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Abstract 

Intervertebral disc (IVD) degeneration is associated with low back pain (LBP), 

which affects approximately 80% of the global population and is a huge 

socioeconomic burden. Presently, conservative and surgical therapies are inadequate 

and have poor long term outcomes; hence there is a necessity for alternative options, 

such as cell-based therapies, that will address the underlying pathogenesis. 

Mesenchymal stem cells (MSCs), specifically bone marrow (BM-MSCs) and 

adipose derived (AD-MSCs) have been shown to differentiate to a nucleus pulposus 

(NP) like cell (discogenic differentiation); although to date optimum discogenic 

differentiation protocols have not been defined. The most common method is the use 

of a transforming growth factor (TGF-β) however, this growth factor is commonly 

used to induce chondrogenesis. Thus, there is a need to identify growth factors or 

small molecules that can induce discogenic differentiation and appropriate matrix 

formation, particularly when exposed to IVD microenvironmental factors. The initial 

objective of the study was to investigate the discogenic potential of BM-MSCs and 

AD-MSCs when cultured with members of the TGF-β superfamily. Results showed 

growth differentiation factor 6 (GDF6) induced an improved discogenic phenotype 

in human AD-MSCs (aNPCs) resulting in a proteoglycan rich matrix, compared to 

growth differentiation factor 5 (GDF5) or TGF-β treatment or BM-MSCs exposed to 

the same growth factors. AD-MSCs supplemented with GDF6 were also exposed to 

hypoxia and load to mimic the IVD microenvironment. Whilst hypoxia and load 

increased discogenic differentiation, matrix synthesis was aberrantly altered resulting 

in a stiffer matrix than that produced in standard conditions. Another feature of the 

degenerate IVD environment, to which any implanted cells will be subjected to, is 

the milieu of cytokines specifically interleukin-1β (IL-1β). Thus, the response of 

aNPCs to IL-1β was compared to native degenerate NP cells. Interestingly, IL-1β 

had no detrimental catabolic effect on aNPCs suggesting that these cells may be able 

to withstand the effects of the IL-1β milieu of the degenerate IVD niche. The effect 

of GDF6 on native NP cells was also investigated and found to restore a non-

degenerate NP phenotype by upregulating NP marker gene expression and increasing 

ECM synthesis. Furthermore, when NP cells were treated with GDF6 and exposed to 

IL-1β there was still an upregulation of ECM and suppression of catabolic genes, 

suggesting GDF6 may have a protective role. Having established the efficacy of 

GDF6, preliminary experiments were undertaken to assess the feasibility of using 

GDF6 loaded microparticles to provide sustained delivery of the growth factor; 

results were comparable to exogenous delivery of GDF6. In addition, initial studies 

were undertaken to develop an ex vivo IVD model in order to test the efficacy of 

regenerative therapies such as those described throughout the thesis. Taken together, 

this study shows that GDF6 is a promising biological therapy for IVD regeneration 

strategies for the treatment of IVD degeneration. 
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1.1Thesis/Study Overview 

Lower back pain (LBP) affects a large proportion of the global population and has 

been associated with intervertebral disc (IVD) degeneration. At present existing 

therapeutic options are limited and offer poor long-term efficacy as they do not 

tackle the underlying pathogenesis and aberrant cell biology of the disorder. Hence, 

investigation and research into biological therapies has become a focal point to 

improve clinical treatments and to target treatment at the molecular and cellular level. 

Imperative to fulfilling this aim is the consideration of the appropriate cell 

population for tissue engineering strategies, as there are a number of studies 

investigating different cell sources including human mesenchymal stem cells 

(MSCs). In addition, the growing understanding of the molecular phenotype of 

nucleus pulposus (NP) cells and the defining NP marker genes can allow tailored 

differentiation approaches that are more appropriate to induce discogenic 

differentiation as opposed to current protocols. Importantly, for cellular therapies to 

be clinically transferable the response of such therapies to the IVD 

microenvironment must be elucidated to ensure cells are still functional and react 

favourably to the degenerate IVD niche. Finally, the delivery of the therapy is also 

important whether this be a specific biomaterial or direct injection into the IVD. 

Therefore in consideration of all these aspects, the focus of the study was to develop 

a biological/cell based therapy for regeneration of the degenerate IVD and tests its 

efficacy in a degenerate ex vivo model to assess the ability to restore tissue integrity 

and biomechanical properties.  

 

1.2 Lower Back Pain 

The human spinal column is divided into four specific vertebral regions; cervical, 

thoracic, lumbar and sacral (Figure 1.1A) with lower back pain (LBP) relating 

directly to the lumbar segment. As one of the most prevalent musculoskeletal 

diseases in western society (Stewart et al., 2003), LBP is estimated to affect 84% of 

adults at one point within their lifetime, with 6.3-11.1% of the UK population 

experiencing chronic LBP (>3 months) (Junpier et al., 2009). As the frequency of 

LBP has a close association with aging (Papageorgiou et al., 1995) and an ever 

increasing older population, the disorder poses a huge socioeconomic burden. The 

collective expenditure in the UK in 2000 totalled £12 billion in costs arising annually 
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through loss of productivity, social benefit payments and direct and indirect cost to 

the healthcare system equating to 1-2% of gross national product (GDP). 

(Maniadakis and Gray, 2000;HS(G)96 2nd Edition.,HMSO 1997) whilst in the U.S 

LBP is the third most common cause of surgical procedures (Andersson, 1999) with 

an annual expenditure of approximately $85 billion (Martin et al., 2008). The precise 

origins of the LBP are unclear and deemed to be multifactorial, however imaging 

studies have strongly correlated a link between intervertebral disc (IVD) 

degeneration and LBP in up to 40% of cases (Cheung et al., 2009; Samartzis et al., 

2011; Takatalo et al., 2011).  

 

1.3 Intervertebral Disc Structure 

The 24 articulating vertebrae of the spine are each separated by an IVD, which act as 

a fibrocartilaginous cushion. The discs facilitate joint movement, flexibility and 

enable the spine to withstand and distribute load evenly. The IVD can be separated 

into three defined regions: the cartilaginous endplate (CEP), the annulus fibrosus 

(AF) and the nucleus pulposus (NP) (Figure 1.1B and Figure 1.1C). Each region has 

a distinct structure and function, which all work synergistically enabling the disc to 

perform efficiently. 

 

1.3.1 The Cartilaginous Endplates  

The CEPs are a thin layer of hyaline cartilage which interface between the disc and 

the vertebral body (VB), located both superiorly and inferiorly (Raj, 2008). They are 

directly attached to the lamellae of the AF (Inoue, 1981) and in turn confine the NP 

tissue to its anatomical location (Broberg, 1983). The CEPs also act as a semi-

permeable barrier providing nutrients and metabolites into the disc and the removal 

of waste products from the disc via diffusion between the NP, AF and VB (Roberts 

et al., 1989). 

 

1.3.2 The Annulus Fibrosus 

The AF is comprised primarily of highly organised type I collagen concentric 

lamella numbering between 10 and 25 (Marchand and Ahmed, 1990) which 

encompasses the NP. Based on structural and cellular differences, the AF can be 

divided into the inner and outer part. The outer AF is composed of lamella fibres 
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which are orientated at a 70O angle and the adjacent lamella alternate in direction 

(Roughley, 2004) (Figure 1.1C) which facilitates the ability to resist tensile forces. 

The functionality of the AF is aided by the inclusion of elastin between collagen 

fibres which aids in recovery of disc shape after mechanical compression, bending or 

flexing (Urban and Roberts, 2003; Raj, 2008). The inner AF is a transition zone 

between highly ordered collagenous structure of the outer AF and the hydrated NP, 

comprised of a mixture of both type I and type II collagen (Bron et al., 2009; 

Pattappa et al., 2012).  
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Figure 1.1 A schematic representation of the spine and intervertebral disc.  

A. Four distinct regions of the spinal column (adapted from 

www.gallery4share.com/v/vertebral-column-unlabelled-lateral-view 

[accessed 7.1.2016]). B. A spinal unit to show the IVD sandwiched between the 

vertebral bodies, separated by a superior and inferior end-plate (adapted from Hukins, 

2005).C. The IVD comprised of a centrally located nucleus pulposus encompassed 

by the lamellae of the annulus fibrosus and separated from the vertebral bodies by 

the endplate (adapted from Raj, 2008). 
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C 

http://www.gallery4share.com/v/vertebral-column-unlabelled-lateral-view


26 
 

1.3.3 The Nucleus Pulposus 

The centrally located NP (Figure 1.1C) is morphologically very different than the AF, 

as it is highly hydrated and gelatinous in nature. The high proteoglycan (PG) content 

(predominantly aggrecan) is water imbibing and therefore maintains the hydrostatic 

pressure which helps the disc to resist compressive loads and distribute them 

uniformly (Adams and Roughley, 2006). 

 

1.4 Cells of the Intervertebral Disc  

The different regions of the disc have distinct cell morphologies, even though the 

IVD is one of the most cell sparse organs in the body .The CEP, AF and NP tissues 

comprise of approximately 15000, 9000 and 4000 cells/mm3 respectively (Maroudas 

et al., 1975). In comparison to a similar cartilaginous joint, articular cartilage (AC) 

has a cell density of 14000-15000mm3 (Stockwell, 1971). Irrespective of the low cell 

density, the cells produce a large amount of extracellular matrix (ECM). 

 

1.4.1 Cells of the CEPs 

The CEP is populated by rounded chondrocyte-like cells which are embedded in a 

matrix consisting of type II collagen, PGs and water (Maroudas et al., 1975, Roberts 

et al., 1989, Roberts et al., 1991). 

 

1.4.2 Cells of the AF 

The cells of the outer AF region are elongated fibroblast-like cells whereas cells 

toward the inner AF are chondrocyte like (Roberts et al., 2006) both of which align 

in the same orientation as the collagen fibres (Maroudas et al.,1975) and synthesise 

mainly type I collagen (Eyre and Muir, 1976). 
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1.4.3 Cells of the NP 

NP cells can be described as chondrocyte-like as they are rounded in morphology 

and synthesise ECM components including aggrecan, type II collagen and the 

transcription factor SOX-9 (SRY (Sex determining region Y)-Box-9) (Sieve et al., 

2002). Whilst this description is similar to classic chondrocytes of the AC, recent 

phenotypic studies have been undertaken to distinguish AC and NP cells (Minogue 

et al., 2010b, Power et al., 2011). This is described in detail in section 1.10.1. 

In addition to the small rounded NP cells, a larger cell population also resides within 

NP tissue. The notochordal cells (NC cells) are morphologically distinct and are 

characterised by numerous vacuoles within the cells (80% of cell volume (Hunter, 

2005)), a larger diameter compared to NP cells (25µm to 8µm (Hunter et al., 2003)) 

in addition to forming dense cellular networks. In humans the foetal NP is populated 

with an abundance of NC cells (Boos et al., 2002) that with maturity of the disc 

gradually disappear by adolescence and are replaced by mature NP cells. The precise 

mechanisms in which the NC cells are lost from the tissue is unclear, however 

apoptosis (Kim et al., 2005), biomechanical alterations and insufficient nutrient 

supply have been thought to contribute (Louman-Gardiner et al., 2011). This 

transition varies between species, as for humans the alteration is completed before 

reaching skeletal maturity whereas other smaller animals such as rodents and pigs 

keep their population of NC cells into adult life (Alini et al., 2008). There has been 

great debate about the origin of the adult NP cells, with suggestions that cells 

migrate or are recruited from tissues such as the AF or CEP. However, recent fate-

mapping or lineage tracing studies undertaken in mice models demonstrated that 

adult NP cells are derived from the embryonic notochord. The studies utilised 

notochord specific Cre recombinase driven by either Sonic hedgehog (Shh) (Choi et 

al., 2008) or Noto (McCann et al., 2012) promoters. In addition, studies have 

demonstrated the expression of notochordal cell marker brachyury (T) by adult NP 

cells, signifying their notochordal origin (Minogue et al., 2010b; Weiler et al., 2010).  
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1.5 Extracellular Matrix (ECM) Composition of the IVD 

As reviewed in section 1.3 the IVD is sparsely populated with cells, however these 

cells synthesise a large amount of ECM. Whilst the ECM formed is similar to that in 

cartilage (Figure 1.2), comprising largely of collagens and PGs, the composition of 

the matrix is different. It has been demonstrated that in a healthy disc that the PG: 

collagen ratio is 27:1, measured at the protein level (ACAN:COL2A1), in 

comparison to a ratio of 2:1 in the CEP (Mwale et al., 2004). 

 

 

Figure 1.2 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. (Heinegard and Saxne, 2011). 
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1.5.1 Collagens 

Collagens are proteins located in the ECM of all connective tissues and are 

characterised by the presence of a triple helix domain. In the disc, collagen 

comprises approximately 70% of its dry weight (Eyre et al., 2002) and there are a 

variety of isoforms including types I, II, III, V, VI, IX, XI, XII and XIV (Eyre et al., 

2002). The most abundant of these are type I and type II collagen. The AF ECM is 

predominately formed of type I organised collagen fibres which account for 50-60% 

of its dry weight (Bogduk and Twomey, 1987) whereas, the NP ECM contains type 

II collagen which are arranged sporadically and only comprised 15-20% of the 

weight of the dry NP (Le Maitre et al., 2007d). Together type I and II make up 80% 

of the total collagen found in the disc (Roberts et al., 1991) with the remaining 10-

20% consisting of type VI collagen. The other collagens are present in small 

quantities and contribute to the organisation and mechanical stability of the ECM 

(Eyre and Muir, 1976, Roberts et al., 1991). Whilst type II collagen is found in both 

the disc and hyaline cartilage, collagen present in the disc demonstrates increased 

levels of hydroxylation on the proline and lysine amino acids which is thought to 

lead to a more protease resistant matrix (Yang et al., 1993). This demonstrates that 

although NP cells are described as ‘chondrocyte-like’ they synthesise a unique 

matrix that is different to that found in cartilage.  

In addition to collagens, cartilage oligomeric matrix protein (COMP) is essential in 

the organisation of collagen fibrils in the AF ECM network and also plays a role in 

network stability by binding to the globular domain of type IX collagen (Feng et al., 

2006, Ishii et al., 2006). Taken together, the collagen network of the disc offers 

tensile strength and constrains the NP to resist compressive forces. 

 

1.5.2 PGs 

In the NP, PGs account for 65% of the dry weight of the tissue, with the predominant 

PG being aggrecan. The vastly hydrated ECM in the NP can be attributed to the high 

PG content, which is responsible for attracting water into the tissue due to the 

negative charge. A PG is typically made up of a core protein that is covalently 

bonded to side chains of negatively charged GAGs. As shown in Figure 1.3, the 
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aggrecan core protein is bonded to sulphated GAG chains of keratin and chondroitin 

sulphate. In addition, aggrecan has a hyaluronan binding globular domain and a C-

type lectin motif which allows it to form large aggregates and bind to other proteins 

(Iozzo and Murdoch, 1996, Wu et al., 2005). 

 

 

Figure 1.3 A diagrammatic representation of an aggrecan molecule.  
It contains two N-terminal globular domains, G1 and G2, separated by an IGD 

(interglobular domain), followed by a GAG-attachment region and a C-terminal 

globular domain, G3 (Adapted from Porter et al., 2005). 

 

Another PG present in the ECM of the disc is versican, which is partially 

homologous to aggrecan however it only contains chondroitin sulphate GAG chains 

resulting in a lower negative charge hence less potential to bind water (Wu et al., 

2005). As such, it is predominately located in the AF as a component of the 

translamellar crossbridges (Melrose et al., 2008).In addition to the large aggregating 

PGs, there are a number of small, leucine-rich proteoglycans (SLRPs) found in the 

disc, including biglycan, decorin, lumican and fibromodulin. These molecules have a 

smaller protein core and fewer GAG chains and are found in greater amounts in the 

AF (Inkinen et al., 1998). Their function is to interact with various collagens 

including type I, II, VI and guide the assembly of the collagen network (Wiberg et al., 

2002). 
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1.5.3 Matrix Degrading Enzymes 

In a healthy IVD, the ECM is broken down and remodelled, as part of the 

homeostatic upkeep; this is undertaken by metalloproteinases and their inhibitors. 

There are two main families of matrix degrading enzymes, matrix metalloprotinases 

(MMPs) and a disintegrin and metalloproteinase with thrombospondin motif 

(ADAMTS’) (Vo et al., 2013). The MMPs can be further classified into 

‘collagenases’ (MMP -1, -8 and -13) (Roberts et al., 2000, Le Maitre et al., 2004a), 

‘gelatinases’ (MMP-2 and -9) (Hsieh and Lotz., 2003, Crean et al., 1997), 

‘stromelysin’ (MMP-3) (Le Maitre et al., 2004a) and ‘matrilysin’ (MMP -7) (Roberts 

et al., 2000).Additionally ‘aggrecanases’ that degrade aggrecan are also found in the 

disc (ADAMTS-1,-4,-5,-9,-15) (Sivan et al., 2013; Pockert et al., 2009). The activity 

of the enzymes are regulated by a family of proteins termed tissue inhibitors of 

metalloprotinases (TIMPs), TIMPs -1 and -2 inhibit MMPs and TIMP-3 is an 

inhibitor of ADAMTS-4 and -5 (Kashiwagi et al., 2001).  

 

1.6 IVD Niche 

The IVD milieu can be described as a hostile environment. The cells within the disc 

require nutritional pathway in order to maintain the cells and to remove metabolic 

wastes. The foetal and infant disc has an ample blood supply with vessels penetrating 

into the disc, but as the disc matures the degree of vascularisation decreases 

immensely with parts of the disc being up to 8mm from the closest blood supply 

(Roughley, 2004; Urban et al., 2004; Choi, 2009). Hence, the mature disc is the 

largest avascular and aneural organ in the human body and is reliant on alternative 

methods of obtaining nutrition. The nutritional pathway is primarily diffusion 

through the CEPs which is dependent on the solute charge and size. When this route 

is compromised, for example via either calcification or ossification of the end plates 

with age, this can result in or contribute to disc degeneration (Urban et al., 2004).  

As the disc is hypoxic in nature (1-5% oxygen) the cells within the disc rely on 

oxygen independent-anaerobic metabolism, through the process of glycolysis in 

which glucose is metabolised into lactic acid and ATP (Holm et al., 1981). Another 

factor that influences cell metabolism is the pH levels within the disc. As Figure 1.4 
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demonstrates in the centre of the IVD the level of lactic acid is increased, due to the 

distance of diffusion, which results in an acidic pH (Holm et al., 1981).The disc also 

has a low glucose concentration (1.2nmol/mm3) (Soukane et al., 2007) and the 

constant subjection to mechanical load is also homeostatic to the disc; this is 

described in greater detail in section 1.8.1.2. 

 

 

Figure 1.4 Schematic diagram of oxygen, glucose, lactic acid and pH levels 

within the IVD. The microenvironment of the IVD shows low levels of oxygen and 

glucose in the centre of the disc whilst there are high levels of lactic acid resulting in 

a low pH (Adapted from Urban et al., 2004). 

Native NP cells have demonstrated a metabolic adaptation to the hypoxic 

environment, which was highlighted by Risbud and colleagues (Risbud et al., 2006). 

Hypoxia-inducible factor 1-α (HIF-1α) is an important transcription factor that 

allows a cell to switch from aerobic to anaerobic metabolism (Firth et al., 1995), 

hence is degraded under normoxic conditions but stable under hypoxic conditions 

(Wang et al., 1995). In the study by Risbud et al., it was shown that unlike other cells, 

there was not a significant upregulation of HIF-1α when NP cells were cultured in 

hypoxia suggesting that the cells are adapted to the low oxygen environment and that 

High Lactate 

Higher Cytokines 

Lower Growth Factors 
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normoxic stabilisation of HIF-1α is characteristic of NP cells (Risbud et al., 2006). 

However, whilst NP cells are adapted to this harsh environment, for cell-based 

therapies to be successful, understanding the interactions between implanted cells 

and factors within the IVD microenvironment is important in order to understand 

whether cells will function appropriately 

 

1.7 Aging of the IVD 

With the progression of age there are a number of morphological and molecular 

alterations that occur, which are comparable with changes observed in the degenerate 

disc. At a cellular level, (discussed in section 1.4.3), within the first decade the 

distinct NC cell population present in immature discs diminishes to an imperceptible 

level (Hunter et al., 2004). Subsequently the cells are no longer morphologically 

identifiable as NC cells and the ‘chondrocyte-like’ adult NP cells appear 

simultaneously (Hunter et al., 2004). As the disc ages and matures the density of NP 

cells reduces significantly to approximately 10% of that in a newborn (Liebscher et 

al., 2011). At a gross morphological level changes occur such as loss of disc height, 

dehydration of the tissue and discolouration of the nucleus (Hormel et al., 1991). 

These alterations are due to fundamental changes in the ECM of the IVD, as with 

age there is a decrease in both collagen and PG formation (Singh et al., 2009). A 

decrease in PG reduces the ability of the disc to imbibe water and hydrate the tissue, 

resulting in a lower water content (Antoniou et al., 1996) and a reduction in disc 

height as demonstrated by MRI (Frobin et al., 2001). Discolouration of the tissues, as 

shown in Figure 1.5, has been attributed to an accumulation of products from non-

enzymatic glycosylation (Hormel et al., 1991). 

 

 

 



34 
 

 

Figure 1.5 A photographic comparison between a healthy and degenerate disc. 

The image on the left depicts a young healthy disc from a 17 year old patient 

demonstrating a hydrated NP and ordered lamellae in the AF. The image on the right 

shows a degenerate disc from a 55 year old patient, with discolouration, granular NP 

and disordered AF (Adapted from http://www.eurospine.org/motion-

preservation.html [accessed 7.1.2016]). 

