 

In situ hybridisation for total message RNA was performed in order to confirm tissue 

viability within the whole motion segment following the 7 day culture protocol 

(Figure 5.15). The majority of NC cells within the porcine NP demonstrated staining, 

although some cells were negatively stained, and these were localised in close 

proximity to one another.  

 

 
Figure 5.15 In situ hybridisation for total message RNA analysis of cultured 

whole motion segments. Tissue obtained following 7 days in vitro normoxic culture 

(A) and at day 0 (B) were assessed for expression of total message RNA. Scale bars 

=50µm. 
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5.4.4.2 Gene Expression Analysis 

With regards to the effects of culture on phenotype, comparisons of gene expression 

levels of ECM markers COL1A1, COL2A1 and ACAN demonstrated no variations 

between day 0 specimens and samples cultured for 7 days in normoxia (p= 0.4363, 

p= 0.8633, and p= 0.0503 respectively), as illustrated by Figure 5.16. With regards to 

novel NP cell marker expression, KRT8 expression was significantly decreased after 

7 days in vitro culture (p= 0.0464), although expression of KRT18, KRT19 and 

CAXII did not vary (p= 0.0503, p= 0.0625, and p= 0.4363 respectively). 

Notochordal cell marker expression was also analysed. FOXJ1 expression was 

increased following the culture period (p= 0.0142), whilst expression of NOTO, T, 

FOXA2 and NOGGIN did not differ between controls and cultured samples (p= 

0.7304, p= 0.0939, p= 0.969, and p= 0.7062 respectively). Thus, with the exception 

of KRT8 and FOXJ1, NC cell phenotype was maintained following 7 days in vitro 

culture in normoxia. 
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Figure 5.16 The effect of normoxic culture on NC cell phenotype in a 

constrained model. qPCR analysis of ECM markers (COL1A1, COL2A1 and 

ACAN), novel NP cell markers (KRT8, KRT18, KRT19 and CAXII) and 

notochordal cell markers (NOTO, FOXJ1, T, FOXA2 and NOGGIN) for NC cells 

cultured in whole motion segments for 7 days (green bars). Gene expression was 

normalised to reference gene GAPDH and back to day 0 controls (ΔΔCt method). 

*p= <0.05. 
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5.4.4.3 Histological Analysis 

Tissue morphology was assessed by haematoxylin and eosin staining (Figure 5.17). 

Normoxic culture in a constrained model retained collagen content of the ECM (as 

highlighted by retention of pink stain in Figure 5.17A), but some loss of the 

organisation of the cellular network was noted as compared to control tissue (Figure 

5.17B). 

 

 
Figure 5.17 Haematoxylin and eosin staining of cultured whole motion 

segments. Tissue morphology was assessed for specimens obtained following 7 days 

in vitro normoxic culture (A) and at day 0 (B). Scale bars =50µm. 

 

Safranin-O and fast green stains were performed to assess the PG content of NC cell-

rich NP tissues following in vitro culture (Figure 5.18). PG content was maintained 

following culture (Figure 5.18A) in a constrained model in comparison with day 0 

control (Figure 5.18B). Finally, Masson trichrome staining was performed to assess 

for maintenance of collagen content within the constrained model following culture 

(Figure 5.19). Although cellular organisation altered slightly, collagen was 

demonstrated to be dispersed throughout the ECM following 7 day culture (Figure 

5.19A), as well as day 0 (Figure 5.19B). 
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Figure 5.18 Safranin-O and fast green staining of cultured whole motion 

segments. PG content was assessed for specimens obtained at day 0 (A) and 

following 7 days in vitro normoxic culture (B). Scale bars =50µm. 

 

 
Figure 5.19 Masson trichrome staining of cultured whole motion segments. 

Collagen content was assessed for specimens obtained at day 0 (A) and following 7 

days in vitro normoxic culture (B). Scale bare =50µm. 

 

5.4.5 Effect of Hypoxia on Porcine NC Cells in a Constrained Model 

As it had been confirmed that the constrained disc model would be appropriate for 

assessment of NC cell changes in response to microenvironmental factors, the effect 

of hypoxic culture on porcine NC cell-rich NP tissue was evaluated. Unfortunately, 

RNA was extracted from these specimens, but samples were of too poor quality to 

complete analysis by qPCR. Thus, the effect of hypoxic culture was studied in terms 

of histological variations.  
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Figure 5.20 illustrates the morphology of specimens cultured for 7 days in normoxia 

and hypoxia as compared to control samples. Normoxic cultures (Figure 5.20A) 

appeared to retain the organisation of the NC cell network to a better extent than 

sections cultured in hypoxia (Figure 5.20B) when compared to specimens at day 0 

(Figure 5.20C). 