 

The changes described in the ECM subsequently lead to impaired mechanical 

function as the disc is unable to distribute load uniformly (Costi et al., 2008). Hence 

the forces are unevenly reassigned to the AF which progressively disrupts both the 

AF structure and loading properties (O’Connell et al., 2009).  

 

1.8 Intervertebral Disc Degeneration 

1.8.1 Risk factors 

The precise aetiology of disc degeneration is not fully understood as it can be 

deemed as a multifactorial disorder with a range of environmental and genetic 

factors having been identified. It is considered to be a pathological process 

comparable to natural age-related changes except it occurs at an accelerated rate.  
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1.8.1.1Genetic Association 

Genetic predisposition to the development of disc degeneration has been well studied 

at both a familial and protein level. Studies have demonstrated a significant 

correlation in discogenic pain in relatives of patients with LBP compared to 

nonrelated controls (Postacchini et al., 1988; Bijkerk et al., 1999). Matsui and 

colleagues highlighted the increased severity of radiographic markers of 

degeneration when the patient had a first order relative whom had previously 

undergone spinal surgery (Matsui et al., 1998). In addition a series of twin studies 

has illustrated that hereditary predisposition to degeneration has a greater influence 

than environmental factors. Overall the studies estimate that genetic factors can 

account for 75% of susceptibly to degeneration (Battie et al., 1995a, Battie et al., 

1995b, Battie et al., 2009). 

Whilst familial studies show a clear link between genetics and disc degeneration they 

do not provide candidate genes that are responsible, hence numerous studies have 

investigated this (summarised in Table 1.1).  

Table 1.1 Genes Associated with IVD Degeneration in Human Population 

(Adapted from Kepler et al., 2013) 

 

 

Protein IVD Function Alleles with Variants 

Type IX Collagen ECM support 

COL9A2 

COL9A3 

Vitamin D Receptor Alters GAG structure 

Taql 

Apa 

Type I Collagen AF support COL1A1 

Aggrecan NP osmotic gradient CS1 

MMP-3 ECM degradation 

5A 

6A 
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Degeneration has been associated with polymorphisms in the SP1 allele of COL1A1 

in a number of populations, Dutch (Pluijm et al., 2004), Finnish (Videman et al., 

2009) and Greek (Tilkeridis et al., 2005). Alleles of the genes COL9A2 and 

COL9A3 which encode the matrix protein type IX collagen have been associated 

with degeneration in two populations (Finnish (Annunen et al., 1999) and Chinese 

(Jim et al., 2005)). Interestingly the Trp3 allele associated with sciatica in the Finnish 

population was absent in the Chinese population indicating that genetic risk factors 

can vary between ethnicities.  

A variable number of tandem repeats (VNTR) polymorphism in the CS1 subunit of 

the aggrecan gene alters the PGs ability to bind to the GAG side chain chondritin 

sulphate which can change the physical properties and increase the risk of 

degeneration (Solovieva et al., 2007). This polymorphism has been identified in 

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

(Eser et al., 2010) ethnicities. Similarly polymorphisms in the vitamin D receptor 

have been linked with insufficient sulphation of GAGs affecting the ECM function 

(Kepler et al., 2013).  

As a degradative enzyme is it no surprise that mutations in the MMP-3 gene have 

been linked to disc degeneration. A polymorphism in the promoter region of the gene 

increases protein expression of MMP-3 which leads to increased matrix degradation 

(Takahashi et al., 2001).  

 

1.8.1.2 Mechanical Load 

Due to the upright nature of the torso the disc is constantly subjected to compressive 

and dynamic loading which is important for disc homeostasis. Matsumoto and 

colleagues (Matsumoto et al., 1999) have demonstrated that biomechanical loading is 

essential to maintain both phenotypic and functional characteristics of NP cells in rat 

studies (Matsumoto et al., 1999). Despite the positive anabolic effects of 

physiological loading, excessive or altered biomechanics such as increased 

frequency or magnitude can be detrimental to the disc (MacLean et al., 2004; Stokes 

and Iatridis, 2004; Walsh and Lotz, 2004). On the other hand, it has been 

demonstrated that discs exposed to no load, static load or high loading regimes 
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results in an increase in catabolic gene expression (Paul et al., 2011). In a study by 

Walter and colleagues (Walter et al., 2011) the importance of evenly distributed load 

is highlighted by comparison of axial compression applied either asymmetrically or 

uniformly to an IVD. Results showed a down regulation of anabolic genes and an up 

regulation of catabolic markers as well as induction of cell death and a loss of 

ACAN from the tissue (Walter et al., 2011). 

 

1.8.1.3 Lifestyle and Environment 

There are a number of lifestyle and environmental factors that can influence the 

development of disc degeneration. One particular factor is manual labour 

employment which comprises of heavy lifting, repeatedly bending, twisting and 

exposure to vibrations. Studies have demonstrated that alterations to the disc exceed 

those who work in a sedentary environment (Battie et al., 1995b, Videman et al., 

1990). Additionally, exposure to vibrations has been found to impair disc nutrition 

by altering the peripheral circulation in the CEP and AF (Elfering et al., 2002, 

Kumar et al., 1999). Other lifestyle aspects include smoking which can alter blood 

flow and vessel walls to affect the nutritional pathway (Ernst, 1993; Miller et al., 

2000) and nicotine has been shown to have a detrimental effect on disc cells (Akmal 

et al., 2004). Additionally obesity and an increased body mass index (BMI) have 

been identified as positive risk factors for the development of disc degeneration 

(Deyo and Bass, 1989; Elfering et al., 2002; Weiler et al., 2011). 

 

1.8.2 Characteristic Features of Disc Degeneration 

Degeneration of the IVD is progressive in nature and exhibits characteristic 

alterations that are seen at a macroscopic level (Figure 1.6). Morphological changes 

include loss of disc height, absence of regional distinction between the NP and AF, 

formation of fissures and nerve in growth into the AF (Freemont et al., 2002a).  
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Figure 1.6 Magnetic Resonance Images of the progressive changes during IVD 

degeneration. A. A healthy disc showing the highly organised lamella of the AF, 

and intact NP which can be seen as two distinct regions. B. Early stages of 

degeneration, including slight loss of disc height, AF bulging shown by * and loss of 

signal from the NP region suggesting loss of tissue. C. Disc displaying advanced 

degeneration resulting in extreme structural deterioration, loss of disc height, fissures 

indicated by * and no distinction between regions (Adapted from Smith et al., 2011). 

 

1.8.2.1 Changes in Cell Density 

As discussed in section 1.4 the disc is comprised of a sparse cell population that 

within a healthy disc are metabolically active and able to maintain a stable cell 

density. With the onset of degeneration there is an increase in cell death (Trout et al., 

1982) observed by both necrotic and apoptotic mechanisms (Sitte et al., 2009; 

Bertram et al., 2009). Apoptosis is proposed to be the dominate cell death process 

(Gruber and Hanley, 1998; Zhang et al., 2008; Bertram et al., 2009) and can be 

linked to a diminished nutritional supply (Horner and Urban, 2001; Bibby and Urban, 

2004) caused by the reduction of blood vessels to the vertebral bodies and the 

calcification of CEPs (Roberts et al., 1996). Additionally, increased cell proliferation 

and formation of cell clusters is another feature of disc degeneration (Johnson et al., 

2001). Cell clusters are primarily located in regions of matrix disorganisation (e.g 
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fissures or clefts (Johnson et al., 2001; Boos et al., 2002; Zhao et al., 2007) and 

adjacent to neovascularisation to obtain sufficient nutrients. It has been demonstrated 

that the cells within the cluster have an altered NP phenotype as they express 

increased levels of MMPs (Roberts et al., 2000; Roberts et al., 2006a).  

 

1.8.2.2 Cellular Senescence 

There are two mechanisms for cellular senescence that contribute differently to 

natural disc aging and disc degeneration. Replicative senescence is caused by 

telomere shortening when the cell divides (Campisi, 1997) and can be associated 

with the natural aging of the disc (Johnson et al., 2001; Roberts et al., 2006a; Gruber 

et al., 2007). For example cell clusters observed in degenerate discs have been shown 

to express senescence markers which has been shown to be indicative of replicative 

senescence (Roberts et al., 2006a; Gruber et al., 2007) Whereas stress-induced 

premature senescence (SIPS) results from a number of stress factors which can 

include mechanical load, increased cytokines or reactive oxygen species (Zhao et al., 

2007). It has been suggested that the hostile nature of the degenerate disc 

microenvironment may induce premature senescence (Le Maitre et al., 2005; Le 

Maitre et al., 2007a). Le Maitre and colleagues demonstrated greater levels of 

senescent cells in degenerate IVDs in comparison to age-matched controls (Le 

Maitre et al., 2005) highlighting the differences between aging and degeneration. 

 

1.8.2.3 Changes in ECM Composition 

With the progression of age and the onset of degeneration there are alterations in 

synthesis, composition and breakdown of the matrix. Firstly there is a decrease in the 

synthesis of PGs primarily aggrecan in addition to other PGs (versican) which results 

in the disc being less hydrated and providing an insufficient swelling pressure 

(Buckwalter, 1995; Freemont et al., 2002a). There is also a change in the relative 

proportions of GAGs attached to the PGs, as chondroitin sulphate is substituted for 

the less hydrophilic keratin sulphate (Scott et al., 1994; Choi, 2009).  
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Concurrently, there are also abnormalities in the distribution of the structural protein 

collagen. In the NP tissue fine type II collagen fibrils are replaced by coarser type I 

collagen leading to a fibrotic NP, (Boos et al., 1997; Nerlich et al., 1997; Zhang et al., 

2009b) whereas in the AF there is increased type II collagen and decreased type I 

collagen. In severely degenerate discs increased type X collagen has been observed 

which is associated with the ossification of hypertrophic chondrocytes and can 

contribute to the decrease in porosity of CEPs (Boos et al., 1997). 

In healthy discs the balance between anabolic and catabolic mechanisms is sustained 

however in degeneration there is a shift toward catabolism resulting in matrix 

degradation. Degeneration induces an increased production of matrix degrading 

enzymes particularly MMPs and ADAMTSs. Elevated levels have been 

demonstrated for a number of enzymes including MMPs -1, -3, -7, -9 and -13 

(Roberts et al., 2000; Le Maitre et al., 2004a; Le Maitre et al., 2006a; Weiler et al., 

2002) and ADAMTSs -1, -4, -5, -9 and -15 (Le Maitre et al., 2004a; Pockert et al., 

2009). The substrates for the enzymes are the collagens and PGs located in the disc 

as discussed in section 1.5.3. Expression of the regulatory inhibitors TIMP-1 and 

TIMP-2 are increased during degeneration (Roberts et al., 2000) however TIMP-3 

expression is not increased. Therefore there is an imbalance between the expression 

of ADAMTS and TIMP-3 favouring the degradation enzyme resulting in the 

breakdown of aggrecan (Le Maitre et al., 2004a; Pockert et al., 2009).  

In the musculoskeletal disorder osteoarthritis, similar degenerate changes to those 

observed in the IVD occur in articular cartilage in which the cytokines interleukin – 

1 (IL-1) and tumour necrosis factor α (TNF α) are strongly implicated in driving the 

catabolic alterations (Igarashi et al., 2000; Koshy et al., 2002). In a series of studies 

by Le Maitre and colleagues (Le Maitre et al., 2005; Le Maitre et al., 2006b; Le 

Maitre et al., 2007b; Le Maitre et al 2007c) both cytokines were investigated to 

determine the role they play in IVD degeneration. With regard to IL-1β the results 

demonstrate that the cytokine is produced by native disc cells, and during 

degeneration there is increased expression in comparison to non-degenerate discs (Le 

Maitre et al., 2005). However, the increase in IL-1β is not reciprocated by an 

increase in the IL-1 inhibitor, IL-1 receptor antagonist (IL-1Ra) meaning the greater 

expression of IL-1β will cause damage to the disc. Treatment of the disc with the 

cytokine resulted in a downregulation of anabolic molecules and upregulated levels 
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of MMP and ADAMTS enzymes, leading to a catabolic shift in matrix synthesis. 

Additionally, Le Maitre and colleagues investigated the cytokines simultaneously in 

non-degenerate, degenerate and herniated human discs to determine the most 

predominant cytokine. Gene expression of IL-1β was detected in 79% of discs 

compared to TNF-α expression in only 59%, with the degenerate and herniated 

showing the highest levels. It was also shown that whilst the IL-1R expression 

increased with degeneration compared to non-degenerate discs, this was not seen 

with TNF-α receptor I at either a gene or protein level. This suggests that IL-1β may 

play a more substantial role in the pathogenesis of IVD degeneration than TNF-α, 

although both cytokines are produced (Le Maitre et al., 2007b). As a pro-

inflammatory mediator IL-1β acts a key initiator as it regulates the expression of a 

number of other cytokines and chemokines which are secondary inflammatory 

mediators. Stimulation of IVD cells with IL-1β has demonstrated significant 

upregulation of cytokines IL-6, IL-8 and IL-17 (Jimbo et al., 2005; Klawitter et al., 

2014; Studer et al., 2011; Gruber et al., 2013). Likewise IL-1β has recently been 

described as the master regulator of catabolic processes by Phillips and colleagues 

(Phillips et al., 2015) who demonstrated that treatment of human NP cells with IL-1β 

resulted in significant upregulation of a number of chemokines including CCL2, 

CCL3, CCL4, CCL5, CCL7, CXCL1, CXCL8, CXCL9, and CXCL10. This is 

significant as chemokines have also demonstrated the ability to promote catabolism 

by increasing levels of MMP3 and MMP13 (Borzi et al., 2000; Hsu et al., 2004). 

The ECM in normal discs is maintained with a careful balance between anabolic and 

catabolic processes. The degradative enzymes MMPs and ADAMTSs are primarily 

the enzymes that are involved in the breakdown of the ECM and have also been 

shown to be influenced by stimulation with IL-1β (Millward-Sadler et al., 2009; Kim 

et al., 2013; Wei et al., 2013; Phillips et al., 2013; Wang et al., 2011) which in turn 

enhances the catabolic processes leading to matrix degradation and IVD 

degeneration.  

Another pathology induced by IL-1β is the induction of apoptosis. In a number of 

studies NP cells exposed to IL-1β undergo morphological changes, upregulation of 

MMP3 and MMP13 and increased apoptotic rate (Zhang et al., 2013; Orrenius et al., 

2015; Yang et al., 2014; Yang et al., 2015). The ability of IL-1β to increase 

apoptosis leads to the loss of NP cells which is associated with the degeneration of 
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the disc (Liebscher et al., 2011). The mechanisms underlying how IL-1β induces 

apoptosis are not fully elucidated and continued research is necessary to determine if 

this could be a potential target for therapy. 

 

1.8.2.4 Vascularisation and Innervation 

Another characteristic of disc degeneration is an increase in vascularisation and 

innervation of the NP and inner AF which is coupled with increased pain (Freemont 

et al., 2002; Ratsep et al., 2013). Firstly the decrease of hydrostatic pressure and 

aggrecan from the matrix is an important factor in the innervation of the disc. 

Evidence suggests that aggrecan from normal discs has the ability to inhibit the 

growth of neuritis and endothelial cells in vitro; hence the decrease in aggrecan 

during degeneration allows in growth (Johnson et al., 2005; Johnson et al., 2002). 

IL-1 has also been reported as having the ability to increase the expression of 

vascular endothelial growth factor (VEGF) and neurotrophic factors nerve growth 

factor (NGF) and brain- derived neurotrophic factor (BDNF) (Lee et al., 2011a). 

This was highlighted by Lee and colleagues (Lee et al., 2011a) in which 

immunohistohemical stains demonstrated a positive correlation between IL-1 and 

VEGF, NGF and BDNF. Such results imply that IL-1 is the driving force behind 

angiogenesis and innervations (Lee et al., 2011a). Also both NGF and BDNF have 

been identified in degenerate discs; however only BDNF was significantly 

upregulated with the severity of degeneration (Purmessur et al., 2008). In addition 

this study also demonstrated that treatment of NP cells with exogenous IL-1 

significantly increased expression of NGF and BDNF which corroborates work 

undertaken by Lee et al (Purmessur et al., 2008; Lee et al., 2011a). 

 

1.8.2.5 Consequences of Disc Degeneration 

As there are significant changes at both a morphological and molecular level during 

degeneration, this impairs the ability of the disc to undertake its function as a 

fibrocartilaginous cushion. The loss and disorganisation of matrix proteins results in 

the disc being unable to distribute load uniformly. Hence the forces are reassigned to 

the AF and therefore a change of force from tensile to compressive forces (Adams et 



43 
 

Normal 
 IVD 

Degenerate  

IVD 

Synthesis Degradation Synthesis Degradation 

al., 1996). This can result in annular tears and NP herniation. Figure 1.7 summarises 

the changes at both a macroscopic and molecular level. The histological images in 

this figure demonstrate the comparison between a normal and degenerate IVD in 

which there is no distinction between the NP and AF. In addition the hydrated NP is 

lost and the vertebral bodies are closer together resulting in abnormal movement 

which can lead to LBP (Freemont, 2009). 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 A summary of characteristic alterations shown in disc generation at 

a macroscopic and molecular level. Disc degeneration is characterised by a number 

of histological changes including loss of regional demarcation, fissures and cell 

clusters and loss of disc height. The morphological alterations are resultant from 

biochemical and synthesis changes including increases in MMPs and ADAMTSs, 

decrease in aggrecan and collagen type II, altered biomechanics and increased 

vascularisation and innervation (Adapted from Freemont, 2009). 

 

1.9 Current Treatments for LBP 

At present the treatment regimes in place for LBP are conservative and associated 

with symptomatic pain relief. The options for discogenic pain include conventional 

methods such as anti-inflammatory drugs, physical therapy and muscle relaxants 
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(Chou et al., 2007). Other methods target lifestyle aspects which may further induce 

pain, such as weight loss and core strengthening exercises, which have shown to 

relieve symptoms (Slade and Keating, 2007). Non-traditional therapies such as 

acupuncture, spinal manipulation and massage have also been shown to alleviate 

painful symptoms of LBP (Chou and Huffman, 2007). Surgical treatments are 

therefore only recommended to patients when all conservative methods have been 

exhausted. The clinical postoperative goals are to relieve pain and to improve 

function and mobility, with disc arthroplasty or spinal fusion the standard operative 

procedures (Zhang et al., 2008). Ultimately fusion is regarded as the ‘‘gold standard’’ 

in surgical treatment, however this procedure may in fact induce and accelerate 

degeneration in adjacent segments due to altered biomechanical properties and 

unevenly distributed load (Lee, 1988; Gillet, 2003; Berg et al., 2011). Consequently 

alternative methods of therapy are a necessity and should target the underlying 

pathogenesis of LBP, essentially aiming to restore/ repair the IVD rather than solely 

focusing on pain reduction.  

 

1.10 Regenerative Strategies 

Biological and novel therapeutic approaches to treat disc degeneration are essential 

in medical progression in order to target the fundamental pathogenesis of the disease 

and essentially aim to restore the IVD. There have been a wide range of approaches 

aimed at investigating how to reinstate the balance between anabolism and 

catabolism.  

A number of in vitro studies have focused on the stimulation of existing native tissue 

cells through the administration of growth factors including transforming growth 

factor-β (TGF-β) (Gruber et al., 1997; Hayes and Ralphs, 2011), osteogenic protein-

1 (OP-1) (Masuda et al., 2003, Imai et al., 2007a), bone morphogenic protein 2 

(BMP-2) (Tim Yoon et al., 2003) and growth differentiation factor 5 (GDF5) (Li et 

al., 2004). The factors have been shown to increase matrix synthesis and upregulate 

PGs and type II collagen expression. OP-1 has an ability to stimulate ECM 

production as demonstrated by both human and rabbit IVD cells (Masuda et al., 2003; 

Imai et al., 2007b). 
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Similarly in vivo and ex vivo studies have investigated direct injection of OP-1 (Imai 

et al., 2007b; Miyamoto et al., 2006), TGF-β (Thompson et al., 1991), GDF5 (Walsh 

et al., 2004), insulin-like growth factor (IGF) (Osada et al., 1996) and growth 

differentiation 6 (GDF6) (Wei et al., 2009). Whilst both sets of studies have 

demonstrated positive results and it boasts the advantage of being minimally 

invasive, there are a number of limitations that restrict the clinical potential of these 

therapies. Firstly the short half-life of the molecules would lead to the necessity of 

multiple applications which would also add to the expense of the treatment. Also 

there are a low number of healthy cells located in the degenerate disc which could 

respond to exogenous stimulation. However despite the limitations, a phase I/II 

clinical trial has been undertaken to assess the safety of intradiscal GDF5 in early 

disc degeneration and the results are currently being analysed (Advanced 

Technologies and Regenerative Medicine, 2012; Zhang et al., 2011a).  

Another approach that has been investigated is the employment of gene therapy. This 

proposed method provides enhanced durability and sustainability in comparison to 

the injection or stimulation with growth factors. Studies have investigated a variety 

of anti-inflammatory molecules including; SOX-9, BMPs (Paul et al., 2003; Zhang 

et al., 2006b), TGF-β3 (Nishida et al., 1999); TIMP-1 (Wallach et al., 2003) and 

latent membrane protein 1 (LMP1) (Kuh et al., 2008). Studies by Le Maitre and 

colleagues (Le Maitre 2006b; Le Maitre 2007b) demonstrate the adenovirus 

mediated transfer of IL-1Ra which aimed to prevent the detrimental nature of IL-1β. 

Importantly the results highlighted a reduction in matrix degradation and elevated 

levels of IL-1Ra for prolonged time periods (2 weeks), and that the native cells were 

immune to the actions of IL-1β (Le Maitre 2006b; Le Maitre 2007c).Gene 

manipulation has shown promising results however there are a number of safety 

concerns which can obstruct clinical translation. This includes transfection to other 

cells, patient specific dose responses or immune reactions (Maerz et al., 2013); 

therefore cellular based therapies may be a more appropriate therapy.  