 

 
Figure 5.20 Haematoxylin and eosin stained sections of cultured whole motion 

segments in normoxia and hypoxia. Specimens cultured for 7 days in normoxia 

(B), hypoxia (C) and day 0 controls (C) were stained with H&E. Scale bars =50µm. 
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When PG content of the cultured discs was assessed by Safranin-O and fast green 

staining, distinct differences were noted between staining of hypoxic cultures (Figure 

5.21B) and those taken at day 0 (Figure 5.21C) and after 7 days in normoxic culture 

(Figure 5.21A). These images also highlighted the differences in tissue organisation 

in the hypoxic specimens noted by the H&E staining. Finally, the collagen content of 

specimens was assessed by Masson trichrome stain (Figure 5.22). Collagen stain 

(blue) was noted as dispersed throughout the NP tissue of specimens taken at day 0 

(Figure 5.22C), and to a much lesser extent in samples cultured in normoxia (Figure 

5.22A). However, specimens cultured in hypoxia (Figure 5.22B) demonstrated little 

staining, as well as a much less organised cellular network as noted for the H&E and 

Safranin-O stained sections. 

 

 
Figure 5.21 Safranin-O and fast green stained sections of cultured whole motion 

segments in normoxia and hypoxia. Specimens cultured for 7 days in normoxia 

(B), hypoxia (C) and day 0 controls (C) were stained with Safranin-O and fast green. 

Scale bars =50µm. 
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Figure 5.22 Masson trichrome stained sections of cultured whole motion 

segments in normoxia and hypoxia. Specimens cultured for 7 days in normoxia 

(B), hypoxia (C) and day 0 controls (C) were stained with Masson trichrome. Scale 

bars =50µm. 
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5.5 Discussion 

Scientists have hypothesised that during human development and growth, cells of the 

embryonic notochord give rise to NP cells, and rather than being lost from the tissue, 

differentiate into cells resembling those that populate the adult human NP both in 

terms of phenotype and morphology. However, if this is the case, the mechanisms 

underlying this cellular transformation remain undefined, and thus require 

investigation. Crucially, a suitable cell culture model for studying such processes 

first requires development and testing, and was the aim of the current investigation. 

Additionally, once a suitable model has been identified, the effect of 

microenvironmental factors on NC cell phenotype could be elucidated. Here, it has 

been demonstrated that a previously described size-based filtration methodology for 

the isolation of NC cells from a mixed population did not result in pure isolates, but 

that an ex vivo culture model of porcine whole motion segments shows promise as a 

novel model in which to test NC cell phenotypic alterations in response to 

microenvironment. 

Initially, a bovine model was employed for analysis as it had previously been 

demonstrated that remnants of bovine NC cells can be separated from resident NP 

cell populations using size-based filtration methods (Cappello et al., 2006, Minogue 

et al., 2010b). Previous investigations however, failed to investigate the purity of 

isolated cellular populations histologically, and therefore, the histological analysis 

presented here is the first to demonstrate that size-based filtration methodologies 

may not be appropriate for investigations as the resultant mixed cell population may 

skew any phenotypic findings. Silicon membranes such as those utilised in the 

current investigation have been investigated for efficiency of separation and 

compared to other sized-based filtration systems (Ji et al., 2008). Clogging of filter 

pores and deformation of cells have been described as limitations of such techniques. 

In the current investigation, specimens were passed through a cell sieve prior to 

membrane filtration to reduce the amount of tissue debris that could potentially clog 

the membrane, but removal of all matrix debris would not be achieved in this 

manner, as the cell sieve pore size was 40µm, and any fragments of tissue smaller 

than this would therefore pass through, as indicated by the presence of tissue debris 

in the cytospins generated from cells retained on the 15µm membrane. In addition to 

this, large volumes of tissue debris <40µm potentially clogged the filter, preventing 
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the proper passing of cells through the filter even if they were <15µm. A vacuum 

was applied to the apparatus in short intervals to draw the liquid through the filter; 

however, application of such a force to has the potential to deform the membrane by 

stretching the fibres, and allowing cells to pass through that may otherwise have 

been retained. Therefore, separation of NC from NP cells by size-based filtration 

cannot ensure that homogenous cell populations are obtained, and thus, other 

methodologies should be investigated. Given that the techniques employed here are 

exactly the same as that undertaken by Minogue et al., it is unsurprising that 

overlapping gene expression profiles between supposed NP and NC cell populations 

were noted here also. One of the limitations of this model is the relatively low 

number of NC cells present within the tissues (Demers et al., 2004). Bovine 

specimens are often preferential for use when an animal model closely resembling 

the adult human IVD is required; however, use of a more NC cell-rich tissue such as 

rabbit, porcine or rodent NP would yield a more adequate number of cells for 

investigation. 

The porcine NP has been utilised in numerous investigations previously as it is a 

tissue that is rich in NC cells, which are relatively easy to isolate (Cho et al., 2013, 

Guehring et al., 2009, Korecki et al., 2010, Mercuri et al., 2013, Purmessur et al., 

2012). However, detailed investigation as to the phenotype of porcine NC cells (with 

regards to NP and NC cell markers) has not been described previously, and thus, this 

is the first investigation to demonstrate such comprehensive analysis. With regards 

to the novel NP cell markers, cytokeratin-8 protein expression has previously been 

utilised for identification of porcine NC cells, but to date, identification of KRT8 

gene expression in this species remains undefined, although given the previously 

demonstrated expression of this protein, the finding of KRT8 gene expression is 

unsurprising (Omlor et al., 2009). Similarly, KRT18 and NOGGIN expression has 

been noted in porcine NP cells when tested under hydrostatic loading, but only these 

two genes were investigated, and therefore is not descriptive of the NC cell 

phenotype (Purmessur et al., 2012). KRT19 and CAXII expression in porcine NC 

cells has not been described in any of the previous literature, and thus, the data 

presented here regarding that is entirely novel. Surprisingly, although the porcine NC 

is comprised predominantly of NC cells as compared to smaller NP cells, previous 

literature regarding the expression of NC cell markers by these cells is limited, and 
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with the exception of the previously mentioned NOGGIN analysis, the NC cell genes 

analysed here have not been described before. This gene expression analysis 

therefore confirmed that the porcine NP (which is rich in NC cells) would be suitable 

for assessment of loss of NC/gain of NP cell phenotypic expression. 

An NP-explant model was first chosen for in vitro analysis of response to 

microenvironmental factors because previous literature had demonstrated that NP 

tissue explants are responsive to different culture environments, whilst maintaining 

tissue integrity (Purmessur et al., 2012). However, significant decreases were noted 

in the expression levels of most of the genes analysed in normoxic-cultured samples 

when compared back to specimens obtained at day 0, suggesting that the standard 

culture environment is detrimental to the maintenance of NC cell phenotype in this 

setting. Given that the NP tissue was unconstrained in this set-up, the decreased gene 

expression levels may be attributed to a loss of constraint akin to that provided by 

the AF and CEP in vivo. An investigation utilising adult human specimens 

demonstrated that a loss of constraint results in atypical swelling of tissues and loss 

of PG (Le Maitre et al., 2004b). Additionally, murine analyses of the importance of a 

notochordal sheath during development showed a scattering of NC cells and loss of 

integrity in this tissue, under removal of Hedgehog signalling required for formation 

and maintenance of the NC sheath -  a structure that protects and constrains NC 

tissue during development of the spine (Choi and Harfe, 2011). Therefore, it is 

possible that removal of the surrounding AF and CEP alters the mechanics of the NP 

tissue which results in a loss of normal tissue structure and phenotype. When 

normoxic and hypoxic cultures were compared, a loss of FOXJ1, T and NOGGIN 

expression was noted in a low-oxygen microenvironment. As the NC cell phenotype 

is currently undefined in terms of the porcine IVD model, the reasons for variation 

under hypoxia can only be obtained from studies in other animal models. Hypoxia 

has been demonstrated to reduce expression of CD24 in a rat model, but the 

expression levels of no other NC cell genes were investigated (Rastogi et al., 2009). 

Interestingly, the same study identified that non-enzymatically digested tissues 

(similar to those used in the current investigation) were influenced detrimentally by 

oxygen state, and the loss of NC cell marker expression noted here may therefore be 

a response by the explant tissue to the culture environment. It should also be noted 

however, that non-enzymatically digested rat NP tissue was disrupted mechanically 
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prior to combining with alginate to form a gel, and this mechanical disruption may 

explain the altered response to hypoxia. However, isolation of NC cells by enzymatic 

digestion was not undertaken in the current investigation as previous literature had 

shown that this methodology for isolation of NC cells negatively affects cell survival 

(Hunter et al., 2004).  