 

1.10.1 Choice of Cell Type 

Cellular based therapies are aimed at replacing the degenerate cells within the disc 

that display irregular cluster formation, apoptotic and necrotic characteristics 



46 
 

(Johnson et al., 2001; Urban and Roberts, 2003). Degenerate cells also develop a 

senescent phenotype that results in a reduced cell replication potential (Le Maitre et 

al., 2007a) and also display increased catabolic activity in the form of MMPs and 

ADAMTS’s (Le Maitre et al., 2004a; Le Maitre 2006a); hence replacement with 

viable cells is an essential therapeutic treatment. There is great debate as to the most 

appropriate cell source and a number have been investigated as summarised in 

Figure 1.8. 
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Figure 1.8 A schematic flow diagram to show the different cell types that can be 

utilised in cell based therapies. The diagram depicts different cell choices 

autologous NP cells, BM-MSCs or AD-MSCs or IVD progenitor cells. Cell based 

therapies can then either employ either a biomaterial, a growth factor or other 

environmental factors such as hypoxia in order to repair the degenerate IVD (Clarke 

et al., 2015). 
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1.10.1.1 NP Cells 

The first proposed option is to utilise a population of NP cells, with studies 

investigating both autologous and allogenic cells. A number of in vitro and in vivo 

studies using several different animal models (Nishimura and Mochida, 1998; 

Nomura et al., 2001; Okuma et al., 2000; Watanabe et al., 2003) have demonstrated 

that NP cells can increase PG synthesis and cell viability. In addition, a multicentre 

clinical study undertaken by EuroDisc demonstrated in a canine model that 

following autologous NP cell transplantation, cells remained viable, ECM was 

similar to normal IVD tissue and there was retention of disc height. As such a 

randomised trial was undertaken in humans. Results indicated that after 2 years 

patients who received autologous NP transplants had a greater reduction in pain and 

significantly greater water content in comparison to patients who underwent 

discectomy surgery alone (Meisel et al., 2007; Hohaus et al., 2008). Although studies 

have demonstrated the ability to improve degeneration in vivo there are a number of 

disadvantages that prevent the potential of clinical translation. Firstly, in order to 

perform autologous re-implantation there is a need for two separate surgeries to 

harvest and then implant the cells; this increases the risk of infection and damage to 

the spine (Maidhof et al., 2012). Also the hypocellular nature of the disc implies that 

a number of discs must be disrupted in order to obtain a sufficient number of cells. 

This can lead to accelerated degeneration and induce degeneration in adjacent non-

degenerate motion segments (Richardson et al., 2008). Furthermore genetic 

predisposition to IVD degeneration suggests that the cells are already susceptible to 

degeneration and should not be utilised as a regenerative tool (Gruber et al., 2006). 

Finally, as discussed degenerate cells exhibit senescence along with an altered 

phenotype and thus do not show normal cell function (Le Maitre et al., 2007a; 

Gruber et al., 2007; Le Maitre et al., 2004a; Le Maitre et al., 2005) hence an 

alternative cell source would be more appropriate. 
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 1.10.1.2 IVD Progenitor Cells 

A number of recent studies have postulated that a native stem cell/progenitor 

population resides in the disc which could contribute to the repair of the tissue and 

could be used as a regenerative tool. A progenitor population has been identified in 

cells isolated from both NP and AF tissue, expressing characteristic stem cell 

markers CD105, CD166, CD63, CD49a, CD90, p75 and CD133/1. This population 

also has the ability to differentiate to classic mesenchymal lineages including 

chondrogenic, osteogenic and adipogenic (Risbud et al., 2007). Furthermore, Blanco 

and colleagues (Blanco et al., 2010) isolated an MSC population from degenerate NP 

samples; however this population was unable to differentiate to an adipogenic 

lineage, which questions how MSC-like this population is (Blanco et al., 2010). 

Another study (Henriksson et al., 2009) undertaken in four species (rabbits, rats, 

minipigs and human IVD tissue) isolated a stem cell niche at the boundary of the 

outer AF and perichondrium region. This population of highly proliferative cells 

expressed the stem cell markers Notch1, Delta4, Jagged1, C-KIT and STRO-1 

(Henriksson et al., 2009). Following this study the authors investigated the migratory 

ability of this cell population (Henriksson et al., 2012) with the results suggesting the 

cells may respond to tissue damage. The final study in this series was extended to 

degenerate human IVD samples and a small population was found to express 

OCT3/4, NOTCH1, CD105, CD90 and STRO-1 suggesting they are progenitor in 

nature (Brisby et al., 2013). In a recent key study carried out by Sakai and colleagues 

(Sakai et al., 2012) a multipotent population of cells was identified in both mice and 

human discs. The cells were able to sequentially alter the cell surface markers from 

Tie2+ to GD2+ to CD24+, however with the increase of age and degeneration this 

progenitor population (Tie2+) decreased in frequency. The presence of a progenitor 

population has also been identified in the CEPs of the disc in two separate studies 

(Liu et al., 2011; Huang et al., 2012). Taken together the studies demonstrate that the 

population of the disc is heterogeneous (Gilson et al., 2010, Rutges et al., 2010) and 

a percentage of this is a progenitor population. Further studies however are required 

to determine the regenerative potential of the progenitor cells and also to elucidate a 

protocol to acquire and culture such cells for regenerative application. Therefore an 

alternative cell source that has been thoroughly investigated would be of greater 

potential to IVD regeneration.  
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1.10.1.3 MSCs 

The employment of MSCs as a potential cell source for cell based therapy of IVD 

degeneration has been of intense focus in recent years. MSCs were first identified in 

1970 by Friedenstein and colleagues (Friedenstein et al., 1968) when the presence of 

a non-haematopoietic cell population in bone marrow was described. MSCs have the 

capacity to self-renew and also to differentiate to a number of mesenchymal lineages 

(Pittenger et al., 1999) (Figure 1.9). Along with bone marrow (BM-MSCs) (Kolf et 

al., 2007), MSCs can be isolated from a number of sources including adipose tissue 

(AD-MSCs) (Zuk et al., 2001), synovial membrane, muscle and blood (Zuk et al., 

2010; De Bari et al., 2003; Bosch et al., 2000; Zvaifler et al., 2000. A number of 

studies have shown the potential of MSCs to differentiate to an NP phenotype 

(Risbud et al., 2004; Richardson et al., 2006; Minogue et al., 2010a; Clarke et al 

2014). 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 A schematic diagram to show differentiation potential of MSCs. MSCs are able to undergo self-proliferation and are able to 

differentiate into a range of mesenchymal tissues including bone, cartilage, muscle, stroma, tendon and adipose. Evidence has also suggested a 

greater plasticity including liver, heart, skin and nerve tissues. (Adapted from Caplan 1994). 



Different in vitro methods have been implemented in order to differentiate MSCs 

toward the NP linage. These include a co-culture system in which MSCs are directly 

cultured with NP cells in order to adopt the NP phenotype (Richardson et al., 2006b). 

This particular study demonstrated an increased expression in MSCs of classic ECM 

genes (Richardson et al., 2006b). This study highlighted that if partially 

differentiated MSCs were re-implanted into the disc, the native NP cells would help 

them to retain the NP phenotype. Another method explored by Risbud and 

colleagues (Risbud et al., 2004) showed that under hypoxic conditions and with the 

addition of TGF-β1 to culture media, the MSC cells were directed toward an NP 

phenotype, shown by upregulation of ECM genes (Risbud et al., 2004). Whilst BM-

MSCs are the most widely investigated cell source there have recently been studies 

from this laboratory and others that suggest AD-MSCs maybe a more appropriate 

cell source for IVD regeneration (Minogue et al., 2010a; Clarke et al., 2014; Zhang 

et al., 2014).  

 

1.10.2 Injection of MSCs 

The ability of the MSCs to differentiate to an NP phenotype is fundamental to ensure 

that this regenerative strategy can facilitate reparative treatment. Several studies have 

assessed the potential of directly injecting MSCs into the disc (Sakai et al., 2005; 

Hiyama et al., 2008; Jeong et al., 2009; Le Maitre et al., 2009a; Feng et al., 2011b) to 

investigate if the IVD microenvironment would promote differentiation and repair 

the disc. Sakai and colleagues (Sakai et al., 2005) injected autologous MSCs into a 

degenerative rabbit model and assessed following a 48 week period. The results 

demonstrated that the microenvironment of the NP induced site- dependent 

differentiation as the fluorescently labelled MSCs, expressed classic ECM markers 

aggrecan and type II collagen. In addition there was significant restoration of total 

PG content, in comparison to untreated discs (Sakai et al., 2005). Similarly using a 

rabbit model, Feng and colleagues (Feng et al., 2011b) compared results from 

transplanting autologous MSCs and NP cells separately into the disc. Results 

demonstrated an increase in disc height, GAG content and no significant difference 

between the two cell populations (Feng et al., 2011b). However, one specific 

limitation with a rabbit model is that this species retains an NC population, which 
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may support a regenerative response (Alini et al., 2008). A study using human MSCs 

was undertaken by Le Maitre and colleagues (Le Maitre et al., 2009a), in which 

undifferentiated MSCs were injected into bovine tissue explants. The cells remained 

viable for a 4-week culture period and displayed an NP phenotype by the expression 

of common matrix molecules, signifying the ability to differentiate in situ.  

As a whole these studies highlight the promising potential of MSCs as a therapeutic 

treatment, due to the increase in GAG and enhanced matrix production. This in turn 

has led to a recent Phase I clinical study (Orozco et al., 2011) in which 10 patients 

with chronic LBP were injected with autologous BM-MSCs into the NP region. 

After 1 year 90% of patients showed improved pain relief which was attributed to the 

potential induction of anti-inflammatory cytokines (Chanda et al., 2010; Orozco et 

al., 2011). In addition there was a significant increase in the water content of the 

discs however no improvement in disc height was seen. Another trial began in 2012 

at the Washington Centre for Pain Management which aimed to study 100 patients 

for 3 years following the injection of BM-MSCs in a hyaluronic acid carrier (Wash, 

2012). 

The work undertaken to date focuses on the capacity of MSCs to differentiate to 

repair the disc, to improve GAG formation and ECM synthesis. It must be ensured 

that the correct cell phenotype and matrix is produced to form an appropriate 

functional tissue. 

 

1.10.3 NP Cell Phenotype 

1.10.3.1 Classic NP Phenotype 

Classically NP cells are described as ‘chondrocyte like’ as they are rounded in 

morphology and form a matrix rich in type II collagen and aggrecan and express the 

master chondrogenic transcription factor SOX9 (Sieve et al., 2002). However whilst 

the matrix components may be the same there are distinct differences between NP 

and articular cartilage particularly in terms of the ratio of PG to collagen (Mwale et 

al., 2004). The NP cells produce a PG rich matrix with a PG: collagen ratio of 27:1 

compared to cartilage which is only 2:1. The difference in ratio has implications on a 

number of factors including the stiffness of the matrix and thus the tissue as a whole 
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and also the hydration capability. In addition the majority of studies previously 

undertaken to assess the differentiation of cells to an NP phenotype only analyse the 

classic ECM molecules (Sakai et al., 2005; Richardson et al., 2006). Therefore 

investigations were undertaken to elucidate novel markers that will allow NP cells to 

be distinguished from other cartilaginous cells. This will also facilitate the 

development of MSC based therapies to ensure they adopt the correct phenotype and 

produced a PG rich matrix. 

 

1.10.3.2 Clarification of NP Novel Markers 

Microarray studies allow for thousands of gene expression levels to be determined 

concurrently; hence there have been a number of studies that have aimed to identify 

a panel of unique NP markers to distinguish NP cells using this method (Lee et al., 

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

2009). 

Initial investigations were undertaken in small animal models including canine 

(Sakai et al., 2009), rat (Lee et al., 2007) and rabbit (Clouet et al., 2009). In each 

study a panel of markers were identified that were differentially expressed between 

NP and AC/AF cells which confirms the hypothesis that NP cells are distinct in their 

gene expression profile (Mwale et al., 2004). A study from this group (Minogue et 

al., 2010b) then looked at the differential gene expression between NP, AF and AC 

tissues isolated from bovine which is a larger animal model. The results highlighted 

inter-species variation as there was no correlation between this study and the smaller 

animal models. As such a microarray was carried out using human IVD tissue 

(Minogue et al., 2010a) comparing differential expression between NP and AC cells. 

Crucially, the genes identified in this experiment confirmed and correlated with 

analysis from the bovine model (Minogue et al., 2010a; Minogue et al., 2010b). The 

results from both experiments demonstrated that a number of genes were 

differentially expressed in both models, in particular FOXF1 and KRT18. 

Interestingly, Powers et al consequently confirmed a number of these finding 

particularly expression of CA12. This study also identified cell surface markers 

expressed by the NP cells which may enable direct isolation. A summary of novel 

markers identified by the microarrays’ is found in Table 1.2. 
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In most circumstances initial experiments are carried out using small animal models, 

however in this type of investigation it is not entirely appropriate. This is due to the 

fact that some animal species, (rat, rabbit and some dogs) are populated by NC cells, 

which are lost during infancy in humans. Therefore the differences observed in the 

small animal, bovine and human analyses may be due to the fact that the microarray 

was undertaken with NC rich tissue rather than smaller NP cells. It must be noted 

that the species of dog utilised in Sakai et al (Sakai et al., 2009) was in fact a 

chondrodystrophic breed which mirrors human development with the loss of NC 

cells. The only animal model to show a distinct overlap with human markers was the 

bovine model. This is possibly due to the fact that bovine discs provide a model 

where the load, structure and microenvironment is similar to that observed in 

humans (Miyazaki et al., 2009; Showalter et al., 2012).  

In addition to the microarray studies a recent review paper by Risbud and colleagues 

(Risbud et al., 2015) has evaluated the current consensus of the NP phenotype. 

Following the spine research interest group at the 2014 orthopaedic research society 

meeting a working definition of an NP cell phenotype has been proposed. This is to 

ensure consistency across publications and to ensure that researchers are following 

the same criteria. The phenotypic markers suggested are: HIF-1α, GLUT-1, Shh, T, 

KRT18, KRT19, CA12 CD24 and aggrecan:collagen ratio>20 at the protein level. 
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Table 1.2 A Summary of Highly Differently Expressed NP Marker Genes 

Identified in Four Different Species by Microarray Analysis. 

 

Species  Top Differentially Expressed 

Genes 

Gene  Confirmation 

in alternate 

models 

Gene or Protein 

Expression 

Ref 

Rat Cytokeratin-19 

Annexin A3 

Glypican 3 

Pleiotrophin 

Vimentin 

KRT19 

ANXA3 

GPC3 

PTN 

VIM 

Bovine, Human 

- 

- 

- 

Human 

Gene/Protein 

Gene 

Gene/Protein 

Gene 

Gene 

(2,3) 

(2) 

(2) 

(2) 

(2) 

Canine Cytokeratin- 18 

a 2-macroglobulin 

Neural cell adhesion molecule-1 

Desmocollin-2 

KRT18 

A2M 

NCAM1/CD56 

DSC2 

Bovine, Human 

Human 

Bovine 

Human 

Gene/Protein 

Gene/Protein 

Gene/Protein 

Gene/Protein 

(1,3) 

(1) 

(1,3) 

(1) 

Bovine Cytokeratin- 8 

Synaptosomal associated protein 

25 

N-cadherin 

Forkhead box protein F1 

Brain acid soluble protein 1 

KRT8 

SNAP25 

CDH2 

FOXF1 

BASP1 

Human 

- 

Human 

Human 

Human 

Gene 

Gene 

Gene 

Gene 

Gene 

(3) 

(3) 

(3) 

(3) 

(3) 

Human β-globin 

Ovostatin 2 

Paired box protein 1 

Carbonic anhydrase 12 

C-type lectin domain family 2 

member B 

ϒ- sarcoglycan 

Tyrosine protein kinase receptor 3 

HBB 

OVOS2 

PAX1 

CA12 

CLEC2B 

SGCG 

TYRO3 

Bovine 

Bovine 

Bovine 

Bovine 

- 

- 

- 

Gene 

Gene 

Gene 

Gene/Protein 

Gene 

Gene 

Gene 

(3) 

(3) 

(3) 

(3,4) 

(4) 

(4) 

(4) 

 

(Adapted from: Ludwinski et al., 2013). References: (1) Sakai et al., 2009; (2) Lee et 

al., 2007; (3) Minogue et al., 2010b (4) Power et al., 2011. 
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1.10.3 Directing Differentiation of MSCs 

There have been a number of different approaches applied in order to differentiate 

MSCs to an NP phenotype. The most common methodology in vitro is the use of a 

differentiating media supplemented with a growth factor. Components of 

differentiating media include a number of nonproteinaceous supplements including; 

insulin, transferring, selenite (ITS-X) and linoleic acid, which act as a replacement 

for foetal calf serum and promote proliferation and ECM synthesis. Ascrobate-2-

phosphate has demonstrated the upregulation of ECM marker genes (Altaf et al., 

2006) and the synthetic glucocortocoid dexamethasone which stimulates the 

expression of SOX9 (Sekiya et al., 2002). Whilst the nonproteinaceous supplements 

aid in the differentiation of MSCs, growth factors are considered to be the most 

potent inducer. 

A wide variety of growth factors have been assessed including TGF-β, IGF-1, FGF-2 

and OP-1 (Buckley and Kelly, 2012; Yu et al., 2012; Longobardi et al., 2006; Steck 

et al., 2005). However these studies demonstrate the chondrogenic differentiation of 

MSCs as the genes investigated were limited to chondrogenic matrix markers. 

Therefore with the elucidation of the novel NP markers this has allowed a more 

accurate phenotype to be assessed. More recent studies have utilised this set of 

unique markers to define differentiation. Growth differentiation factor 5 

(GDF5/BMP-14/ CDMP-1) and growth differentiation factor 6 (GDF6/BMP-13/ 

CDMP-2) are members of the TGF super-family and have been associated with 

skeletal development (Karsenty et al., 2002; Settle et al., 2003; Asai-Coakwell et al., 

2009). The group have previously demonstrated that both growth factors are 

expressed by human NP cells (Le Maitre et al., 2009c). GDF5 has also recently been 

shown to enhance differentiation of BM-MSCs to an NP-like phenotype (i.e. 

discogenic differentiation) compared to TGF-β1, as shown by the enhanced 

expression of a panel of novel markers including CA12, KRT19 and FOXF1 

(Gantanbien-Ritter etal., 2011; Stoyanov et al., 2011; Peroglio, 2013). However, in 

this series of studies treatment with GDF5 failed to produce a more PG-rich matrix 

than cells treated with TGF-β. This suggests that whilst the discogenic markers are 

upregulated, the cells are not producing the correct PG-rich matrix. Conversely 

GDF5 has more recently been utilised to induce chondrogenic differentiation in 

embryonic stem cells (ESCs) (Oldershaw et al., 2010) and is extensively used for 
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regenerative strategies in the tendon (Ozasa et al 2014). Hence this growth factor 

may not be the appropriate choice for discogenic differentiation.  

GDF6 on the other hand, has been shown to play an important role in spinal column 

development and interestingly a congenital mutation in this gene leads to Klippel-

Fieil syndrome, resulting in numerous skeletal and developmental defects, including 

spinal fusion (Tassabehji et al., 2008) implying that it may have a pivotal role in IVD 

development and homeostasis. Additionally injection of GDF6 ,at the time of injury, 

in an experimentally degenerate ovine disc model reversed histological changes 

compared to control discs and retained greater hydration after 4 months (Wei et al., 

2009). Taken together, GDF6 may be a superior growth factor to induce discogenic 

differentiation than TGF-β which, to date has been the most commonly used growth 

factor.  

Other methods used to differentiate MSCs are environmental conditions including 3-

dimensional (3D) cultures, low oxygen levels (hypoxia) and low glucose levels. 

Culture in a 3D system has been shown to be superior to conventional 2D monolayer 

when differentiating MSCs (Malda et al., 2003, Gruber and Hanley, 2000) as they 

maintain the differentiated phenotype. Additionally culture in hypoxia has been 

shown to enhance discogenic differentiation (Risbud et al., 2004; Stoyanov et al., 

2011). Finally co-culture systems are a useful method to study cell-cell interactions 

which may occur in vivo and can also be used to induce differentiation of MSCs 

when cultured with NP cells (Richardson et al., 2006). 

Overall it can be concluded that there is no standard protocol to differentiate MSCs 

to an NP phenotype, however the most frequently used method is 3D culture, with a 

differentiating media and supplementation with a growth factor. 

 

1.10.4 Biomaterials/Scaffold 

The principle of a biomaterial is to help to repair or maintain target tissue and to 

mimic the properties of the native ECM. Regarding the IVD, ultimately the material 

should attain mechanical capability, support in the delivery of cells to the disc and 

act as a scaffold for cells to produce their own functional matrix. Additionally the 

material should be biocompatible, hence without inducing an inflammatory reaction 
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or any detrimental cytotoxic effects that could accelerate degeneration (Pereira et al., 

2011).  

The fabrication of biomaterials can be from either natural components or synthetic 

polymers and there are a number of tunable properties such as, pore size, self-

assembly and polymer content that can be modified in order to optimise the 

biomaterial function (Ratner and Bryant, 2004). As a heterogeneous and complicated 

organ there have been a number of regenerative approaches taken. This includes 

targeting tissues individually either NP or AF (Silva-Correia et al., 2011; See et al., 

2011; Guillaume et al., 2014) or a biphasic method (Nesti et al., 2008; Lazebnik et 

al., 2011).  