The loss of virtually all PG content in the unconstrained culture model differs from 

data published previously utilising an unconstrained in vitro culture model 

(Purmessur et al., 2012), although the previous investigation cultured specimens in 

plastic culture bags rather than in cell culture inserts as employed here. Safranin-O 

stains all PGs within a tissue, and therefore will not only stain ACAN (as analysed 

by qPCR), but also versican, decorin and biglycan – all known to be expressed 

within the intervertebral disc (Gotz et al., 1997a), and thus through analysis of such 

staining, one is unable to distinguish between the various proteoglycans within the 

tissue. However, NC cell-rich discs contain high levels of aggrecan and literature has 

been presented which suggests that NC cells express smaller PGs at very low levels 

or not at all (Chen et al., 2006), which indicates that the PG loss noted in the current 

study is due to loss of aggrecan rather than any other PG.  

The data presented here also suggests that culture in the presence of IL-1 generally 

does not influence expression of NP and NC cell markers by NC cells. NC cells have 

previously been shown to possess anti-inflammatory properties in a co-culture model 

with AF cells and macrophages where the presence of NC cells reduced the 

expression of IL-6, IL-8 and iNOS by AF cells (Kim et al., 2012). However, the 

effect of the pro-inflammatory mediators secreted by the AF cells on the NC cell 

phenotype was not assessed, and thus it is unknown whether these molecules 

induced a shift in the phenotype of NC cells. Interestingly, a previous investigation 

has suggested that NC cells in fact secrete pro-inflammatory cytokines during 

standard culture, and the authors conclude that these cells may in fact be able to 

initiate inflammatory processes in vivo (Rand et al., 1997). However, secretion was 

only noted after induction with lipopolysaccharide (LPS), which is known to induce 

expression of cytokines including IL-1 (Kim et al., 2013), and thus the initiation of 

inflammatory cascades noted by Rand et al., may be due to LPS-challenge rather 

than being a natural process within NC cells. The increase in CAXII expression 

under hypoxic culture upon supplementation with IL-1β mirrors findings presented 
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for CAIX in hepatocellular carcinoma cells (Kockar et al., 2012). Like CAXII, 

CAIX is a membrane-associated carbonic anhydrase, also known to be expressed in 

the developing IVD (Liao et al., 2009), and therefore this finding presented here that 

matches that of a previous study is unsurprising.  

Thus, the data presented for the unconstrained porcine NP model suggested that the 

lack of constraint in this model was detrimental to maintenance of phenotype, but 

that differences existed between normoxic and hypoxic cultures also, prompting 

investigation using a constrained disc model. The NC cell phenotype was therefore 

assessed using a model where whole motion segments (including both bony and 

cartilaginous endplates) were utilised. The data has shown that with the exception of 

KRT8 and FOXJ1, expression of all ECM, NP and NC cell markers was maintained 

during normoxic culture. The vascular blood supply of the immature human NP (NC 

cell-rich) decreases in the growing disc, and NC cell disappearance is thought to 

coincide with this (Taylor and Twomey, 1986). Thus, given the ample blood supply 

to the immature NP tissue, it is considered normoxic, and the maintenance of 

phenotype noted in normoxia here is therefore to be expected. When the model was 

tested under hypoxic conditions, some disorganisation of the cellular network was 

noted. Previous literature has not elucidated the effect of hypoxic culture on the 

organisation of NC cell networks, and the data presented here is therefore novel and 

crucial, intimating that the shift in oxygen state with growth of the IVD from 

normoxic to hypoxic, may be a key factor in driving the change in cell type resident 

within the NP tissue. While preliminary, the changes noted in this model system 

under hypoxic conditions need to be studied further, looking particularly at 

alterations to gene expression. 

  

5.5.1 Implications of this Investigation 

This investigation has demonstrated that separation of NC and NP cell populations 

by size-filtration is not adequate to ensure isolation of pure populations, and that a 

more NC cell-rich tissue (such as porcine) would be more appropriate for studying 

alterations in NC cell phenotype. An ex vivo model has been developed, the results 

of which, albeit preliminary, have indicated that constraint of NP tissue is essential 

for maintenance of phenotype during in vitro culture, and that hypoxia may alter NC 



 286   
 

cell network and tissue organisation, as well as the expression of a number of NP and 

NC cell markers. Studying the effects of other microenvironmental factors on 

phenotypic maintenance of NC cells may allow for elucidation of the in vivo 

processes that underlie the loss of morphologically distinct NC cells from the NP 

with ageing of the human IVD. 
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6.1 General Discussion and Conclusions 

Over recent years a number of studies have sought to identify novel markers of the 

NP cell phenotype (Lee et al., 2007, Minogue et al., 2010a, Minogue et al., 2010b, 

Power et al., 2012, Sakai et al., 2009), and although important for the field of IVD 

research, these studies have failed to assess gene and protein expression of the 

markers across a range of ages and levels of tissue degeneration. Thus, the current 

investigation was undertaken with a view to fully elucidating the phenotype of adult 

human NP cells utilising a panel of recently described novel NP and NC cell 

markers. The most pertinent finding of this study was that the adult human NP is 

comprised of a heterogeneous cell population as illustrated by the highly variable NP 

and NC cell marker protein expression levels noted by both immunohistochemistry 

and multi-parametric flow cytometry analysis. The role of these different cell sub-

populations was not investigated but it is likely that these cell populations may  have 

differing functions in the disc, whilst their differential phenotype may also represent 

distinctions in cellular ontogeny, although this requires further investigation. 

Additionally, it has been shown here that the phenotype of NP cells from different 

spinal regions is comparable, and thus this vastly increases the number of human 

specimens available for research. In order to assess whether microenvironmental 

factors influence the alteration in NC cell phenotype that is postulated to occur with 

ageing/degeneration (thus explaining the differing expression profiles shown here), 

an ex vivo model system utilising NC cell-rich porcine IVDs has been developed. 

The preliminary data presented here suggests that an IVD-like microenvironment 

may influence NC cellular networks and ECM composition. Thus, this evidence has 

shown that the characterisation of NP cells based on markers determined by 

microarray analysis of pooled NP cells may not be reflective of the protein 

expression profile of cell sub-populations, and raises the question as to the roles of 

these cell populations in vivo and their developmental origins. 

Key to fully delineating the phenotype of adult human NP cells was the assessment 

of NP cell marker expression in cells from different IVD regions. Much research 

regarding the pathology and biology of NP cells has utilised lumbar disc specimens, 

and as such, it is assumed that the cervical NP cell phenotype mirrors that of the 

lumbar with regards to chondrogenic and catabolic gene expression. The first aim of 

this investigation was to identify whether degenerate lumbar and cervical NP cell 
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specimens are comparable phenotypically in order that surgically-obtained tissue 

specimens from these disc levels could be used interchangeably in a research setting, 

and the data presented here confirms that this is the case. In addition to this, the 

current investigation has identified that histological features of degeneration used 

previously to grade lumbar specimens for the severity of tissue degeneration, applies 

also to cervical disc specimens, and that the degenerative scores calculated for these 

specimens are comparable. Taken together, these findings confirm that NP cells of 

lumbar and cervical disc specimens are phenotypically comparable across a range of 

degenerative scores expressing a similar gene expression profile, and thus, 

specimens can be used interchangeably for in vitro research purposes, thereby 

increasing the number of samples available for study significantly. Moreover, the 

noted expression of markers previously used to characterise degeneration in the 

lumbar IVD is suggestive of similarities existing in the molecular pathological 

processes underlying disc degeneration in tissues from the cervical and lumbar 

region. Following this, it was then possible to include both cervical and lumbar disc 

specimens for analysis of the NP cell phenotypic profile. It is imperative that future 

research involving human IVD specimens utilises not only lumbar specimens but 

also those taken from the cervical region. This then will enable the development of 

novel therapeutic techniques for chronic neck pain in addition to LBP. 

 Elucidation of the cervical and lumbar NP cell phenotype utilising a panel of NP 

and NC cell marker genes and proteins formed the second aim of this investigation, 

and this study has demonstrated that the NP marker expression remains largely 

unaltered by age or degeneration, and is comparable between cells obtained from 

cervical and lumbar tissues. Interestingly, the findings intimate that NC cell marker 

genes associated with earlier stages of development were expressed in fewer 

specimens overall than those associated with latter stages, which may be indicative 

of NC cells undergoing a transformation or differentiation with ageing in the human 

disc, rather than being lost from the tissue entirely via apoptosis.  