These approaches are also dependent upon the severity of degeneration. In early 

degeneration, in which tissue integrity is still viable, approaches using hydrogel 

biomaterials to deliver a new cell population is a popular method. In a moderately 

degenerated disc, an injected hydrogel would also have to provide mechanical 

stability and to mimic the role of the ECM. Finally in advanced degeneration, a total 

disc replacement maybe necessary, therefore a material mimetic of both the NP and 

AF tissues respectively and simultaneously would be required. The approach that has 

been investigated most intensely is the fabrication of cellular hydrogels for the 

replacement of NP tissue. Table 1.3 details a range of biomaterials that have been 

investigated for MSC-based NP regeneration. 
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Cell Type 
Cell 

Source 
Biomaterial Method Outcome Reference 

 BM-

MSCs 

Adult 

Rat 
15% hyaluronan gel 

- Cells were seeded into scaffolds at 1 

x 107 cells/ml 

- Cellular and acellular gels were then 

injected into healthy rat disc model 

- Significant decrease in BM-MSC number at 

day 7 and only 67% viability. 

- BM-MSC viability was restored to 100% and 

increase in cell number in the NP by day 28 

- Disc height was increased in discs injected with 

BM-MSC seeded gels 

Crevensten et al., 

2004 

BM-MSCs Rabbit 
Type I atelocollagen 

(CELLGEN) 

- BM-MSCS were embedded into 

atelocollagen at a density of 1 X106 

- Cell seeded- gels were then injected 

into a degenerative rabbit model.( 2 

weeks after NP aspiration) 

- BM-MSCs differentiated to NP like cells 

shown by chondrogenic gene expression 

- BM-MSC transplantation recovered COL2A1 

and ACAN expression and decreased COL1 

compared to non-treated discs 

- Restoration of PG content by cell seeded gels 

to 83%+/- 13% of normal tissue compared to 

52% +/- 16% of non-treated discs 

Risbud et al., 

2004 

NP Cells 

ACs 

BM-MSCs 

Human Chitosan glycerophosphate 

- Cells were encapsulated separately 

into gels at a density of 4x 106 

cells/ml 

- Constructs were cultured in standard 

DMEM for 28 days. 

- Chondrogenic gene analysis demonstrated BM-

MSCs adopt a phenotype similar to AC and NP 

cells. 

- BM-MSCs secreted PG and collagen at a ratio 

similar to that of NP cells compared to ACs. 

Richardson et 

al., 2008 

BM-MSCs Human 

Water-soluble azide-

functionalised chitosan was 

crosslinked with propiolic 

acid ester-functional poly- 

(ethylene glycol) 

 

- Cells were encapsulated at 4 x106 

cells/ml 

- Constructs were cultured for 24 

hours to assess viability 

- Cells were also cultured in 2D on 

the surface of the gel for 7 days 

- In 3D after 24h cells had 95% viability. 

- In 2D cells viable after 7 days showing that the 

gel is not cytotoxic to cells 

Truong et al., 

2015 

 

Table 1.3 MSC seeded scaffolds for IVD tissue engineering 
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BM-MSCs 

8-12 

week 

old Rats 

Type II collagen and 

hyaluronic acid (HA) 

Cross linked with different 

concentrations of: 1-ethyl-

3(3-dimethyl aminopropyl) 

carbodiimide(EDC) and N-

hydroxysuccinimide (NHS) 

- Cells were seeded into hydrogels at 

a density of 50,000 

- Constructs were cultured for 7 days 

- Type II collagen/ HA crosslinked with 8mM 

EDC/NHS was able to support a viable 

population of rBM-MSCs 

- The cells also could differentiate to a 

chondrogenic lineage as shown by COL2, 

ACAN. 

Calderon et al., 

2010 

 

 

BM-MSCs 

NP Cells 
Human 

Four different sponge-shaped 

matrixes: 

1. Equine collagen 

2. Porcine collagen 

3. Gelatin 

4. Chitosan 

Alginate as a control 

- Cells were seeded into different 

matrixes at 4x106 cells/ml 

- Constructs were cultured in 

chondrogenic media (+TGF-b) for 7 

and 35 days. 

- In collagen and gelatin matrixes BM-MSCs 

produced higher mRNA and protein level of 

COL1, COL2A1, and ACAN and a higher PG 

content and cell survival rate than chitosan or 

alginate groups. 

- BM-MSCs in porcine collagen expressed a 

similar COL2A1:ACAN ratio as NP cells 

- BM-MSC expression of novel NP markers 

KRT19, PAX-1 and FOXF1 was lower than in 

NP cells 

Bertolo et al., 

2012 

 

 

BM-MSCs 

NP cells 

Porcine 

Alginate hydrogels 

Chitosan hydrogels 

- Cells were seeded in alginate and 

chitosan gels separately at densities 

of 4 x 106 and 8 x106 cells/ml. Also 

at a 1:1 ratio BM-MSCs:NP to yield 

8 x106 cells/ml 

- Cells were cultured in a 

chondrogenic media (+TGF-b) for 

21 days. 

 

- NP cells remained viable in both biomaterials 

whereas BM-MSC viability was diminished in 

chitosan. 

- sGAG and COL2A1 deposition was superior in 

alginate for both cell types compared to 

chitosan. 

- Co-cultures demonstrated a decrease in BM-

MSC number and an increase in NP cells. 

Naqvi et al., 

2014 
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(Adapted: Clarke et al., 2015)

AD-MSCs Rabbit  

Type II collagen/HA/4S-Star 

PEG 

- Cells were seeded into gels with 

different concentrations of collagen 

- Constructs were cultured for 21days 

in differentiating media 

 

- After 21 days of culture AD-MSCs maintain 

+/-80% viability 

- Higher concentrations of collagen maintain a 

rounder shaped cell along with high levels of 

COL2A1, ACAN, SOX9 and low levels of 

COL1. 

 

Fontana et al., 

2014 

BM-MSCs Rabbit Type I collagen microspheres 

- 2.5x105 cells were encapsulated in 

collagen and 2uL pipetted to form 

microspheres. 

- Cell seeded microspheres were then 

injected into a degenerative rabbit 

model.( 1 month after NP 

aspiration) 

- BM-MSCs in collagen microspheres 

maintained the dynamic mechanical behaviour 

greater than MSCs in saline alone. 

- Delivery in collagen microspheres also reduced 

the risk of osteophyte formation compared to 

saline controls. 

Li et al., 2014 

 

BM-MSCs Human 

Photocrosslinked 

carboxymethylcellulose 

(CMC) 

- Cells were encapsulated at 20 x 106 

cells/ml 

- Constructs were cultured with and 

without TGF-b for 7 and 21 days 

- Constructs treated with TGF-b resulted in 

significantly higher GAG and COL2A1 content 

Gupta et al., 

2011 

BM-MSCs Bovine 

20% teleostean, 3% N-

carboxyethyl chitosan and 

7.5% oxidized dextran 

- Cells were encapsulated at 20 x 106 

cells/ml 

- Constructs were cultured for 0, 14 

and 42 days with or without TGF-b 

- Hydrogel maintained cell viability up to 42 

days 

- Upregulation of COL2A1 and ACAN 

expression demonstrates differentiation 

- Increased collagen and aggrecan content 

Smith et al., 

2014 
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A hydrogel can be defined as a hydrophobic insoluble polymer network that swells 

in an aqueous medium. This presents an environment that resembles the vastly 

hydrated nature of the NP tissue, which makes them an excellent candidate for NP 

reparative treatment (Ratner and Bryant, 2004). There are numerous methods that 

can activate the initial liquid component toward hydrogel formation such as self-

assembly, thermoresponsive, pH sensitivity and photo cross-linking. Enabling the 

hydrogels to be tuned accordingly, this is extremely important property that allows a 

minimally invasive approach rather than a surgical implant.  

The particular biomaterial selected for hydrogel formation, intended for NP 

regeneration, would act as an encapsulation vehicle for MSCs. The addition of the 

material is beneficial to both structural and mechanical properties, which can act as a 

temporary ECM, while the new cell population lays this down. There have been 

numerous studies using a variety of materials that have investigated the feasibility of 

NP regeneration using hydrogels. The majority of studies have explored the potential 

of collagen and hyaluronic acid as a basis for hydrogels, due to their natural presence 

in the native disc (Sakai et al., 2006b; Lee et al., 2011b; Crevensten et al., 2004; 

Moss et al., 2011; Peroglio et al., 2011; Halloran et al., 2008; Calderon et al., 2010; 

Collin et al., 2011; Huang et al., 2011).Studies from our group have illustrated that a 

thermoresponsive hydrogel chitosan glycerophosphate (C/Gp) can aid in the 

differentiation of MSCs and maintain a discigenic phenotype (Richardson et al., 

2008). A more recent study has fabricated a chitosan-based hydrogel with a variety 

of tuneable properties which also allows MSC attachment and proliferation (Truong 

et al., 2015). 

A different technique undertaken by Pereira and colleagues (Pereira et al., 2014) 

assessed the potential of the chemoattractant stromal cell derived factor -1 (SDF-1) 

encapsulated in a hyaluronan based hydrogel to recruit MSCs. When injected to the 

degenerate NP region the combination of the hydrogel and SDF-1 increased the 

number of migrating MSCs to the area. This study highlights the multifunctional 

uses for biomaterials and shows that they can enhance endogenous cell migration. 

Biomaterials therefore offer a support to the differentiation of MSCs, recruitment of 

endogenous cells and also provide an environment to enhance matrix production. In 

particular for IVD regeneration an advantage of a biomaterial is that it can offer 
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protection from the native IVD niche which is hostile and could be detrimental to 

implanted cells and halt the regenerative capabilities. 

 

1.11 Implanted Cells in the IVD Niche 

The interaction between the implanted cells and the IVD milieu is significant to 

clinical translation as it is necessary to understand whether the cells can function 

within such a harsh environment. As previously described in section 1.6 there are a 

number of factors that accumulate to provide the IVD niche, hence a studies have 

investigated these different aspects.  

Firstly Wuertz et al (Wuertz et al.,2008) assessed how low glucose, osmolarity and 

acidic pH, signifying the degenerate environment affects BM-MSCs. Whilst low 

glucose conditions actually increased proliferation and matrix (ACAN, COL1) 

production, treatment with the other conditions resulted in significantly decreased 

proliferation and matrix expression. Similarly a combination of all treatments 

resulted in decreased matrix, suggesting that a low pH and high osmolarity have the 

greater deleterious effect to the viability of the BM-MSCs than glucose 

concentration alone. A comparable study (Liang et al., 2012) was also undertaken to 

assess the response of human AD-MSCs to the same conditions. The results from 

this study also confirmed that high osmolarity and low pH also have the greatest 

detrimental effects. In a study (Wuertz et al.,2009) solely focused on the effects of 

pH on MSCs the results showed an inhibition of ACAN, COL1 and TIMP-3 

expression in addition to an altered morphology and decrease in proliferation and 

viability. 

On the other hand, researchers have investigated in the effect of hypoxia whilst 

culturing cells which demonstrate enhanced matrix production and differentiation of 

MSCs (Stoyanov et al., 2011; Felka et al., 2009; Markway et al., 2010; Li et al., 

2013). Notably Stoyanov and colleagues highlighted an increase in CA12 expression 

which has been described as an NP novel marker and also associated with pH 

regulation. Therefore upregulation of this particular gene may allow the MSCs to 

adapt to the degenerate environment and increase cell survival. 
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As studies have highlighted both positive and negative responses of MSCs to the 

IVD niche, it is important for investigations to integrate environmental aspects into 

experiments to test the efficacy of the proposed cell based therapy and also to 

elucidate the interaction with the microenvironment. 

 

1.12 Models of IVD 

Whilst in vitro experiments are essential to investigate cellular interactions, 

signalling mechanisms and the responses of cells to individual variables, larger 

model systems are essential to ensure clinical transferability and to assess multiple 

variables in system that mimics the native environment. One particular method to 

investigate this is to use animal or human models of IVD degeneration. The focus of 

recent studies is to utilise an ‘ex vivo’ model whereby degeneration can be induced 

by a number of different methods, in order to test the efficacy of potential therapies.  

 

1.12.1 Animal Models  

With current tissue acts and ethical regulations in place, the ability to obtain human 

IVD tissues is limited. Hence there are numerous animal models that have been used 

to investigate the pathogenesis of IVD degeneration and for testing of potential 

treatments.  

When considering the use of animal models there a number of factors to consider; 

including the particular anatomy of the different species in relation to a human, 

loading and mechanical differences, size of the animal which may contribute to 

nutritional diffusion differences and finally induction of degeneration (Alini, 2008). 

Common small animals that are regularly employed to generate IVD models include 

the use of rats, mice and rabbits. While the cost of using a small animal can be 

considered as relatively cheap, there are a number of other factors that distinguish 

them from the human. The small spinal structures and disc diameters may not be 

feasible to study physiological biomechanical properties. Another difference is the 

presence of NC cells, which are not seen in larger skeletally mature animals such as 

bovine and ovine and may also induce responses that would not be seen in humans 

(An and Masuda, 2006). 
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Larger animals that are employed as model systems range from sheep, pigs, dogs and 

cows. A larger animal is a more expensive model; however the bovine IVD in 

particular has been shown to have a similar size and matrix composition in 

comparison to the human IVD, providing a reliable model (Oshima et al., 1993). As 

an exclusively bipedal species, the ability to mimic physiological loading in a 

quadruped, during an in vivo experiment is not possible. This is due to the different 

muscle contractions acting horizontally as opposed to vertically; this could mean 

however that load experienced in bovine discs is higher than that experienced in a 

human (Alini, 2008). Another aspect to consider when creating the degenerative 

model is how to induce the degeneration within the disc. There are essentially two 

methods to do so, either using an animal that undergoes spontaneous degeneration 

such as a sand rat or specific canine breed, or induce the degeneration artificially 

(Lotz, 2004). Due to the complexity of animal models and the issues discussed above, 

more focus is being directed towards the development of organ culture models as the 

effect of specific treatment strategies can be studied in a controlled environment and 

individual factors can be studied. 

 

1.12.2 Whole Organ Culture 

The utilisation of a whole IVD organ culture system allows an accurate ex vivo 

model, which permits native cells to remain in their microenvironment whilst 

controlling more aspects, such as load, than in an in vivo system. With regard to the 

three dimensional IVD culture model one particular anatomical feature that can be 

varied is the presence or absence of endplates (Jim et al., 2011), additionally whole 

organ culture enables culture for extensive time periods to test therapies, as opposed 

to in vitro culture. There have been various approaches taken with some studies 

implementing a loading regime and others concentrating on other variables within 

the disc. 

 

 

1.12.3 IVD Models without Load 

Although all the studies described in this section do not utilise a loading system, they 

also differ in variables such as retention of end plates, culture period length and 
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species of animal. In studies by Risbud and colleagues (Risbud et al., 2003) and 

Haschtmann and colleagues (Haschtmann et al., 2006), the two groups employed 

small animal organ culture models, in rat and rabbit respectively. Risbud and 

colleagues (Risbud et al., 2003) excised discs from the lumbar region of the rat 

which were then cultured in osmotic media, in multi-well plates for 1 or 3 weeks. 

The cells remained viable for 7 days; however the PG content and expression of 

matrix molecules type II collagen and aggrecan were decreased in comparison to 

freshly harvested discs, this suggests that whilst cells remain viable there is a change 

in phenotype in the cells as shown by the decrease in ECM synthesis. In the model 

system described by Haschtmann and colleagues (Haschtmann et al., 2006), discs 

were excised and cultured in normal media conditions, again in multi-well plates and 

were cultured up to 7 weeks. Here the cells retained an 81 +/- 7% viability which did 

not alter over a 49 day period; however q-PCR analysis showed a significant down 

regulation in both aggrecan and type II collagen gene expression, together with a 

non-significant decrease of PG content after 7 days. The significance of this study is 

that cells could remain viable for an extended time period, which is important when 

testing the efficacy of potential therapies to examine long term effects. Both groups 

have utilised different methods and different species however a limiting factor to 

both studies is that they were undertaken in small animal models in which NC cells 

are present and this is not representative of human IVDs.  

In a larger bovine culture system (Jim et al., 2011) three isolation techniques were 

compared in order to determine the optimum protocol for long term culture. The 

discs were excised either with bony endplates (BEP), with cartilage endplates (CEP) 

or removal of endplates (NEP) and cultured for up to 4 weeks. After only 10 days 

BEP cultured cells showed only 27 +/- 23% viability and the NEP disc showed 

extreme deformation due to free swelling. Conversely the CEP excision method was 

able to maintain cells for 4 weeks and also kept cell and structural morphology. The 

same group (Gawri et al., 2011) also demonstrated the identical excision methods, 

using human intervertebral discs. Again the results reflected the previous study as 

the NEP disc excessively swelled and the BEP method lead to reduced cell viability 

due to reduced nutrient flow. However the CEP culture method maintained cell 

viability and matrix composition for 4 weeks in both high and low nutrient 

conditions. The experiment was then further extended over a 4 month period in 
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which cells remained 95% viable. This suggests that culture with CEP is necessary 

in order to maintain long term culture in IVD whole organ culture systems. The 

different results obtained between the small animal (Risbud et al., 2003; Haschtmann 

et al., 2006) and larger animal models (Jim et al., 2011; Gawri et al., 2011) maybe 

due to difference between species in, for example, disc size or nutritional influences. 

It must also be noted that there was no implementation of a loading regime which 

has been implicated in the maintenance of NP phenotype (Matsumoto et al., 1999). 

Therefore a culture system that can incorporate loading dynamics would be 

beneficial. 

 

1.12.4 Loaded Systems 

The function of the IVD is to act as a fibrocartilaginous cushion and to equally 

distribute load and maintain mechanical stability. Therefore it is an essential 

necessity to incorporate load into a model system to exert the forces experienced in 

the native environment; this has been demonstrated by a number of groups using a 

variety of techniques, summarised in table 1.4. 
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Table 1.4 Summary of Loaded IVD Organ Culture Systems 

Loading regime Preparation of Discs Model Outcome Ref. 

Static loading 0,0.2,0.4,0.8 and 1MPa for 24 

hours 
With CEP Mouse 

Apoptosis increased with increased load and was absent 

in discs without load. 
Ariga et al., 2003 

Static loading ~0.25MPa for 7 days With and without CEP Bovine 

Discs with endplates maintained hydration and GAG 

levels, but ↓ cell viability. Without endplates cell 

viability maintained. 

Lee et al., 2006 

Diurnal loading 0.2MPa for 16h and 0.8MPa for 

8h for 7 days 
With BEP Ovine 

Under both conditions nutrients were transported into the 

disc, which enabled maintenance of cell viability for 7 

days. ↑of catabolic genes and ↓ of anabolic molecules. 

Gantenbien et al., 2006 

Static 0.2MPa and diurnal loading (0.1 and 

0.3MPa alternating at 12h for 4 and 8days 
NEP Bovine 

Static loading ↑ cell viability than diurnal. No changes in 

GAG content or cell metabolism. 
Korecki et al., 2007 

Hydrostatic physiological loading (table 6.2) for 

14 days 

Perspex ring culture (Le Maitre 

et al., 2004b) 
Bovine 

↑ Metabolic activity and PG content compared to 

unloaded controls. 
Le Maitre et al., 2009b 

Stimulated physiological loading.  

Diurnal axial load (0.2/0.6MPa, 8/16h) with 

cyclic sinusoidal load during the 0.6MPa active 

phase (0.2Hz ± 0.2MPa, 2x4hours) 7 and 21 

days under high or low glucose. 

With CEP Ovine 

Explants could be maintained for up to 21 days. A 

combination of high frequency and low glucose resulted 

in cell death and increases in MMP 13 gene expression. 

Junger et al., 2009; 

Illien-Junger et al., 

2010 

7 days in an unloaded environment, followed by 

a static load for 48 hours at 0.1 MPa. Three 

dynamic loads were then compared 0.1–0.3MPa 

(low), 0.1–0.6MPa (medium), and 0.1–1.2MPa 

(high). 

With CEP Bovine 

High cell viability was maintained in low load 93.2+/- 

3.4%, whereas medium and highly loaded groups 

decreased cell viability significantly to 36.0+/- 15.1% 

and 29.3 +/- 16.2% respectively 

Haglund et al., 2011 

Control or wedge (15o) group, static load 

0.2MPa for 7 days 
NEP Bovine 

Asymmetric compression had a deleterious effect, ↑ 

MMP-1, ADAMTS-4, IL-1, IL-6, ↓aggrecan 
Walter et al., 2011 

Combined loading of 20N static compression 

and either 0, 2, 5 or 10o torsion at 1.0Hz 

1hour/day for 4 days. 

With BEP Bovine 
↑ Cell viability in 2o torsion than static. Increasing 

torsion magnitude  
Chan et al., 2011a 
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Unloaded, continuous low dynamic load (LDL; 

0.1–0.2 MPa, 1 Hz) or Diurnal simulated 

physiological load consisting of a sinusoidal 

load (1 Hz) alternating in magnitude every 30 

minutes (0.1–0.2 MPa and 0.1–0.6 MPa) for 16 

h/day, followed by 8 hours of low dynamic load 

(0.1–0.2 MPa).  

With BEP Caprine Unloaded and LDL ↓ cell viability, density. SPL 

preserved native properties during 21 day period. 

Paul et al., 2012 

Four modalities: unloaded, cyclic compression, 

cyclic torsion, combined compression and 

torsion.8h/day for 14 days. 

With CEP Bovine 

↓ NP cell viability in combined group (10%), in other 

group’s ↑ 70%. NP cell morphology also changed in 

combined group. 

Chan et al., 2013 

Physiological- 1Hz alternating 0.1MPa and 0.1-

0.6MPa 16h/day and 8h LDL-0.1-0.2MPa 1Hz 

High dynamic- 1Hz alternating 0.1MPa and 

0.4-0.8MPa 16h/day and 8h LDL. 

High static – 0.1MPa and 0.4-0.8MPa 16h/day 

and 8h LDL. 

With BEP Caprine 

Dynamic overloading caused cell death in all regions, 

static overload affected AF. ↑ Catabolic and 

inflammation genes, ↓ water content and GAG. 

Paul et al., 2013 

1Hz sinusoidal load for 4.5h following preload 

‘high’ 130±20N, ‘low’ 50±10N 
With BEP Caprine 

Linear relationship between compression and intradiscal 

pressure.  
Vergroesen et al., 2014 

Cyclinc compression, 1 Hz, 1 MPa, 2500 cycles 

per day 
With hemi-vertebrae Rabbit 

Persistent degenerative changes after spinal trauma with 

dynamic loading 
Dudli et al., 2015 
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As detailed in table 1.4 the majority of studies exposed the discs to either a static, 

diurnal loading regime or a combination, which do not mimic the physiological 

ranges experienced by the human spine. In a study by Le Maitre and colleagues (Le 

Maitre et al., 2009b), a daily loading regime (Table 1.5) was designed which 

incorporated the forces exerted on the disc during daily tasks such as sitting, standing, 

jogging and lying down, taken from studies by (Wilke et al., 1999), which is more 

representative of a physiologically relevant in vivo loading regime than models that 

only apply a diurnal dynamic load.  

Table 1.5 Dynamic Daily Loading Regime Designed to Mimic Physiological 

Load 

 

 

1.12. 5 Biomechanical Parameters 

As a bipedal species there is a constant application of force exerted on the IVD, 

which is a homeostatic feature for the maintenance of normal disc function. Figure 

6.1 demonstrates the difference forces that can be experienced within the disc due to 

normal everyday movement.  

 

Step Load (MPa) Frequency (Hz) Duration (h) 

Lying 1 0.09-0.11 0.2 4 

Lying 2 0.23-0.25 0.2 4 

Walking 0.53-0.65 0.5 2 

Sitting/Standing 0.49-0.51 0.2 4 

Jogging 0.35-0.95 1.0 2 

Sitting/Standing 0.49-0.51 0.2 4 

Walking 0.53-0.65 0.5 2 

Sitting/Standing 0.49-0.51 0.2 2 
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A   B  C   D   E   F 

    

Figure 1. 10 A schematic diagram to highlight the different methods force can 

be applied to a disc. (A) No force, (B) Compressive Force, (C) Tensile Force, (D) 

Shear Force, (E) Bending Moment, (F) Torsional Moment (Torque). 

 

1.12.6 Models of Degeneration 

In order to use such ex vivo models to test efficacy of novel therapies, the models 

must present accurate features of degeneration. To date there have been a number of 

methods to artificially induce degeneration and mimic the progressive degenerative 

changes as seen in the human disease.  

 Enzymatic degradation is the procedure to selectively degrade ECM in the NP tissue, 

with the overall aim being to reduce disc volume, induce instability in biomechanics 

and ultimately create a void of tissue in order to reinsert a reparative biomaterial. 

This has been demonstrated using a number of digestive enzymes including, 

chondroitinase ABC, trypsin, elastinase, collagenase and papain (Imai et al., 2007b; 

Barbir et al., 2010; Chiba et al., 2007; Norcross et al., 2003; Roberts et al., 2008; Jim 

et al., 2011). 

As previously mentioned the bovine model in particular been reported to have a 

similar size and matrix composition (Oshima et al., 1993) to human IVD and 

therefore can be used to induce degenerative changes that may more closely mimic 

the human disorder. The studies undertaken by some groups (Roberts et al., 2008 

and Jim et al., 2011) both used 1, 5, 10, 20 mg/ml or 0.05 mg/ml concentrations of 

the digestive enzyme trypsin respectively to induce change, with a 24 hour treatment. 

In addition Roberts and colleagues used another enzyme papain at a concentration of 

20 mg/ml as a comparison. The treated discs resulted in an enzymatically produced 

cavity in which a reparative treatment can be inserted. In the study carried out by Jim 
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and colleagues GAG levels were reduced by 70% after 14 days illustrating loss of 

PG (a feature of disc degeneration).  

One major concern about this method is that it does not mimic the progressive nature 

of the disease and in reality serves as an advanced degeneration model with loss of 

tissue integrity, rather than mimicking early degenerative changes. Other methods 

that have also been trialled include a needle puncture injury which has been 

demonstrated in studies by (Korecki et al., 2008 and Zhang et al., 2011b). Korecki 

and colleagues (Korecki et al., 2008) presented data that suggested the insertion of 

both 25G and 14G needle sizes into a bovine disc model induced short term localized 

degeneration, whilst Zhang and colleagues (Zhang et al., 2011b) demonstrated that 

insertion of a 4.5-mm drill bit resulted in a significantly higher degenerative 

histological score compared to smaller scalpel blades used and uninjured controls. 

The studies suggest that disruption of the disc by instruments such as a needle tip can 

also induce degenerative changes. Therefore this must be taken into account when 

considering regenerative delivery methods, as an injection to the disc could also 

induce degeneration. 

Recent studies have also investigated the ability of IL-1 and TNFα to induce early 

degenerative changes in normal discs, in order to mimic the progressive changes 

reported in human IVD degeneration and to initiate the deleterious cascade of 

catabolic events characteristic of disc degeneration (Purmessur et al., 2013; 

Ponnappan et al 2011). Purmessur and colleagues demonstrated that addition of 

200ng/ml TNFα to the cell media surrounding bovine IVD explants for a 7 day 

period induces a catabolic shift in matrix synthesis and loss of PG content in 

comparison to fresh discs (Purmessur et al., 2013). Limitations of this study however 

stem from the removal of end plates during culturing. This allows greater nutrient 

diffusion and increases the capability of the TNFα to enter the disc, which does not 

truely mimic physiological conditions. On the other hand Ponnappan and colleagues 

added a combination of 100ng/ml TNFα and 10ng/ml IL-1 to the culture media 

surrounding rat IVD explants and analysed discs after 3 or 10 days of treatment. The 

results also demonstrated a down regulation of matrix genes such as collagen and 

aggrecan, a significant up regulation of MMP enzymes and increased NGF 

expression (Ponnappan et al 2011). Limitations of this study however arise as 

loading conditions were lacking, and whilst the osmolarity was raised to counteract 
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free swelling, this cannot replicate true mechanical loading conditions. Both studies 

are beneficial however to pinpoint the deleterious effects of both cytokines during 

disc degeneration and highlight the aberrant cell biology that occurs initially in disc 

degeneration.  

1.13 Aim of the Project 

LBP is a musculoskeletal disease that is associated with IVD degeneration. At 

present treatments are conservative and focus on the elimination of pain rather than 

addressing the underlying pathology. Therefore, new cellular based therapies have 

been proposed to aid in the repair of the degenerate IVD. The choice of cell to be 

used as a regenerative tool is critical as it is essential to form a functional and 

appropriate matrix. The elucidation of novel NP markers allows a distinct NP 

phenotype to be defined, and thus can be used to ensure that MSCs are appropriately 

differentiated to the correct phenotype. However at present there is no standard 

protocol to differentiate MSCs to an NP cell. 

 In addition to this proposed therapies need to be exposed to the IVD 

microenvironment to test the efficacy of the therapy. This can be undertaken in both 

in vitro and ex vivo studies. With these omissions in the literature in mind the aims of 

each chapter are detailed below.  

Chapter 3 

1) To characterise cell differentiation and biochemical composition induced by 

different exogenous growth factors, (TGF-β, GDF5 and GDF6) on MSCs 

(both BM-MSCs and ADMSCs) seeded in a type I collagen hydrogel. 

2) To investigate the biomechanical properties of the ECM in the resultant 

tissue engineered constructs.  

3) To compare the discogenic potential of patient matched BM-MSCs and AD-

MSCs to determine a superior cell source.  

 

Chapter 4 

1) To characterise discogenic differentiation of AD-MSCs supplemented with 

GDF6 encapsulated in type I collagen hydrogels following culture in 
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different conditions (normoxia, hypoxia, normoxia and load, hypoxia and 

load).  

2) To investigate the biochemical composition of AD-MSC seeded constructs 

supplemented with GDF6 and exposed to normoxia, hypoxia, normoxia and 

load and hypoxia and load. 

3) Investigate the biomechanical properties of the ECM in the resultant tissue 

engineered constructs.  

 

Chapter 5  

1) To investigate the effect of IL-1β on aNPCs 

2) To investigate the effect of IL-1β on mature NP cells in order to ascertain 

whether there are any differential responses. This will be assessed in terms of 

anabolic and catabolic gene expression, proteoglycan and ECM synthesis.  

 

Chapter 6  

1) Investigate the effect of GDF6 on mature NP cells assessed by gene 

expression of ECM, novel NP, catabolic and anti-catabolic markers and 

sGAG quantification.  

2) Investigate whether pre-treatment with GDF6 protects NP cells when 

exposed to IL-1β assessed by gene expression of ECM, catabolic and anti-

catabolic markers, sGAG quantification and histological localisation.  

3)  Assess whether a sustained presence of GDF6 is necessary in order to 

protect NP cells from the catabolic actions of IL-1β. 

 

Chapter 7  

1) Establish an ex vivo IVD degeneration model utilising the bovine IVD 

2) Establish a compressive testing protocol to assess the biomechanical 

properties of IVDs 

3) Compare the biomechanical properties of normal, experimentally induced 

degenerate and discs injected with hydrogel.  

4) Optimise a microparticle delivery system to allow sustained delivery of the 

growth factor GDF6 



76 
 

5) Assess whether GDF6 loaded microparticles induce a similar degree of 

discogenic differentiation in AD-MSCs as exogenous GDF6 

supplementation. 
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Chapter 2 

Materials and Methods 

 

 

 

 

 

 

 



78 
 

2.1 General Human Cell Culture 

All reagents are purchased from Sigma Aldrich unless otherwise stated. 

2.1.1Isolation of MSCs 

Human BM-MSCs and AD-MSCs were isolated from bone marrow aspirates and 

subcutaneous fat respectively, removed from the proximal femur during hip-

replacement surgery in accordance with the North West Research Ethics Committee, 

Human tissue Act (HTA) legislation and fully informed written consent of all 

patients. All processing of human samples was performed at room temperature in a 

laminar flow hood class-II with sterile instruments. Cells were incubated at 37 ºC 

with 5% CO2 and 20% Oxygen unless otherwise stated. 

 

2.1.1.1 Bone Marrow Samples  

BM-MSCs were isolate by Histopaque-1077 gradient centrifugation with 

simultaneous application of RosetteSep (STEMCELL Technologies) to negatively 

sort for unwanted blood cells. The sample removed from the proximal femur was 

diluted to 50 ml with α-MEM supplemented with antibiotics and antimycotics (100 

U/ml penicillin, 100 μg/ml streptomycin and 250 µg/ml amphotericin B), centrifuged 

at 500 x g for 10 minutes and the supernatant removed. The cell pellet was 

resuspended in 5 ml α-MEM supplemented with 20% (v/v) FBS (Life Technologies), 

antibiotics and antimycotics (subsequently termed initial MSC medium). Two 

hundred and fifty microliters RosetteSep per 5 ml sample was added to remove 

unwanted blood cells and incubated for 20 minutes at room temperature. 

Subsequently, the sample was diluted with 5 ml Hank´s Buffered Salt Solution 

(HBSS) containing 2% (v/v) FCS and 1mM ethylenediaminetetraacetic acid (EDTA) 

and with care layered onto 5 ml Histopaque (density: 1.077 g/ml) and centrifuged at 

500 x g for 30 minutes without applying the brakes in order not to destroy the 

gradient. Finally, mononuclear cells from the plasma-density gradient interface were 

seeded into a T75 cell culture flask (BD Biosciences) with 10 ml of initial MSC 

medium. After 5 days the medium was changed and non-adherent cells were 

discarded. Adherent cells were cultured to confluence as detailed in section 2.1.2 to 

be used in future experiments. 
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2.1.1.2 Adipose Derived Samples 

Adipose tissue was dissected from non-adipose tissue, minced into small pieces and 

incubated at 37oC in 15 ml HBSS containing 0.2% (w/v) type I collagenase and 20 

mM calcium chloride for 2 hours with gentle agitation to allow digestion of the 

tissue. The digested solution was filtered through a 70 µm cell strainer, neutralized 

with initial MSC medium, and centrifuged for 5 minutes. Finally, the supernatant 

was aspirated, cells resuspended in initial MSC medium and cultured to confluence 

in T75 cell culture flask with non-adherent cells discarded. 

 

2.1.1.3 NP Cell Extraction 

Degenerate NP cells were isolated from human IVD tissue obtained from surgical 

samples following informed consent of patients undergoing discectomy and local 

ethical committee approval. NP tissue was macroscopically dissected from AF 

tissue, cut into small pieces and incubated at 37oC with 300-350 PUK/ml pronase 

solution for 30 minutes. Subsequently, the tissue was enzymatically digested with 

0.25% (w/v) collagenase type II and 0.1% (w/v) hyaluronidase in serum-free 

medium containing antibiotics until almost all tissue was digested. The digested 

tissue/cell suspension was filtered through a 40 μm cell strainer (Fisher Scientific) to 

remove tissue debris. Cells were then centrifuged at 400 x g for 5 minutes, counted 

and cultured to confluence in a T75 flask in complete NP medium. Representative 

portions of IVD tissue samples were also embedded in paraffin wax for histological 

assessment/grading (by a histopathologist Professor Antony Freemont) on the basis 

of morphological changes (Sive et al., 2002). 

 

2.1.2 Maintenance of Cells 

Both BM-MSCs and AD-MSCs were maintained in Minimum Essential Medium α-

Modification (α-MEM) including non-essential amino acids, 110 mg/L sodium 

pyruvate, 1000 mg/L glucose and further supplemented with final concentrations of 

10% (v/v) foetal bovine serum (FBS), 2 mM GlutaMAX TM (Life Technologies), 50 

µg/ml ascorbate, 100 U/ml penicillin, 100 µg/ml streptomycin and 0.25 µg/ml 

amphotericin, (subsequently termed complete MSC medium).  
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NP cells were maintained in Dulbecco’s Modified Eagles Medium (DMEM) 

including Glutamax and 4500 mg/L D-glucose and supplemented with 10% (v/v) 

FBS, 50 µg/ml ascorbate, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 µg/ml 

streptomycin and 0.25 µg/ml amphotericin (subsequently termed complete NP 

medium). All cells were fed 2-3 times a week. 

 

2.1.3 Passaging and Counting of Cells 

To prevent cell contact inhibition of growth, cells were trypsinised when ~80% 

confluent as determined by phase contrast microscopy. The medium was aspirated 

and the cells washed in phosphate buffered saline (PBS) prior to addition of 5 ml 

0.25% (w/v) trypsin/EDTA solution. Flasks were then returned to the incubator to 

aid cell detachment. Cells were then transferred to a 15 ml Falcon tube containing 5 

ml of MSC medium in order to inactivate the trypsin and pelleted by centrifugation 

at 400 x g for 5 minutes. The supernatant was aspirated and the pellet resuspended in 

an adequate volume of respective complete medium. Cell counts were undertaken by 

taking a 10 µl aliquot of the cell suspension and applying to a chamber of a 

Neubauer haemocytometer. An average count of viable cells located within 4 corner 

squares (4 x 1 mm2) and multiplied by 104 (conversion factor for Neubauer) was 

undertaken to give the cell number/ml. The total cell number was then determined by 

multiplying the cell number/ml by the total volume of cell suspension. Cells were 

seeded into flasks at a density of 3000 cells/cm2. 

 

2.1.4 Cryopreservation of Cells 

For long-term storage, cells were frozen down and stored in liquid nitrogen. Briefly, 

following trypsinisation and counting of cells, cells were centrifuged at 400 x g for 5 

minutes and supernatant removed. The cell pellet was re-suspended in 1 ml 

RecoveryTM cell culture freezing medium (Life Techmologies) and transferred to 

labelled 1.8 ml cryogenic vials (Fisher Scientific) where they were frozen down at -

80oC in a rate controlled Nalgene™ Mr. Frosty™ container (Fisher Scientific) 

(1oC/min). After 24 hours cryovials were transferred into liquid nitrogen for long-

term storage. To thaw cells, cryovials were removed from the liquid nitrogen and 
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placed in a 37oC water bath until defrosted. The cell suspension was transferred to a 

tissue culture flask containing complete medium and left for 24 hours to allow cell 

attachment. After 24 hours the media was removed and replaced with fresh complete 

media. 

 

2.1.5 Encapsulation of Cells into Type I Collagen Hydrogels 

To encapsulate cells into a type I collagen hydrogel, cells were counted to give a 

final density of 4 x 106/ml and resuspended in the respective complete media. 

Following this, cells were pelleted via centrifugation at 400 x g for 5 minutes. The 

supernatant was aspirated and the cells were resuspended in 1 part complete media 

prior to the addition of the 8 parts type I collagen (Devro) (pH 2) and 1 part 

phosphate buffer (0.2 M sodium phosphate, 1.3 M sodium chloride, pH 11). The 

solution was vortexed briefly to distribute the cells evenly and a volume of 100 µl 

was transferred into 0.4 μm high density translucent membrane cell culture inserts 

(BD Biosciences), within a 24 well plate (BD Biosciences). The culture inserts were 

maintained with 750 µl media within the well of the plate and the plates transferred 

to the incubator at 37oC for 1 hour before 500 µl media was pipetted on top of the 

hydrogel itself to ensure adequate diffusion of nutrients.  

 

2.1.6 Cell Samples Utilised in Study  

The samples listed in table 2.1, were isolated from patients undergoing hip 

replacement surgery or discectomy surgery as described in sections 2.1.1.1, 2.1.1.2 

and 2.1.1.3. Cells were passaged and maintained in respective media (2.1.2) prior to 

experimental use.  
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Table 2.1 Details of Cells Utilised Throughout the Study 

Sample Sample ID Sex Age Cell type  Chapter  Analysis 

1 WH026 F 32 Patient matched BM-MSCs and 

AD-MSCs 
Chapter 3 

 Gene Expression 

(collagen, pellet) 

2 WH035 F 44 Patient matched BM-MSCs and 

AD-MSCs 
Chapter 3 

 Gene Expression 

(collagen, pellet) 

 DMMB 

(collagen, pellet) 

 Safranin-O 

(collagen, pellet) 

 Picrosirius Red 

 SAM 

3 WH023 M 40 Patient matched BM-MSCs and 

AD-MSCs 
Chapter 3 

 Gene Expression 

(collagen) 

 Growth Factor Optimisation 

4 WH067 F 22 Patient matched BM-MSCs and 

AD-MSCs 
Chapter 3 

 Gene Expression 

(collagen, pellet) 

 DMMB 

(collagen, pellet) 

 Safranin-O 

(collagen, pellet) 

 Picrosirius Red 

 SAM 

5 WH076 M 44 Patient matched BM-MSCs and 

AD-MSCs 
Chapter 3 

 Gene Expression 

(collagen) 

 Growth Factor Optimisation 

6 WH066 F 78 Patient matched BM-MSCs and 

AD-MSCs 
Chapter 3 

 Gene Expression 

(collagen, pellet) 

 DMMB 

(collagen, pellet) 
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 Safranin-O 

(collagen, pellet) 

 Picrosirius Red 

 SAM 

7 WH080 M 66 Patient matched BM-MSCs and 

AD-MSCs 
Chapter 3 

 Gene Expression 

(collagen) 

 Growth Factor Optimisation 

8 WH017 F 52 
AD-MSCs Chapter 4 

 Gene Expression 

 DMMB 

 Picrosirius Red 

AFM 

9 WH019 F 76 
AD-MSCs 

Chapter 4 

Chapter 5 

Chapter 7 

 Gene Expression 

 DMMB 

 Picrosirius Red 

 AFM 

10 WH020 M 69 AD-MSCs 

Chapter 4 

Chapter 5 

Chapter 7 

 Gene Expression 

 DMMB 

 Picrosirius Red 

 AFM 

11 WH018 M 67 
AD-MSCs Chapter 4 

 Gene Expression 

 DMMB 

 PCR 

 Saf-O 

12 WH021 M 55 
AD-MSCs 

Chapter 4 

Chapter 5 

 Gene Expression 

 DMMB 

 Saf-O 

13 HH549 M 55 
NP Cells 

Chapter 5 

Chapter 6 

 Gene Expression 

 DMMB 

 PCR 

 Saf-O 

14 HH563 F 43 
NP Cells 

Chapter 5 

Chapter 6 

 Gene Expression 

 DMMB 

 PCR 

 Saf-O 
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15 HH294 M 47 
NP Cells 

Chapter 5 

Chapter 6 

 Gene Expression 

 DMMB 

 PCR 

 Saf-O 

16 HH681 F 41 
NP Cells 

Chapter 5 

Chapter 6 

 Gene Expression 

 DMMB 

 Saf-O 

17 HH518 F 48 
NP Cells Chapter 6  Gene Expression 

 DMMB 

18 HH572 M 49 
NP Cells Chapter 6  Gene Expression 

 DMMB 

19 HH370 F 38 NP Cells Chapter 6  Gene Expression 

 DMMB 

20 HH367 M 29 
NP Cells Chapter 6  Gene Expression 

 DMMB 
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2.2 General Molecular Biology 

2.2.1 Total RNA Extraction  

In all experiments detailed in subsequent chapters cells were cultured in a three 

dimensional systems therefore constructs were fragmented to release the cells and 

allow them to be lysed. All work was performed under RNase-free conditions. 

Constructs were transferred to individual 1.5 ml microcentrifuge tubes (MCT’s), 

followed by the addition of 40 µl molecular grinding resin and 400 µl TRI-Reagent. 

The structures were then ground using a pestle in order to break up the constructs 

and release the cells. A further 560 µl of TRI-Reagent was added and incubated for 

10 minutes before centrifugation at 12000 x g for 15 minutes at 4oC to remove debris 

and the resin. Subsequently 200 µl of chloroform was added to the supernatant and 

incubated for 3 minutes prior to another centrifugation step at 12000 g for 15 

minutes at 4oC. The upper aqueous phase was transferred to a fresh MCT 

supplemented with 2 µl Glycoblue and 500 µl isopropanol before incubation for 10 

minutes. A further centrifugation step for 20 minutes resulted in a pellet which was 

then washed in ice cold 75% (v/v) ethanol and centrifuged for a final time for 5 

minutes at 12000 x g at 4oC. The ethanol was removed and the pellets air dried to 

allow evaporation of excess ethanol, prior to resuspension in 21.2 µl Tris-EDTA 

buffer (pH 7.4).  