Further investigation through localisation of protein expression indicated that 

recently identified novel NP and NC cell markers were not expressed by all cells of 

the adult human NP, and rather, that the adult human NP is comprised of a 

heterogeneous cell population with regards to phenotype, and such cells may have 

differing functions. It is unclear as to the role of an NC cell marker expressing cell 
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sub-population within the adult human NP, although it has been demonstrated 

previously that factors secreted by NC cells promote GAG production in degenerate 

human IVD cells (Abbott et al., 2012) and the differentiation of MSCs to NP-like 

cells, as noted by the increased expression of GAG, SOX9 and type II collagen by 

cells cultured with NC-conditioned media (Purmessur et al., 2011), suggesting that 

NC cells may confer a reparative function. Additionally, Tie2
+
/GD2

+
 cells isolated 

from murine and human NP tissues are postulated to act as a progenitor cell 

population that is exhausted with both age and degeneration (Sakai et al., 2012). 

Furthermore, the progenitor cell population identified in said investigation supports 

the conclusions of the present study of the adult human NP being comprised of a 

heterogeneous cell population, and provides evidence that a differential phenotype 

may represent distinctions in cellular function. Isolation of adult human NP cell sub-

populations by techniques such as fluorescence-activated cell sorting (FACS) may 

enable the study of separate cell populations. Given that previous literature 

(Purmessur et al., 2011) has indicated that NC-conditioned media contains factors 

that promote MSC differentiation, ELISA analysis of anabolic, catabolic and 

cytokine factors in the various NP cell sub-populations may elucidate distinctions in 

sub-population function.  

The finding of non-ubiquitous expression of NP and NC cell markers adult human 

NP cells also has implications for the understanding of NP cell ontogeny. On the one 

hand, low levels of NC cell marker expression in the AF may intimate that NP and 

AF tissues are distinct in terms of ontogeny. However, the data presented here may 

also be indicative of different developmental origins for cells of the adult human NP. 

Those with high levels of NC cell marker expression are likely derived from the 

embryonic notochord, whilst those devoid of all NC cell marker expression could 

arise as a result of AF/CEP infiltration into the NP, whereby they adopt a NP cell-

like morphology. This would then serve to explain the high levels of Pax-1 

expression (a mesenchymal marker) noted at both the gene and protein level in cells 

throughout the NP. Thus, given the high levels of Pax-1 expression demonstrated, it 

is concluded here that cells of the adult human NP are distinct with regards to 

ontogeny, although this requires further validation. Crucial to determining if multiple 

sources do give rise to cells of the adult human NP would be the analysis of AF cell 

marker expression in these cells. If a sub-population of NP cells were demonstrated 
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to express AF markers, this would certainly support the theory that the infiltrating 

AF may populate the NP, and that NC cells are largely lost from the tissue with 

maturity. However, to date, previous NP cell microarray investigations have 

focussed on the identification of novel NP-specific or IVD cell markers and thus 

specific markers of AF cells should be determined. 

This study has also highlighted that a greater proportion of NP cells localised in 

clusters are immunopositive for novel NP and NC cell marker proteins as compared 

to single NP cells. Thus, in degenerate tissue specimens, NP and NC cell marker 

expression appears to be retained in NP cells localised in clusters, which may 

indicate that these resemble a more healthy NP cell phenotype that may function to 

repair the NP tissue during degeneration. NP cells localised in clusters are noted to 

increase with progressing degeneration, and are linked to cellular proliferation 

(Johnson et al., 2001, Pritzker, 1977, Sive et al., 2002). If further analysis of the 

functionality of NP cells localised in clusters indicates that these function more like 

healthy NP cells, it could be postulated that their increasing frequency with tissue 

degeneration is an endogenous attempt at restoration of tissue integrity. This may 

then have implications for the field of IVD regeneration, where the issue of an 

optimal cell phenotype for recapitulation remains unanswered. 

The final aim of the present study was to develop a model system that would allow 

for the exposure of NC cells to a range of microenvironmental factors in order that 

the effects of this on NC cell phenotype could be investigated. Initial investigation 

using a previously described bovine model demonstrated that size-based separation 

of pure populations of NP and NC cells could not be obtained using membrane 

filtration methodologies. The isolation of mixed cell suspensions not only indicated 

that tissue debris may have affected the proper filtration of cells, but also that a more 

NC cell-rich tissue (such as porcine NP) would be a more appropriate choice. The 

current investigation has shown that culture of porcine NP explants in a non-

constrained model results in a detrimental loss of phenotypic expression in the 

absence of microenvironmental factors, and thus, that constraint of porcine NP tissue 

in vitro is fundamental to maintenance of cell phenotype during culture. Preliminary 

testing of this model system has suggested that microenvironmental factors may 

influence the alterations to the NP that take it from an NC cell-rich to an NP cell-rich 

tissue during ageing of the human spine. Although in vivo models would mimic 
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human IVD biology and function more completely, no animal model is able to 

accurately replicate the loading regime applied to the normal human spine, and thus, 

an ex vivo model such as that utilised here is most appropriate. Following this, 

explants can be tested using a loading rig, and the effects of load on NC cell 

phenotype investigated.  