 

2.2.2 Purification of RNA Samples  

Preliminary experiments undertaken to assess the feasibility of using collagen 

hydrogels demonstrated that due to the three dimensional culture, samples showed 

enhanced absorption at 270 nm due to the carryover of phenol when compared to 

samples cultured in monolayer. Therefore, an additional process was required to 

facilitate the removal of TRI-Reagent retained within the RNA solution and to 

ensure the RNA was of an appropriate quality (Krebs et al., 2009). 

A water saturated butanol solution was prepared at a 1:1 ratio and vortexed for 10 

seconds to allow the phases to separate. Subsequently 500 µl of the upper phase was 

added to the 21.2 µl RNA solution and vortexed for 5 seconds to mix. This was 

followed by centrifugation for 1 minute at 12000 x g. The butanol layer was 

carefully removed and replaced with 500 µl of water saturated diethyl ether which 

had been prepared in the same way as the butanol. This was vortexed for 5 seconds 

followed by a further centrifugation step for 1 minute at 12000 x g. After the 



86 
 

centrifugation step the samples separated into two phases, the upper organic phase 

was discarded and the remaining ether was evaporated by leaving the samples open 

under a fume hood for 10 minutes at 37oC.  

 

2.2.3 Quantification of Total RNA 

The RNA concentration and purity was quantified using a NanoDrop® ND-1000 

spectrophotometer and software v3.8.1. The A260/280 and A260/230 identified 

RNA purity; samples with a ratio of 1.8 or higher were considered appropriate for 

downstream gene expression analysis. 

 

2.2.4 Reverse Transcription 

cDNA was synthesised from pure RNA samples using the High Capacity Reverse 

Transcription Kit. RNA samples were diluted to 200 ng/µl final concentration. 

Where samples had smaller quantities of RNA (<200 ng/µl) the maximum possible 

volume was added. An assay 2X master mix was prepared on ice comprising of the 

reagents detailed n table 2.2: 

 

Table 2.2 Reverse Transcription Master Mix 

 

The master mix was mixed at 1:1 ratio with RNA 10 µl:10 µl in RNAse free 0.5 ml 

MCT. The tubes were placed in a MJ Research PTC-200 Peltier thermal cycler and 

incubated under the following conditions: 10 minutes at 25oC, 120 minutes at 37oC, 

Master Mix Reagents X1 Volume added (µl) 

10X RT Buffer 2 

25X dNTP mix (100mM) 0.8 

10X RT Random Primers 2 

MultiScribeTM Reverse Transcriptase 1 

RNAse Inhibitor 1 

Molecular biology grade H2O 3.2 
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5 seconds at 85oC, followed by cooling to 4oC. The cDNA samples were diluted to 5 

ng/µl based on the RNA concentrations taken after purification of RNA with H2O 

and stored at -20oC. 

 

2.2.5 Quantitative Real-Time Polymerase Chain Reaction 

In order to analyse the gene expression profiles of different cDNA samples qPCR 

reactions were undertaken using the TaqMan qPCR system. FAM-BHQ1 probes 

were utilised at a concentration of 450 mM and optimal primer concentration 

determined empirically. QRT-PCR reactions were performed in 96-well optical 

reaction plates, sealed with optically clear adhesive film and run on an Applied 

Biosystems StepOne Plus Real Time PCR System. Each reaction consisted of a total 

volume of 10 µl, incorporating 8 µl master mix and 2 µl cDNA. The master mix was 

prepared containing 5 µl 2X Lumino Ct qPCR Readymix, 1 µl forward primer, 1 µl 

reverse primer, and 0.5 µl probe and 0.5 µl 40X ROX internal reference dye. 

Mastermix was vortexed and 8 µl pipetted into each well of the 96-well plate. 

Biological samples were examined in triplicate and 2 µl of cDNA was pipetted into 

each well. A positive and negative sample was run for each gene examined to ensure 

no false positives; total human RNA and molecular grade H2O replaced cDNA 

respectively. The reactions were cycled under the following conditions: 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 for the genes utilised 

throughout this study are detailed in Table 2.3. 

 

The two different methods to detect gene expression by qPCR are shown in Figure 

2.1, these are either SYBR Green or the TaqMan probe methods. Throughout this 

study the latter method is used.  

The SYBR Green method uses a highly specific, double-stranded DNA binding dye 

to detect PCR product as it accumulates during PCR cycles. However, dsDNA dyes 

such as SYBR® Green will bind to all dsDNA PCR products, including nonspecific 

PCR products. This can potentially interfere with or prevent accurate quantification 

of the intended target sequence. Whereas, the TaqMan chemistry uses a fluorogenic 

probe to enable the detection of a specific PCR product (containing the probe 

sequence) as it accumulates during PCR cycles. Hence, significantly increasing 
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specificity, and allowing accurate quantification even in the presence of some non-

specific DNA amplification.  The probes are flanked with a fluorescent reporter 

(FAM) at one end and a quencher (MGB) at the opposite end of the probe and the 

close proximity of the reporter to the quencher prevents detection of its fluorescence 

(Figure 2.1).  During the annealing stage of the reaction both probe and primers 

anneal to the DNA target. Polymerisation of a new DNA strand is initiated from the 

primers, and once the polymerase reaches the probe, its 5'-3-exonuclease degrades 

the probe, separating the fluorescent reporter from the quencher, resulting in an 

increase in fluorescence.  Fluorescence is then detected and measured in the real-

time PCR thermocycler, and its geometric increase corresponding to exponential 

increase of the product is used to determine the threshold cycle in each reaction. The 

probes also contain a minor groove binder at the 3´ end which increases the melting 

temperature of probes, allowing the use of shorter probes which exhibit greater 

differences in melting temperature values between matched and mismatched probes. 

 

Figure 2.1 Comparison of TaqMan probe and SYBR green qPCR systems. 

(ThermoScientific, https://www.thermofisher.com/uk/en/home/life-science/pcr/real-

time-pcr/qpcr-education/taqman-assays-vs-sybr-green-dye-for-qpcr.html [accessed: 

4.02.2016]) 

https://www.thermofisher.com/uk/en/home/life-science/pcr/real-time-pcr/qpcr-education/taqman-assays-vs-sybr-green-dye-for-qpcr.html
https://www.thermofisher.com/uk/en/home/life-science/pcr/real-time-pcr/qpcr-education/taqman-assays-vs-sybr-green-dye-for-qpcr.html
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Table 2.3 Primer and Probe details 

 

Gene 
Accession 

Number 
Forward Primer Sequence 5’-3’ Reverse Primer Sequence 5’-3’ 

Probe Sequence 

5’-3’ 

Optimal Primer 

Concentration 

MRPL19 NM_014763 CCACATTCCAGAGTTC TA 
CCGAGGATTATAAAGTTCAAA 

 
CAAATCTCGACACCTTGTCCTTCG 900mM 

EIF2B1 NM_001414 
TCCCAGATAAGTTTAAGTATAA 

G 
AGCAGAGTGATTAAGGAA CGCAGACTGGACAAGA CCTCA 600mM 

GAPDH NM_002046 
CTCCTCTGACTTCAACAG CGTTGTCATACCAGGAAA CACCCACTCCTCCACCTTTGA 

600mM 

SOX9 NM_000346 GCTCTGGAGACTTCTGA A 
GGTACTTGTAAT 

CC GGGTG 
TCCTCCTTGTGCTGCACG CG 450mM 

ACAN NM_001135 
GGCTTCCACCAGTG 

TGA C 
GTGTCTC GGATGCC ATACG 

TGACCAGACTGTCAGATACCCCATCC 

A 
900mM 

COL2A1 NM_033150 CAGTGGTAGGTGATGTT C GGCTTCC ATTTCAG CTATG CCAACACTGCCAACGT CCAG 450mM 

KRT8 NM_002273 TGACCGACGAGAT CAACTTCC 
TGGACAGCACCAC 

AGATGTGT 
CAGCTATATGAAGAGGAGATC 600mM 

KRT18 NM_0002242 
GCGAGGACTTTAA 

TCTTGGTGATG 
TGGTCTTTTGGATG GTTTGCA CAGCA ACTCCATGCAAA 600mM 

KRT19 NM_002276 GGTCATGGCCGAG CAGAA TTCAGTCCGGCTG GTGAAC CGGAAGGATG CTGAAG 450mM 

FOXF1 NM_001451 CCGTATCTGCACCAGAAC 
TGGCGTTGAAAG 

AGAAGA 
CCGAGCTGCAAGGCATCCCG 900mM 

CAXII NM_001218 
CCAGCAACAAGTCAGAAG TCCTGGCCTTTGTACTTTA TCGCTGTCCTGGCTGTTCTC 

600mM 

T NM_003181 

 

TTCTCCAACCTATT 

CTGACAACTCA 

 

ATTCCAAGGCTGG 

ACCAATTG 

 

TTTATCCATGC TGCAATC 
300mM 

MMP3 NM_002422 
GTGGAGTTCCTGATGTTG GCATCTTTTGGCAAATCTG AATTCACAATCCTGTATGTAAGGT 

900mM 

MMP13 NM_002427 CCCCAGGCATCAC CATTCAAG 
GACAAATCATCTT 

CATCACCACCAC 
CTGCCTTCCTCTTCTTGA 900mM 
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ADAMTS4 NM_005099 
TCAGGAAATTCAGGTACG CGTGTATTCACCATTGAG CATAGGAGCCATCTGGC 

900mM 

ADAMTS5 NM_007038 
CGCTTAATGTCTTCCATCCTTA GGATCTGCTTTCGTGGTAG 

CAGCAAACAGTTACCATGGCCATCA

TC 900mM 

TIMP1 NM_003254 
GACACCAGAGAACCCA GACGAGGTCGGAATTG CTGGCTTCTGGCATCCT 

900mM 

TIMP2 NM_003255 
TGCAGATGTAGTGATCAG TGCCATAAATGTCGTTTC ACTTCCTTCTCACTGAC 

600mM 

The Specificity of primers and probe were confirmed by DNA Sequencing. PCR products were purified using QIAquick PCR purification kit 

(Qiagen UK) according to manufacturer’s instructions. Sequencing analysis of PCR products was undertaken by the Stopford Building DNA 

sequencing facility. Sequencing results were evaluated on NCBI blast to confirm amplicon sequences (appendix 1).
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2.2.6 Data Analysis 

The data was analysed according to the ΔCt method outlined by (Livak and 

Schmittgen., 2001) in which gene expression values are normalised to combined 

internal reference genes, in this study MRPL19, EIF2B1 and GAPDH. Further 

calculations were undertaken to obtain values used for graphs and statistical analysis, 

outlined in table 2.4. 

 

Table 2.4 Calculations for qPCR analysis 

 

 

2.2.7 Statistical Analysis 

Statistical analysis was performed with GraphPad InStat and Prism software using a 

non-parametric Mann-Whitney Test to assess significance with p values equal to 

<0.05 were deemed significant. 

 

 

 

 

Value Calculation for 2-ΔCt Calculation for 2-ΔΔCt 

Average Ct of 

sample  
Average of triplicate 

Average of triplicate 

ΔCt of sample 

average 

Average Ct (target gene)- 

Average Ct (ref. gene) 

Average Ct (target gene)- 

Average Ct (ref. gene) 

Standard error of the 

mean (SE) 

STDEV((average 

ΔCt)/SQRT(n)) 

STDEV((average 

ΔCt)/SQRT(n)) 

2-ΔCt 2^- (ΔCt average)  

ΔΔCt  
=(ΔCt average sample)-

(ΔCt average control) 

2- ΔΔCt  =2^-(ΔΔCt) 

+ Standard error 2^- (ΔCt average +SE) 2^- (ΔCt average +SE) 

- Standard error 2^- (ΔCt average -SE) 2^- (ΔCt average -SE) 

+ Error bars (-SE)- 2-ΔCt (-SE)- 2-ΔCt 

- Error bars 2-ΔCt – (+SE) 2-ΔCt – (+SE) 
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2.3 General Histology and Protein analysis 

2.3.1 Embedding and Sectioning  

At an end time point constructs were washed in PBS and transferred to a 1.5 ml 

MCT and stored at -80°C until embedded. The constructs were placed in ~2 ml 

optimal cutting temperature compound (OCT) (Thermo Scientific) in a square plastic 

mould and snap frozen in liquid nitrogen for 30 seconds. Blocks were cut into 5 µm 

sections using a cryostat (Thermo Scientific) and transferred onto positively charged 

microscope slides (Thermo Scientific). Sections were left to dry overnight then 

subsequently washed in RNA-free water to remove OCT prior to specific staining. 

 

2.3.2 Haematoxylin and Eosin Staining  

In order to determine the morphology demonstrated by tissue samples a 

haematoxylin and eosin stain was undertaken. Sections were stained with Harris’s 

modified haematoxylin stain for 2 minutes. Sections were then ‘blued’ in running 

water for 5 minutes and counterstained in eosin-ploxin (BDH) for 10 seconds. 

Sections were dehydrated in IMS (Fisher Scientific), cleared in xylene (Fisher 

Scientific) and mounted (Thermo Scientific).  

 

2.3.3 Safranin-O/ Fast Green staining 

In order to assess the proteoglycan/GAG content of a specific sample, a safranin-O / 

fast green stain was performed. Sections were stained with Weigerts haematoxylin 

parts A and B (50:50) (TCS Biosciences) for 3 minutes. Sections were then washed 

in running water for 10 minutes, followed by staining in 0.1% (w/v) aqueous fast 

green (Difco) for 5 minutes. Sections were then briefly washed in 1% (v/v) acetic 

acid (Fisher Scientific), counterstained in 0.1% (w/v) aqueous safranin-O for 4 

minutes and finally rinsed in IMS. Sections were dehydrated in IMS (4 x 1 minute), 

cleared in xylene (3 x 5 minutes) and mounted.  

 

2.3.4 Imaging 

All slides were visualised using a Leica RMDB microscope and images captured 

using a digital camera and Bioquant Nova image analysis system. 
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2.3.5 Dimethylmethylene Blue Assay 

At the end of a timepoint, constructs were washed in PBS and stored at -80°C until 

the assay was performed. The dimethylmethylene blue (DMMB) assay comprised of 

three steps; 

1) Papain digestion for the removal of interfering proteins and glycoproteins. 

2) Analysis of sulphated proteoglycans and glycosaminoglycans (sGAG). 

3) DNA quantification with PicoGreen kit. 

Constructs were removed from storage and transferred into 1.5 ml MCTs containing 

0.5 ml papain extraction reagent (200 mM sodium phosphate buffer at pH 6.4, 100 

mM sodium acetate, 10 mM EDTA, 5 mM L-Cysteine HCL, 125 µg/ml papain from 

papaya latex). The MCTs were placed into a thermally regulated heated block at 

65oC and left to digest overnight. 

Standard curves were made using chondroitin sulphate C sodium salt from shark 

cartilage. Standards were prepared at concentrations of 1 µg/ml, 5 µg/ml, 10 µg/ml, 

20 µg/ml, 30 µg/ml, 40 µg/ml, and 50 µg/ml and a blank using RNAse free water. 

Forty microlitres of each standard was pippetted in quadruplicate into the 96 well 

plate. Subsequently, samples were centrifuged at 10000 x g for 10 minutes, the 

supernatant transferred to a new MCT and 40 µl of each sample transferred to the 

plate in quadruplicate. The colour reagent dye was prepared with 40 mM glycine, 40 

mM sodium chloride, 40 mM hydrochloric acid and 0.0016% (w/v) 

dimethymethylene blue. The colour reagent dye was added, 200 µl to each well, 

using a multichannel pipette and the absorbance read (Thermo Scientific Multiskan 

FC) immediately at a wavelength of 540 nm.  

Analysis of the results involved subtraction of the average blank value reading from 

all standard and sample values. Average absorbance readings of the GAG standard 

dilutions were used to produce a standard curve and GAG concentration values for 

the unknown samples calculated using the trendline equation. The quadruplicate 

readings for each sample were averaged and GAG concentration calculated.  
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2.3.6 DNA Concentration  

For normalisation of GAG concentration, DNA concentration was analysed using the 

Quant-IT PicoGreen dsDNA assay kit (Life Technologies) and was performed using 

the remaining papain digested solution. One hundred microlitres of each sample was 

transferred into wells of a black 96-well microplate in triplicate. One hundred 

microlitres of each standard curve dilution in triplicate were also run alongside the 

samples, with 1x TE buffer used for blanks (see table 2.5).  

Table 2.5 DNA standard preparation 

 

Using a multichannel pipette, 100 µl of PicoGreen® working solution (diluted 1:200 

with 1x TE buffer) was added, mixed and incubated for 4 minutes at room 

temperature protected from light. Fluorescence was measured using a BioTek® 

FLx800 fluorescence plate reader with filters 485 nm (excitation) and 538 nm 

(emission) wavelength. The average blank value was subtracted from all standard 

and sample values and standard DNA dilutions were used to produce a standard 

curve. DNA concentration values for the unknown samples were calculated using the 

trendline equation. The triplicate readings for each sample were averaged and DNA 

concentration calculated. GAG concentration was normalised to µg DNA through 

 DNA Concentration (ng) 

Stock DNA 

(2 µg/ml) 

(µl) 

1 xTE Buffer 

A 1000 200 of stock DNA 200 

B 100 40 of A 360 

C 10 40 of B 360 

D 1 40 of C 360 

E 0.1 40 of D 360 
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division of the average GAG concentration (µg) by the average DNA concentration 

(µg). 

 

2.3.7 Histological Characterisation of ECM deposition 

Collagen constructs were embedded and sectioned as described in section 2.3.1 and 

safranin-O/FastGreen stains were undertaken to localise sGAG outlined in section 

2.3.3. Additionally picrosirius red staining and polarised light microscopy was used 

to assess fibrillar collagen content. Sections were washed prior to staining in Harris 

haematoxylin for 5 minutes and differentiating with 1% (v/v) hydrochloric acid 

(HCL) in 70% (v/v) ethanol. Sections were then “blued” in tap water for 5 minutes 

before counterstaining in 0.1% (w/v) Sirius Red F3BA in saturated aqueous picric 

acid, for 1 hour. Sections were then dipped twice into 0.1% (v/v) acetic acid before 

dehydrating and mounting. The fibrillar collagen content was assessed by imaging 

the same area under bright-field and cross-polarised light microscope and the total 

area compared to the birefringent area allowing the percentage fibrillar collagen to 

be assessed based on intensity of staining. Three areas were assessed per section and 

three sections per cell type and growth factor treatment. 

 

2.4 Chapter 3 Methods  

2.4.1 Experimental Design  

The ability of TGF-β superfamily members to differentiate MSCs to an NP-like cell 

was investigated by differentiation of both BM-MSCs and AD-MSCs in type I 

collagen hydrogel with differentiating media for 14 days. Differentiation was 

assessed by gene expression, ECM analysis and assessment of micromechanical 

stiffness. To assess the effect of the growth factor, and distinguish any effect of the 

type I collagen hydrogel on MSC differentiation the cells were also cultured in three-

dimensional pellets 
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2.4.2 Differentiation of MSCs with TGF-β, GDF5 and GDF6 

At P3 MSCs were encapsulated in type I collagen hydrogels as described in 2.1.5 

and cultured in a differentiating media detailed in table 2.6. 

Table 2.6 Differentiating Media components 

Reagent Final Concentration 

ITS-X 

(Insulin, Transferrin and Selinium) 

(Life Technologies) 

Insulin 10 µg/ml 

Transferrin 5.5 µg/ml 

Selinium 6.7 ng/ml 

Antibiotics and Antimycotics 

100 U/ml Penicillin 

100 µg/ml Streptomycin 

0.25 µg/ml Amphotericin 

Ascorbic acid 2- Phosphate 100 µM 

Bovine Serum Albumin (BSA) 1.25 mg/ml 

Dexamethasone 10-7 M 

FBS 1% (v/v) 

Linoleic acid 5.4 µg/ml 

L-proline 40 µg/ml 

Sodium pyruvate 1 mM 

 

To assess optimal growth factor concentration, media was further supplemented with 

one of the following conditions, listed in table 2.7, and constructs were cultured for 

14 days. The respective growth factor was added prior to use and the media was 

changed every 2 days. 
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Table 2.7 Optimisation of Growth Factor Concentrations 

 

These particular concentrations were selected based on previously published work 

(Stoyanov et al., 2011; Purmessur et al., 2011; Shen et al., 2009) and manufacturer’s 

recommendations. Optimal concentrations were determined following qPCR 

analysis of ECM (COL2A1, ACAN) and novel NP marker genes (KRT8, KRT18, 

KRT19). 

Following the initial optimisation the experiment was repeated with no growth factor 

as a control and optimal concentrations of respective growth factors for 14 days. 

Media was changed every 48 hours and retained for subsequent analysis of sulphated 

glycosaminoglycan (sGAG).  

 

 2.4.3 Pellet Culture 

To ensure the biomaterial had no effect on the differentiation of MSCs, cells were 

also cultured in a 3D pellet culture system. Four samples of the same patient-

matched BM-MSC and AD-MSC samples detailed in table 2.1 were cultured in 

monolayer utilised for this study. The cells were dispensed into a 15 ml falcon tube 

at a density of 250,000 cells in 2 ml of complete media. This was followed by 

centrifugation at 400 x g for 5 minutes to form a pellet. The Falcon tubes were 

incubated at 37oC for 24 hours. During culture, caps were loosened to allow gas 

exchange. Subsequently the media was aspirated and replaced with differentiating 

media containing the respective growth factor. The media was changed every 48 

hours and the respective growth factor was added just prior to use.  