In conclusion, the current study has described in-depth the phenotype of adult human 

NP cells. It has been demonstrated that phenotypic similarities exist between cells of 

the adult human lumbar and cervical NP but that crucially, the adult human NP is 

comprised of a heterogeneous cell population that expresses differential levels of 

both NP and NC cell markers. Expression of NP and NC cell markers at both the 

gene and protein level demonstrates some variation with ageing and degeneration, 

but expression is largely constitutive in degenerate specimens. Elucidation of the 

functions of these cell sub-populations in vivo and of factors that influence the loss 

of distinct NC cells in adult human specimens is essential to understanding these 

subsets of cells, and may provide evidence that the distinctions in cell phenotype 

noted here arise as a consequence of cells differing with regards to ontogeny. A 

novel porcine ex vivo model system will allow for assessment of NC cell phenotypic 

response to microenvironmental factors, as the preliminary data presented here 

indicates that hypoxia may be important.  
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6.2 Future Work 

Although this investigation has provided a detailed description of the adult human 

NP cell phenotype at the gene and protein level, a number of questions have been 

raised by this research which still require analysis. Firstly, any future research 

conducted with human IVD specimens should now look to include testing both 

lumbar and cervical samples. The data presented here is indicative of a similar 

phenotypic profile between NP cells derived from the two spinal regions, but a 

comparison of degenerative and anabolic processes and the capacity for regeneration 

requires elucidation. It is well documented that NP cells themselves are responsible 

for the generation of factors (such as inflammatory cytokines and degradative 

enzymes) that induce tissue degeneration. Here, it has been demonstrated that gene 

expression levels of most of these molecules is comparable between lumbar and 

cervical NP cells; however, whether these cells respond in the same way to 

degeneration-inducing stimuli is yet to be determined. In vitro culture of such cells 

where they are exposed to a varied cytokine milieu akin to that of the degenerate 

IVD may allow for this comparison. Moreover, specimens used for study were solely 

obtained from surgery, and are therefore all taken from patients symptomatic of LBP 

or neck pain. In order that it can be determined whether the phenotypic profile of NP 

and AF cells (at both the gene and protein level) alters with age or degeneration 

analysis such as this should be performed using samples from asymptomatic 

individuals, the presumed source of which will be cadaveric tissue. Additionally, 

although a large range of ages were investigated, inclusion of infant, paediatric and 

adolescent tissue will allow for a more full characterisation of the NP cell phenotype 

with regards to age.  

Use of immunohistochemical staining techniques is limited by the fact that only 

single proteins were stained for at one time. The number of antibodies available for 

use, meant that multiple proteins could not be assessed simultaneously, thus 

requiring verification using flow cytometry. However, expression of only 4 proteins 

could be quantified due to the combinations of directly-conjugated antibodies 

available for study. Ideally, a panel containing antibodies for all of the marker 

proteins of interest here would have been investigated. Where possible, cell surface 

marker proteins would be utilised, as assessment of these would allow for further 

study using the cells as they will not have been fixed (as is performed for 
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intracellular protein staining). In terms of practical limitations, 

immunohistochemistry requires optimisation of multiple parameters before it can be 

deduced that detected staining is specific and not related to improper processing or 

non-specific signal. An alternative to the use of immunohistochemistry would be to 

perform Western blot analysis of protein lysate directly extracted from NP 

specimens. Quantification of protein expression levels would be noted and the 

technique may also be able to indicate if different isoforms are present, information 

which again cannot be obtained from immunohistochemistry. If the various cell 

populations were pre-sorted by FACS analysis, Western blot would allow for 

quantification of protein levels within specific cell sub-populations. However, such 

techniques would provide a global view of marker expression and not be cell-

specific, thus limiting the potential of such assays. 

The identification of NP cell sub-populations and differential levels of NC cell 

marker expression within NP specimens intimates one of two possible explanations. 