Growth Factor Concentrations (ng/ml) 

No Growth Factor Control 

TGF-β3- (Life Tecnologies) 1,10,100 

GDF5-(PeproTech) 10, 100, 1000 

GDF6- (PeproTech) 10, 100, 1000 
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2.4.4 Downstream Analysis 

After 14 days gene expression levels were assessed using qPCR. The genes 

investigated were categorised as ECM and novel NP marker genes to assess both the 

ECM and discogenic potential of MSCs within the constructs. Values were 

normalised to the housekeeping genes MRPL19, EIF2B1 and GAPDH, then further 

normalised to normoxic samples to determine the sole effects of the environmental 

conditions using 2-ΔΔCt method (Livak and Schmittgen, 2001). Statistical analysis 

was performed by means of a Mann Whitney test with significance defined as 

p<0.05. 

sGAG production of both construct and media components was assessed as 

described in section 2.3.5. Values were normalised to dsDNA content of the 

constructs which was undertaken as outlined in section 2.3.6. 

Collagen constructs and pellets were embedded, sectioned and respective staining 

undertaken to assess sGAG localisation and fibrillar collagen content as described in 

sections 2.3.3 and 2.3.7. 

 

2.4.5 Micromechanical Characterisation Using SAM Analysis 

Cryro-sections of the constructs were analysed using scanning acoustic microscopy 

(SAM) KSI 2000 microscope with bespoke data acquisition and control systems to 

assess micromechanical stiffness. The SAM imaging technique uses ultra-high 

frequency acoustic energy which is then reflected back to form an image. Figure 2.1 

is a schematic representation of the SAM used. The SAM images were collected in 

triplicate using Multi-Layer Phase Analysis (MLPA) method (Graham et al., 2011; 

Zhao et al., 2012). The size scan was 200 µm and a frequency of 77 MHz to 

construct acoustic wave speed maps for a total of 3 samples per treatment. 
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Figure 2.2 Schematic representation of the Scanning Acoustic Microscope 

(SAM). This illustrates that when a sound wave is generated it propagates through 

the acoustic lens, medium and specimen with reflections from numerous interfaces 

(Adapted from Zhao et al., 2012). 

 

2.5 Chapter 4 Methods  

2.5.1 Experimental Design  

To investigate the effects of the microenvironmental factors on the ability of AD-

MSCs supplemented with GDF6 to undergo discogenic differentiation, cells were 

divided into four treatment groups: 

1) Normoxia (20%) (as shown in chapter 3) 

2) Hypoxia (2%) 

3) Normoxia and Load ( 20% and 0.04 MPa, 1 Hz, 1 hour per day) 

4) Hypoxia and Load ( 2% and 0.04 MPa, 1 Hz, 1 hour per day) 
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2.5.2 Application of Compressive Load: Seeding into BioFlex Plates 

AD-MSCs listed in table 2.1, were isolated from patients undergoing hip 

replacement surgery as described in section 2.1.1.2. Cells were passaged and 

maintained in complete MSC media. At P3 AD-MSCs were encapsulated in type I 

collagen hydrogels as described in section 2.3.1.5, although in this experiment 100 

µl of cell-seeded hydrogel was plated into 13 mm foam rings of BioFlex culture 

plate at a density of 4x106/ml (Figure 2.2A).  
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Figure 2.3 Equipment and materials used to apply load. A. Photograph of 

BioFlex culture plate with flexible membrane bases to allow compression of 

hydrogels. B. A diagram of Flexercell compression system FX-4000C. C. A 

schematic diagram to illustrate how hydrogels were compressed using the Flexercell 

system (Adapted from www.biomedcentral.com [accessed 10.1.2016]). 

 

 

A 
13 mm 

C 

B 

http://www.biomedcentral.com/
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Stationary platens were fixed into place in the top of the wells to hold the hydrogels 

in place. Platens were adjusted using sample thickness and volume of hydrogel 

calculations to ensure the samples were exposed to the correct compression pressure. 

All samples had stationary platens fixed to ensure consistency between samples 

irrespective of whether cells were exposed to load or not. In this experiment a 

compression regimen of 0.04 MPa at a frequency of 1 Hz for 1 hour per day was 

used as previously reported by (Bougault et al 2009).  

Cells were cultured in one of 4 culture conditions (normoxia, normoxia and load, 

hypoxia, hypoxia and load) in differentiating media as shown in table 2.6 

supplemented with 100 ng/ml GDF6 for 14 days. The media was changed every 48 

hours and retained for subsequent analysis of sGAG. 

 

2.5.3 Downstream Analysis  

After 14 days gene expression levels were assessed using qPCR. GAPDH was not 

used in this experiment due to its role in glycolysis which can be affected during 

hypoxic culture. Statistical analysis was performed by means of a Mann Whitney test 

with significance defined as p<0.05.sGAG production of both construct and media 

components was assessed as described in section 2.3.5. Values were normalised to 

dsDNA content of the constructs which was undertaken as outlined in section 2.3.6. 

Collagen constructs were embedded and sectioned as described in section 2.3.1 and 

picrosirius red staining was used to assess fibrillar collagen content as described in 

2.3.8. 

 

2.5.4 Micromechanical Characterisation using AFM 

The micromechanical stiffness of cyro-sections of the construct were assessed using 

Atomic Force Microscopy (AFM) (Bauker Catalyst) micro-indentation which 

assesses the reduced modulus of the tissue (Er). The Er is a mechanical measurement 

of stiffness that accounts for the indenter compliance (i.e the strength of the 

cantilever tip used). The Er can be defined as (Choi, 2008): 
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Er= Reduced modulus      

Ei = Young’s modulus of the indenter Vi= Poisson’s ratio of indenter 

Es = Young’s modulus of the sample Vs = Poisson’s ratio of the sample 

 

This was performed using a spherically tipped cantilever of nominal radius 1 μm and 

spring constant of 3 Nm-1. The local reduced modulus, hence tissue stiffness, was 

determined for each of 100 points in a 20x20 μm region, indented at a frequency of 1 

Hz with lateral spacing of 2 μm. For each construct, 3 areas were assessed and a total 

of 2394 force curves collected per sample and analysed using a Herzian (spherical) 

model and a maximum force fit of 70%. 

In the previous chapter SAM was utilised to measure the stiffness of the tissue; 

however wavespeed can only be utilised as a surrogate measure for stiffness. 

Whereas AFM measures the reduced modulus of the tissue which is an actual 

measurement of stiffness, in addition the AFM has a greater mechanical resolution 

which allows a larger number of measurements to be made per sample. Hence, AFM 

can be described as a more precise method to analyse tissue micromechanics and 

was optimised at a late stage of the PhD. 
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2.6 Chapter 5 Methods  

2.6.1 Experimental Design  

To investigate the effects of IL-1β on aNPCs and NP cells, AD-MSCs were initially 

differentiated to aNPCs with GDF6 for 14 days, whilst NP cells were cultured with 

no growth factor. The cells were then divided into the following groups: 

1) Mature NP cells + No IL-1β for 7 days  

2) Mature NP cells + IL-1β for 7 days 

3) aNPCs + No IL-1β for 7 days  

4) aNPCs + IL-1β for 7 days  

 

2.6.2 AD-MSC Samples 

AD-MSCs (table 2.1) were isolated from patients undergoing hip replacement 

surgery as described in section 2.1.1.2. Cells were maintained in complete MSC 

media (2.1.2) and passaged to P3 (2.1.3). Following this cells were encapsulated in 

type I collagen hydrogel as described in 2.1.5 and cultured in differentiating media 

(table 2.6) supplemented with 100 ng/ml GDF6 to induce discogenic differentiation 

and media changed every 48 hours.  

 

2.6.3 Mature NP Samples 

Native NP cells (table 2.1) were isolated from patients undergoing discectomy 

surgery as described in section 2.1.1.3. Cells were maintained in complete MSC 

media (2.1.2) and passaged to P3 (2.1.3). Following this cells were encapsulated in 

type I collagen hydrogel as described in 2.1.5 and cultured in differentiating media 

(table 2.6) which was not supplemented with any growth factor and media changed 

every 48 hours.  

 

2.6.4 Conventional PCR 

Following differentiation of AD-MSCs to aNPCs and culture of mature NP cells for 

14 days, cells were assessed to ensure they express the IL-1 receptor using 

conventional PCR. Initially cDNA was generated from extracted total RNA using 

protocols described in 2.2.1, 2.2.2, 2.2.3 and 2.2.4. 
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Forward and reverse primers were selected using the nucleotide database with 

parameters set at a product size of 200-1000, melting temperatures between 58-62oC 

with a maximum difference of 2oC, primers spanning an exon-exon junction and 

separated by at least one intron. The primer details for GAPDH and IL-1R are listed 

in table 2.8. 

 

Table 2.8 Primer details for GAPDH and IL-1R for Conventional PCR 

 

The optimal annealing temperature was optimised using total human cDNA and was 

tested along a spectrum of temperatures starting at 56oC and increasing by 1oC to a 

maximum of 66oC.  

Conventional PCR reactions were performed in 0.2 ml thin-walled PCR reaction 

tubes and run on an ABI Veriti 96-well Thermal Cycler PCR machine. Each reaction 

consisted of a total volume of 25 µl, incorporating 2.5 µl cDNA sample and 22.5 µl 

of master mix which is detailed in table 2.9. 

 

 

 

 

 

 

 

Receptor 
Accession 

Number 
Forward Primer Reverse Primer 

Product  

Length 

Annealing 

Temperature 

oC 

GAPDH NM_00204

6 

 

GTTCGACAGTCAG 

CCGCAT 

 

GGACTGTGGTCATG

A 

GTCCTT 

595/687 57 

IL-1R 
NM_00087

7 

 

GCCGTCCGTCCAGG

T 

AGA 

 

ACTGGCCGGTGACA 

TTACAG 

856 64 
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Table 2.9 Conventional PCR Master Mix 

 

Biological samples were run in triplicate and reactions were cycled under the 

conditions detailed in table 2.10. 

 

Table 2.10 Cycling conditions for Conventional PCR 

Stage Temperature Time 

Stage 1 94oC 1 minute 

Stage 2 

94oC 30 seconds 

40X cycles 56-66oC 30 seconds 

72oC 1 minute 

Stage 3 
72oC 1 minute 

4oC infinite 

  

Following completion of the cycling reaction 5 µl of loading buffer was added and 

samples were stored at 4oC. 

The PCR products were visualised by gel electrophoresis using 2% agarose gels. The 

gels were formed by dissolving 4 g of electrophoresis grade agarose in 200 ml of 1x 

Tris-acetate- EDTA (TAE) buffer and 20 µl of Gel Red was thoroughly mixed into 

the solution. The solution was then poured into a 100 well gel mould; combs were 

Reagent Volume 

10X PCR Buffer +MgCl2 2.5 µl 

10mM dNTP mix 0.5 µl 

100µM forward primer 0.25 µl 

100µM reverse primer 0.25 µl 

Taq Enzyme 0.5 µl 

Molecular Biology Grade H2O 18.5 µl 
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placed into the gel and left at room temperature in order to set. After the gel had set 

combs were removed, the gel placed into an electrophoresis tank and covered with 

1xTAE. Samples were pipetted into individual wells at a volume of 15 µl, and next 

to each gene of 5 µl Hyperladder IV was added to ensure the presence of correct 

sized bands. Electrophoresis was undertaken at voltages between 50-125 v and the 

gel observed to ensure samples did not run into adjacent channels. When travelled an 

appropriate distance the electrophoresis was stopped and the gel placed into the 

SYNGENE camera and images of the bands were taken under ultraviolet 

fluorescence using GeneSnap software. 

 

 

2.6.5 Treatment of Samples with IL-1β 

 

Following analysis of the receptor profile, cells were divided into the groups 

described in section 2.6.1. Each group was cultured with or without 10 ng/ml IL-1β 

for a further 7 days with media changes every 48 hours.  

 

 

2.6.6 Downstream Analysis  

After a total of 21 days in culture which included 7 days treatment with or without 

IL-1β treatment gene expression levels were assessed using qPCR as outlined in 

section. The genes investigated were categorised as classic ECM, catabolic and anti-

catabolic genes to assess the effect of IL-1β on the ECM and catabolic potential of 

the cells within the constructs. Values were normalised to the housekeeping genes 

MRPL19, EIF2B1 and GAPDH then further normalised to the respective cell sample 

not treated with IL-1β to determine the sole effects of the cytokine using 2-ΔΔCt 

method (Livak and Schmittgen, 2001). Statistical analysis was performed by means 

of a Mann Whitney test with significance defined as p<0.05. 

sGAG production of both construct and media components was assessed as 

described in section 2.3.5. Values were normalised to dsDNA content of the 

constructs which was undertaken as outlined in section 2.3.6. 

Constructs were embedded and sectioned as described in section 2.3.1 and safranin-

O stained to show the sGAG localisation as described in section 2.3.3.  
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2.7 Chapter 6 Methods  

2.7.1 Experimental Design  

The first stage of this study was to examine the response of mature NP cells to 

treatment with exogenous GDF6 for 7 and 14 days.  

Following this a larger study was undertaken to investigate whether an initial pre-

treatment of NP cells with GDF6 or sustained/continued treatment protected NP 

Cells from or prevented the catabolic effects of IL-1 β The groups for this 

experiment are detailed in table 2.11. 

 

 

Table 2.11 Experimental design detailing culture and treatment regimens for 

NP cells for an initial 14 day period, followed by treatment with or without IL-

1β or GDF6  

 

 

2.7.2 Mature NP Samples 

NP cells listed in table 2.1 were isolated from patients undergoing discectomy 

surgery as described in section 2.1.1.3, the cells were maintained in complete MSC 

Group Initial 14 day Culture Treatment for 7 days 

1 No GDF6 
No GDF6 

No IL-1β 

2 No GDF6 
No GDF6 

10ng/ml IL-1β 

3 100ng/ml GDF6 
No GDF6 

No IL-1β 

4 100ng/ml GDF6 
No GDF6 

10ng/ml IL-1β 

5 100ng/ml GDF6 
100ng/ml GDF6 

No IL-1β 

6 100ng/ml GDF6 
100ng/ml GDF6 

10ng/ml IL-1β 
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media (2.1.2) and passaged to P3 (2.1.3) prior to experimental use N=4 for both 

experiments. 

 

2.7.3 Culture of NP Cells with Exogenous GDF6 and IL-1β 

To investigate the effects of GDF6 on mature NP cells, cells were encapsulated in 

type I collagen hydrogel as described in 2.1.5. The cells were then cultured in 

differentiating media (Table 2.6) which was either supplemented with or without 

100ng/ml of GDF6 for 7 and 14 days. 

In addition NP cells were divided into six experimental groups outlined in table 2.11. 

The cells were encapsulated in type I collagen hydrogel and cultured in 

differentiating media (Table 2.6.). The supplementation regimen of growth factors 

and cytokines is detailed in table 2.11 and media was changed every 48 hours. 

Following a total of 21 days of culture, constructs were collected for downstream 

analysis including qPCR, quantification of sGAG and histology. 

 

2.8 Chapter 7 Methods 

2.8.1 Experimental Design  

In this chapter the overall study was divided into a number of sections. The initial 

study focused on the development of a degenerate ex vivo model, followed by the 

assessment of the biomechanical properties. Finally preliminary experiments were 

undertaken to assess the potential of microparticles as a growth factor delivery 

system for IVD regeneration therapies. 

 

2.8.2 Establishment of the Ex Vivo IVD model: Disc Isolation  

Immature (approx 18 months) bovine tails were obtained from a local abattoir within 

1 hour of death and caudal discs were isolated within 24hrs of slaughter. The first 

two largest and the smaller discs of the tail were discarded in accordance with the 

recent harvesting protocol published by Chan and Gantenbein- Ritter (Chan and 

Gantenbien- Ritter, 2012) with the remaining discs of similar size used for 

experimentation (Figure 2.3) .  
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Figure 2.4.The Bovine tail. The region between the dotted black lines depicts the 

region of the tail from which the discs were isolated, hence discarding the larger and 

smaller discs. This ensured that the discs used for experimental purposes were of a 

similar size.  
 

 

The tails were dissected free of skin, muscles and ligaments with a #24 scalpel blade, 

before parallel axial cuts were made into the vertebral bone using a Medizine 4000 

autopsy saw. The incisions were made such that intact bony endplates were 

maintained across the surface of the NP. The isolated discs were washed in heparin 

solution (20U/ml) (Sigma) to prevent blood clots, followed by a further wash in 

antiseptic (dilute mouthwash (1:10) with PBS) to prevent infection and finally 

washed in PBS before culturing. 

 

2.8.3 Whole Organ Culture 

Following excision the discs were transferred to Whirl-pak® bags (Nasco) containing 

disc culture media which consisted of: 100ml of DMEM/F12 supplemented with 

0.2M HEPES (to maintain pH in absence of CO2), 10% FCS, 2.5mg/ml ascorbic acid, 

0.1% Gentamycin and 100 U/ml penicillin, 100 µg/ml streptomycin, 2.5µg/ml 

amphotericin B (Sigma). Air was then removed from the bag, sealed and discs were 

incubated at 37o C under non- loaded conditions. 

 

2.8.4 Development of ex vivo Model 

2.8.4.1 Optimisation of Trypsin Concentration 

In order to determine an appropriate protocol to induce sufficient matrix degradation 

in the nucleus pulposus, discs were injected with a range of concentrations of trypsin 

based on previous work undertaken by Roberts and colleagues (Roberts et al., 2008).  
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A total of 4 discs from one bovine tail were assigned as a control disc (no injection) 

or injected with 15, 25, 35 mg/ml trypsin in PBS (12,238U/mg protein, Sigma). Prior 

to injection an x-ray was taken of the discs at 50kV for an exposure period of 10 

seconds, to ensure the 21G needle was adequately located in the NP tissue. An 

estimated total volume of 200 μl of enzyme solution was then injected 

The discs were cultured in Whirl-pak® bags containing disc culture media, at 37oC in 

unloaded conditions. After 24 hours the trypsin reaction was inactivated by injection 

of an aprroximately 200 μl of FCS, followed by the transfer of discs to new Whirl-

pak® bags containing fresh media and cultured for a further 48 hours. 

  

2.8.4.2 Histology 

The degree of matrix degradation/loss was assessed via histological methods. The 

discs were fixed for 48 hours in 100ml 4% PFA and then immersed in 20% EDTA 

solution at pH 7.4 for 48 hours in order to decalcify the endplates before processing. 

Following this the discs were cut sagitally, placed into individual processing 

cassettes and processed on an extended tissue processing procedure (66 hours). The 

discs were then embedded in paraffin wax and 5µm sections cut using a rotary 

microtome. Sections were mounted and dewaxed and rehydrated in xylene and IMS 

respectively before staining with H&E to assess gross morphology as previously 

described in section 2.3.2.  

 

2.8.5 Biomechanical Assessment 

2.8.5.1 Loading System 

The loading system, as previously described by Le Maitre and colleagues (Le Maitre 

et al., 2009b) is a commercial hydraulic biomechanical testing system, which is 

comprised of a bench mounted HC5 loading frame (Zwick Testing Machines Ltd) 

and a load cell that manages the piston (Figure 2.4). For this particular set of 

experiments, a piston with a flat bottomed surface was attached in order to apply a 

uniform uni-axial compressive load to the experimental discs. This was partnered 

with the use of Toolkit 96 Software which in turn generated a controlled and specific 

loading regime. 
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Figure 2.5 Photograph of the loading apparatus used to apply compressive force. 

Bovine disc tissue explants were excised and separated into three groups, control, 

induced degenerate and injected with hydrogel. Discs were then biomechanically 

tested by being placed directly below the flat bottomed piston in a fitted container 

(Image B) and exposed to the specific loading regime. 

 

 

2.8.5.2 Experimental Groups 
This study focused on investigating three experimental groups: 

1) Control disc 

2) Experimentally induced degenerate disc 

3) Experimentally induced degenerate disc + injection of type I collagen 

hydrogel  

 

For each experimental group 10 discs were excised as described in section 2.8.2, 

from a total of 5 different tails, to eliminate inter-animal variation. The diameter and 

the thickness of the discs were measured for analysis purposes.  

The 10 control discs were transferred into individual Whirl-pak® bags containing 

100ml of disc culture media as described in 2.8.3. Following this air was removed 

from the bag, sealed and discs were incubated at 37o C under non- loaded conditions.  

For the other 2 groups, discs were injected with 200 µl of 35 mg/ml trypsin to induce 

a degenerative change, X-rayed to ensure the needle had accurately entered the NP 

tissue and incubated for 24 hours in Whirl-pak® bags in the same conditions as the 

control discs. Following 24 hour culture period enzymatic digestion was stopped by 

Loading Frame  

Load Cell  

Piston 

B 
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200 µl of FCS. Discs in group 3 then had a further injection of 200 µl type I collagen 

hydrogel (made up as described in section 2.1.5, which was stained with Inidain ink 

in order to visualise the hydrogel within the NP tissue. All discs were cultured for 

another 2 hours, prior to application of compressive load  

 

2.8.5.3 Application of Compressive Load  

In a review by Chan et al., (Chan et al., 2011a), it is proposed that the magnitude of 

physiological loading is between 0.2-0.8 MPa. Therefore initial experiments were 

undertaken to investigate the loading range in kilograms (kg) that relate to this 

magnitude. Discs were placed into the plastic container shown in Figure 2.4 and the 

piston moved at a speed of 0.02 mm/s to a maximum load of 35 kg and results 

recorded every 2 seconds. 

 

2.8.5.4 Analysis of the Compression Data 

The data obtained from the compression experiment was expressed as the force in 

kN and the position of the piston in a range from 50 mm to -50 mm. Therefore, the 

following formulas were used in order to obtain presentable data (Table 2.12). 