Firstly, that NC cells are not lost from the tissue with ageing, but are rather 

differentiated into cells that resemble chondrocyte-like NP cells in terms of 

morphology, but are distinct with regards to phenotype, or secondly, that cells within 

the adult human IVD differ with regards to ontogeny, which is reflected in the 

differential gene and protein expression profiles. Isolation of these cell sub-

populations by FACS would allow for separate study of their degenerative and 

regenerative potentials, and may elucidate the functions of the various cell sub-

populations. Moreover, in order to address the hypothesis presented here that the 

adult human NP contains cells derived from different tissues, it is essential that NP 

cell differentiation is monitored across all stages of development and maturity of the 

tissue, with animal models being the most obvious choice for study. However, most 

common laboratory animal models are limited by the fact that the NP cellular 

composition is largely notochordal (even in adult animals) and is therefore not 

representative of the human NP cell population. Thus, either a species where IVDs 

contain both NC cell and small chondrocyte-like cells (such as bovine and 

chondrodystrophic canine breeds) should be utilised, or human notochordal cells 

could also be used. However, little is currently known about the adult NC cell 

phenotype and the cells themselves are difficult to culture in vitro, which may limit 

their potential for this. Culture of NC cells in a 3D environment may enable their 
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study in vitro, and allow for them to be exposed to microenvironmental conditions 

mirroring that of the adult human IVD (such as high load, hypoxia and low pH) in 

order to ascertain whether this induces cell differentiation. 

If further in vitro work can determine whether certain NP cell sub-populations have a 

greater potential for maintaining IVD health, it is essential that this is confirmed in 

vivo. In vivo investigations are scarcely undertaken in the field of IVD research, with 

investigators often preferring to assess outcome using ex vivo model systems. 

However, if it is shown that a certain phenotypic profile denotes preferential 

regenerative capabilities of NP cells, isolation of these cells (by FACS) and injection 

of them into a degenerate disc model (presumably chondrodystrophic canine breeds) 

and assessment of their potential in vivo would lead the way in a methodology 

frequently ignored in this field. Similarly, as it can be presumed that the numbers of 

cells isolated from particular NP cell sub-populations for further investigation would 

be low (as the NP is a hypocellular tissue), it should be investigated whether cells 

can be forced to express desired marker proteins by means of virus-mediated cellular 

transduction. Thus as long as transduced cells were found to function in a manner 

akin to phenotypically-identical native cells, a method for generating greater 

quantities of distinct NP cell populations would have been developed for use both in 

vitro and in vivo. 

Additionally, the mechanisms that underlie the loss of NC cells with ageing in the 

human NP require definition. Evidence exists which suggest that NC cells are 

influenced by microenvironmental factors including pH, load, nutrient supply and 

oxygen state (Grunhagen et al., 2006, Guehring et al., 2010, Guehring et al., 2009, 

Park and Park, 2013a, Park and Park, 2013b, Purmessur et al., 2012), but analysis of 

the influence of these factors, particularly on the phenotype of NC cells has yet to be 

performed. A novel ex vivo system has been developed here which would permit 

such investigations, although whether such specimens can be tested under load, low 

glucose, or low pH has not been investigated. Further development of this model to 

assess this will determine whether alterations are required to the model as it stands in 

order to provide a low pH, low glucose, loaded culture environment. 

With regards to clinical translation of this work, after further investigation of adult 

human NP cell sub-population functionality and the degenerative/regenerative 
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potential of these, isolation of optimal cell sub-populations from autologous tissue 

and implantation into degenerate discs may be considered for the treatment of IVD 

degeneration. However, isolation of healthy autologous NP tissue for acquisition of 

cells is limited by the potential to induce degeneration at the donor disc level. 

Additionally, the numbers of cells isolated will be few, and thus, allogeneic tissues 

(from e.g. cadaveric specimens) may be considered, although these too have 

associated limitations, predominantly surrounding immune reactivity to donor cells. 

Thus, an alternative source of cells may be considered. Autologous adipose tissue 

can be easily sampled in the clinic, and thus (once more fully investigated), it could 

be assessed whether adipose-derived stem cells can differentiate to the phenotype of 

an NP cell sub-population. However, the mesodermal ontogeny of MSCs is not 

reflective of the notochordal origin of the NP, and thus, it should be considered 

whether embryonic stem cells are a more appropriate cell source, as these have 

previously been demonstrated as capable of differentiation to a notochordal cell 

phenotype (Winzi et al., 2011). 
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