 

 

Table 2.12 Formulas used to obtain data from the loading rig 

 

 

Load Force(kN) x 100= Load in Kg 

Displacement 
Original position of the piston – Position of piston at final point = 

Displacement value (cm) 

Strain Change in thickness (displacement value)/original thickness = Strain 

Stress Force/cross sectional area (using π x r2) = Stress 
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2.8.6 Development and optimisation of a Microparticle Delivery System for 

GDF6 

This study was undertaken in collaboration with the Shakesheff laboratory at the 

University of Nottingham. They have demonstrated the ability to fabricate different 

size microparticles either 20-50 µm or 50-100 µm (White et al., 2013). Hence, an 

initial experiment was carried out to determine which microparticles would be 

suitable for use with the type I collagen hydrogel system and not disrupt the 

formation of the hydrogel. 

  

2.8.7 Fabrication of Microparticles 

2.8.7.1 PLGA-PEG-PLGA Triblock Copolymer Preparation 

The triblock copolymer was produced using methods detailed in studies by Zentner 

and Hou (Zentner et al., 2001; Hou et al., 2008). PEG (1500kDa, Sigma) was heated 

to 120oC under vacuum, the temperature was then raised to 150oC for 30 minutes 

under a nitrogen atmosphere and D, L-lactide (Lancaster synthesis, Alfa Aesar) and 

glycolide (Purac, Netherlands) were added. Following this the catalyst stannous 

octoate (Sigma) was added and allowed to react for 8 hours. The resulting copolymer 

was dissolved and precipitated in water in order to remove unreacted reagents and 

dried under vacuum 

 

 

2.8.7.2 Microparticle Preparation 

PLGA (PLGA 85:15 DLG HCA, MW: 53kDa Lakeshore Biomaterials) 

microparticles were formed using a water in oil in water, double emulsion method. 

An aqueous solution of HSA (Sigma) was added to a solution of PLGA and PLGA-

PEG-PLGA (9:1 ratio respectively) in dichloromethane (Fisher Scientific). The 

phases were homogenised (Silverson L5M homogeniser) for 2 minutes at 4000 rpm 

to form the water in oil emulsion. This was then added to 200mL aqueous solution of 

polyvinyl alcohol (PVA 0.3%). In order to produce different size microparticles the 

solution was homogenised for 2 minutes at 9000 rpm for 20-50 µm or 2000 rpm 50-

100 µm. The double emulsion was magnetically stirred for 4 hours at 300 rpm and 

then filtered, washed and lyophilised.  
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2.8.7.3 Assessment of Small and Large Microparticles in Type I Collagen 

AD-MSC seeded type I collagen hydrogels were prepared as previously described in 

section 2.3.1.5, and loaded with either small or large microparticle at different 

weights 0mg (control), 1mg, 2mg or 4mg as recommended by Dr Lisa White at the 

University of Nottingham. The loaded hydrogels were pipetted into cell culture 

inserts and cultured in differentiating media supplemented with GDF6 (section 

2.3.1.7) for 7 days. 

 

 

2.8.7.4 Histology 

Following 7 days in culture hydrogels were snap frozen in liquid nitrogen, embedded 

in OCT and H and E staining was performed as described in sections 2.3.3.1 and 

2.3.3.2. 

 

2.8.7.5 Fabrication and Characterisation of GDF6 Microparticles 

Following the size determination experiment 2 batches of microparticles were 

fabricated as described in 6.3.5.1.2: 

1) 0.7g PLGA, 0.3g triblock – 9mg Human Serum Albumin (HSA) – HSA 

Control  

2) 0.7g PLGA, 0.3g triblock – 9mg HSA:1mg GDF6 – GDF6 Microparticles 

 

 

2.8.7.6 Protein Release Kinetics  

Aliquots (25 mg) of the microparticles (triplicate samples from each batch) were 

suspended in 1 ml PBS and samples were incubated on a 3-dimensional shaker 

(Gyrotwister, Fisher Scientific UK Ltd) at 5 rpm in a humidified incubator at 37 °C. 

At defined time intervals, the PBS was removed from the microparticles and 

replaced with fresh PBS; all liquid above the particles was collected without 

removing particles. The removed supernatants were stored frozen until required and 

were then assayed for total protein content using the Micro BCA assay kit with a 

standard curve of HSA. Sample (150μl) and BCA working reagent (150μl) were 

mixed and incubated for 2 hours at 37 °C and the absorbance at 540 nm measured 

using a plate reader.  
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2.8.7.7 GDF6 ELISA 

In order to ensure the release kinetics of HSA protein matched the GDF6 protein a 

GDF6 ELISA (amsbio) test was performed. Samples were diluted within the 0-

50ng/ml range and the ELISA kit protocol was followed. Briefly, 100µl of standards 

(0ng/ml, 2.5ng/ml, 5ng/ml, 10ng/ml, 25ng/ml, and 50ng/ml) and samples were 

pipetted into the antibody pre-coated Microtiter plate. Ten microlitres and 50µl of 

balance solution and conjugate was added respectively, mixed and incubated for 1 

hour at 37oC. Following this the plate was washed x5 with wash solution. A 

combination of substrate A and B were added to each well and incubated for 15 

minutes at 37oC. Finally 50µl of stop solution was added to each well and the optical 

density was read at 450nm. The concentrations of samples were then determined 

using the standard curve. 

 

 

2.8.7.8 Assessment of Discogenic Differentiation utilising GDF6 loaded 

microparticles  

The results from the ELISA plate determined the total amount of GDF6 that could be 

incorporated into the hydrogel to replicate the concentration administered 

exogenously. An experiment was set up to investigate if the microparticles could 

induce the same degree of discogenic differentiation as exogenous treatment using 

cells detailed in table 2.1. This was separated into 3 experimental groups: 

1) AD-MSC seeded hydrogels +No MP + Exogenous GDF6 

2) AD-MSC seeded hydrogels + MP HSA only + Exogenous GDF6 

3) AD-MSC seeded hydrogels + MP GDF6 + No Exogenous GDF6 

All hydrogels were cultured for 14 days and assessed for discogenic gene expression, 

GAG content and histological analysis undertaken. 
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Chapter 3 
Differentiation of human mesenchymal 

stem cells to a nucleus pulposus 

phenotype using members of the TGF-

β superfamily  

 

Work from this chapter is published as: 

Clarke, L.E., McConnell, J.C., Sherratt, M.J., Derby, B., 

Richardson, S.M. and Hoyland, J.A. Growth differentiation 

factor 6 and transforming growth factor-beta differentially 

mediate mesenchymal stem cell differentiation, composition, 

and micromechanical properties of nucleus pulposus constructs. 

Arthritis Res Ther, 2014. 16:R67. 

 

See appendix 2 
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3.1 Overview  

Cell-based therapies have been vastly investigated for novel therapeutic applications 

to treat IVD degeneration. As discussed in chapter 1, BM-MSCs and AD-MSCs 

have demonstrated the capacity to proliferate in vitro and to differentiate into 

multiple connective tissue lineages, including an NP phenotype (Pittenger et al., 

1999; Richardson et al., 2006, Minogue et al., 2010a). Unlike chondrogenic, 

adipogenic and osteogenic protocols, the methodology to differentiate cells to an NP 

phenotype has not been clearly defined or standardised. Hence, for MSCs to be 

utilised in regenerative strategies it is important to accurately identify the 

differentiated cell phenotype and ensure appropriate and functional ECM synthesis. 

Recent publications from this group (Minogue et al., 2010b) and others (Sakai et al., 

2009; Gilson et al., 2010; Rutges et al., 2010; Power et al.,2011) on the discovery of 

novel human NP cell markers has allowed a clear distinction to be made between the 

chondrocyte and NP cell phenotype. This elucidation has allowed a more defined set 

of markers (KRT8, KRT18, KRT19, FOXF1 and CA12) which in turn have been 

used to identify appropriate differentiation of both BM-MSC and AD-MSC to an NP 

like cell (Minogue et al., 2010a, Clarke et al., 2014). Whilst TGF-β has been 

commonly used by several groups (Risbud et al., 2004; Richardson et al., 2006; Yu 

et al., 2012) to induce NP-like differentiation, the majority of these studies only used 

ECM markers (COL2A1, SOX9 and ACAN) to define differentiation (Risbud et al., 

2004). Therefore alternative growth factors such as GDF5 and GDF6 should be 

investigated, using the novel NP markers to define differentiation.  

 

3.1.1 Assessment of Matrix Stiffness  

In current literature the main focus of studies aiming to regenerate the IVD is to 

assess gene and protein marker expression to illustrate that the biochemical 

composition is similar to that of native NP tissue (Risbud et al., 2004; Richardson et 

al., 2006; Minogue et al., 2010b). However there is little information published about 

the biomechanical properties of synthesised ECM in the disc. This is important as 

the behaviour of ECM-rich tissues is not determined solely on the biochemical 

composition but also the assembly of these structures. In biological materials there 

are biomechanical differences between tissue types but more importantly changes 

with age and the development of disease. For example age related changes in the 
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mechanical properties of other tissues such as lungs (Lai-Fook and Hyatt, 2000; 

Nanssens et al., 1999; Meyer et al., 1998) and aorta (Cattell et al., 1996; Graham et 

al., 2011) are associated with increased stiffness leading to mortality. In particular a 

study undertaken by Graham and colleagues (Graham et al., 2011) investigated 

micro-mechanical stiffness of the aorta in an aging sheep model. Using scanning 

acoustic microscopy (SAM), results showed that the older aorta sample was stiffer 

than the young sample highlighting the age related changes. In addition this study 

also demonstrated that SAM is a useful technique to assess stiffness of biological 

samples. Hence in Stoyanov et al, whilst the supplementation of MSCs with GDF5 

induced discogenic differentiation by upregulation of NP markers, the matrix was 

not PG rich. Therefore information about the stiffness of the matrix would be 

valuable to see how this corresponds with native tissue but also to the samples 

treated with TGF-β. Thus, in this study we have combined both the biochemical 

composition and biomechanical properties to highlight the overall behaviour of 

resulting constructs.  

 

3.2 Hypothesis  

This study was designed to investigate the effects of media conditioned with 

different exogenous growth factors from the TGF-β superfamily on the discogenic 

differentiation of both BM-MSCs and AD-MSCs. 

 

For this work it was hypothesised that the choice of exogenous growth factor and 

MSC source would influence cell differentiation, ECM composition and mechanical 

stiffness of the resulting construct.  

 

The more specific hypotheses proposed from analysing recent literature and our own 

work are: 

1) GDF6 induces superior discogenic differentiation compared to other TGF-β 

superfamily members. 

2) AD-MSCs are a more appropriate cell choice (as defined by differentiation 

and matrix formation) for cell based regenerative therapies for the IVD.  
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3.3 Results  

3.3.1 Optimisation of Growth Factor Concentrations 

Both BM-MSCs and AD-MSCs were seeded into type I collagen hydrogels and 

stimulated for 14 days with different concentrations of either: no growth factor 

(control), TGF-β, GDF5 and GDF6 to determine optimum concentrations to be used 

in future experiments. qPCR analysis of a selection of ECM and novel NP markers 

was undertaken. All values were normalised to housekeeping genes and then 

normalised to the no growth factor controls using the 2-ΔΔCt method as described in 

table 2.6. Both BM-MSCs (Figure 3.1) and AD-MSCs (Figure 3.2) showed a dose-

dependent response to all growth factors when compared to control samples. ECM 

markers COL2A1 and ACAN demonstrated significantly increased gene expression 

with exposure to all growth factors, while novel NP marker gene expression was 

significantly upregulated following stimulation with GDF6, particularly in AD-

MSCs. This identified optimal concentrations of 10 ng/ml TGF-β and 100 ng/ml of 

GDF5 and GDF6. Therefore these concentrations were subsequently used. 
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Figure 3.1 Optimisation of growth factor concentrations. BM-MSCs were seeded 

in type I collagen hydrogels and stimulated with varying concentrations of A. TGF-β, 

B. GDF5, or C. GDF6 for 14 days. Relative gene expression was normalised to 

housekeeping gene expression and cells cultured with no growth factor stimulation 

and plotted on a log scale. N = 3; data represent mean ± SEM. *P < 0.05. 

A 

B 

C 
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Figure 3.2 Optimisation of growth factor concentrations. AD-MSCs were seeded 

in type I collagen hydrogels and stimulated with varying concentrations of A. TGF-β, 

B. GDF5, or C. GDF6 for 14 days. Relative gene expression was normalised to 

housekeeping gene expression and cells cultured with no growth factor stimulation 

and plotted on a log scale. N = 3; data represent mean ± SEM. *P < 0.05. 

A 

B 

C 

B 

C 



123 
 

 

3.3.2 ECM Marker Expression in Type I Collagen Hydrogels 

After 14 days of culture in type I collagen hydrogels BM-MSC and AD-MSC ECM 

gene expression was normalised to housekeeping genes and then to the control 

sample to assess the effect of each growth factor. BM-MSCs (Figure 3.3 A) cultured 

in the presence of all growth factors resulted in significant upregulation of SOX9 and 

ACAN; the largest increase of ACAN (13.1-fold) was in the GDF6 stimulated cohort 

compared to other treatments (GDF5 8.7-fold and TGF-β 9.0-fold). Cells cultured 

with TGF-β demonstrated significant upregulation of all ECM markers, as has 

previously been shown (Risbud et al., 2004; Richardson et al, 2006) with the greatest 

increase of expression in COL2A1 (66.0-fold) compared to control and also GDF5 

(1.5-fold) or GDF6 (2.5-fold). Culture of AD-MSCs (Figure 3.3 B) in the presence 

of all growth factors resulted in a significant increase in ACAN compared to the 

control. Similarly to BM-MSCs, the GDF6 stimulated cohort caused a significantly 

greater increase in ACAN (20.7-fold) than the other growth factor treatments (GDF5 

11.0-fold and TGF-β 11.1-fold) compared to the control. Cells cultured with TGF-β 

demonstrated significant upregulation of all ECM markers, again with the largest 

upregulation of COL2A1 (34.2-fold) compared to other treatments (GDF5 4.0-fold 

and GDF6 2.7- fold). 
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Figure 3.3 qPCR analysis of ECM gene expression. A. BM-MSCs and B. AD-

MSCs were cultured for 14 days in type I collagen hydrogels and stimulated with 

optimal concentrations of TGF-β, GDF5, or GDF6. Relative gene expression was 

normalised to mean housekeeping gene expression and cells without growth factor 

stimulation and plotted on a log scale. N = 7; all data represent mean ± SEM. 

*P < 0.05. 

 

A 
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3.3.3 ACAN:COL2A1 Gene Expression Ratio 

To demonstrate the PG-rich nature of the NP tissue Mwale et al (Mwale et al., 2004) 

concluded the PG:collagen ratio was 27:1 at the protein level. Similarly this has been 

undertaken at the gene expression level focusing on the most abundant PG ACAN 

and COL2A1 (Gantenbien-Ritter et al., 2011; Peroglio, 2013). Hence we looked at 

the ACAN to COL2A1 relative gene expression to look at the ratio within the 

constructs. This was analysed using the following formula: 

(2-ΔCtACAN-ΔCtCOL2A1) 

BM-MSCs (Figure 3.4) cultured in the presence of no growth factor, TGF-β, GDF5 

and GDF6 demonstrated ratios of 8:1, 0.7:1, 25:1 and 28:1 respectively. Hence cells 

stimulated with GDF6 had the highest ACAN:COL2A1 ratio, whilst cells treated 

with TGF-β demonstrated the lowest ratio. 

AD-MSCs (Figure 3.4) cultured in the presence of no growth factor, TGF-β, GDF5 

and GDF6 demonstrated ratios of 15:1, 4:1, 29:1 and 75:1 respectively. Thus, similar 

to BM-MSCs, cells stimulated with GDF6 had the highest ACAN:COL2A1 ratio, 

whilst cells treated with TGF-β demonstrated the lowest ratio. 

Overall AD-MSCs treated with GDF6 demonstrated the highest ratio at 75:1, whilst 

BM-MSCs treated with TGF-β demonstrated the lowest ratio at 0.7:1. 
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Figure 3.4 ACAN:COL2A1 gene expression ratio in BM and AD-MSCs. 

Following culture of BM and AD-MSCs in type I collagen hydrogels for 14 days 

with either no growth factor, or optimal concentrations of TGF-β, GDF5, or GDF6 

ratios were determined using the formula (2-ΔCtACAN-ΔCtCOL2A1). N = 7; all 

data represent mean ± SEM. *P < 0.05. 
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3.3.4 Novel NP Marker Expression in Type I Collagen Hydrogels  

Following microarray studies (Minogue et al., 2010a, Minogue et al., 2010b) a set of 

defined novel NP markers (KRT8, KRT18, KRT19, CAXII, FOXF1 and T) were 

used to assess the discogenic differentiation of both BM-MSCs and AD-MSCs. 

Therefore following 14 days of culture in type I collagen hydrogels BM-MSC and 

AD-MSC gene expression of novel NP markers was normalised to housekeeping 

genes and then to the control sample. 

 Culture of BM-MSCs (Figure 3.5 A) in the presence of TGF-β and GDF5 caused no 

significant change in KRT8 (0.9 and 0.9- fold respectively), and KRT19 (1.1 and 

1.2-fold respectively). There was a significant downregulation of KRT18 (0.7 and 

0.5-fold respectively), FOXF1 (0.4 and 0.3- fold respectively) and T (0.6 and 0.6-

fold respectively). In contrast, BM-MSCs treated with GDF6 significantly 

upregulated KRT8 (2.2-fold), KRT18 (2.0- fold), KRT19 (3.0-fold), CAXII (2.9- 

fold) and T (2.0- fold), with no significant differences noted in FOXF1 (1.2- fold). 

Treatment of AD-MSCs (Figure 3.5 B) with GDF6 resulted in significant 

upregulation of all novel marker genes compared with controls (KRT8 (7.2-fold), 

KRT18 (3.6-fold), KRT19 (3.3-fold), FOXF1 (3.1-fold), CAXII (2.2-fold) and T 

(3.5- fold). Stimulation with GDF6 also showed significant increases in comparison 

to treatment with TGF-β and GDF5 in the case of KRT8, KRT18, KRT19 and T 

expression. Evaluation of both cell types showed a differential response to the 

growth factors and demonstrated that expression levels were consistently 

upregulated to a greater extent in AD-MSCs than in BM-MSCs. 
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Figure 3.5 qPCR analysis of novel NP marker gene expression changes in 

response to growth factor stimulation.A. BM-MSCs and B. AD-MSCs were 

cultured for 14 days in type I collagen hydrogels and stimulated with optimal 

concentrations of TGF-β, GDF5, or GDF6. Relative gene expression was normalised 

to mean housekeeping gene expression and cells without growth factor stimulation 

and plotted on a log scale. N = 7; all data represent mean ± SEM. *P < 0.05. 

 

 

A 

B 
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3.3.5 Assessment of sGAG content 

3.3.5.1 Quantification of sGAG synthesis 

The quantification of sGAG was further divided into construct and media 

components and the combined total. AD-MSCs (Figure 3.6A) cultured in type I 

collagen hydrogels demonstrated significant increases in the sGAG/DNA content 

within the constructs after stimulation with TGF-β (265.0 μg/μg DNA ±27.7) and 

GDF6 (243.5 μg/μg DNA  ± 13.9) compared to control constructs (123.7 μg/μg DNA 

 ± 19.9). Conversely BM-MSCs (Figure 3.6 A) displayed significant increases in 

sGAG/DNA content within the constructs compared to the control in only TGF-β 

stimulated cells, (124.6 μg/μg DNA ± 12.7 and 215.6 μg/μg DNA ± 28.7 

respectively). Comparison of the cell types demonstrated that AD-MSCs produced 

consistently higher levels of sGAG/DNA than BM-MSCs in constructs, particularly 

in the GDF6 stimulated cohort which was statistically significant (149.6 μg/μg DNA 

±17.0 in BM-MSCs versus 243.5 μg/μg DNA μg ± 13.9 in AD-MSCs). 

 

Over the 14 day culture period media was collected every 48 hours and replaced with 

fresh media. This was then analysed for cumulative release of sGAG into the media. 

As this does not contain a cellular component it was not normalised to DNA (Figure 

3.6 B). After 14 days the sGAG was greatest in AD-MSCs treated with GDF6 (103.7 

μg ± 8.5). Both BM-MSCs and AD-MSCs treated with either TGF-β (83.8 μg ± 2.0 

and 88.8 μg ± 6.5 respectively) or GDF6 (92.9 μg ± 2.8 and 103.7 μg ± 8.5, 

respectively) demonstrated significant increases in released sGAG compared with 

the respective control (59.6 μg ± 2.2 and 66.5 μg ± 3.5). 

 

When total sGAG/DNA combined from both construct and media were analysed this 

demonstrated that AD-MSCs (Figure 3.6 C) treated with GDF6 produced the most 

sGAG in the study (3,228.6 μg/μg DNA ± 185.9). This result was significantly 

greater than both the control (1,703.7 μg/μg DNA ± 72.9) and all other treatment 

groups (TGF-β 2,414.9 μg/μg DNA ± 180.8 or GDF5 2,512.9 μg/μg DNA ± 134.4). 

Additionally BM-MSCs treated with GDF6 synthesised the more sGAG (2,799.3 

μg/μg DNA ±92.3) than other BM-MSC treatment groups; however this was lower 

than that produced by AD-MSCs. 
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Figure 3.6 Quantification of sGAG in BM and AD-MSC seeded constructs. 

A. Quantification of sGAG retained within hydrogel constructs, normalised to DNA 

content within the construct. B. DMMB quantification of sGAG released 

cumulatively into the media throughout the culture period. C. Quantification of total 

sGAG content in the construct and media normalised to DNA content within the 

construct at day 14. N = 3, data represent mean ± SEM. *P < 0.05. 
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3.3.5.2 Histological localisation of sGAG 

As discussed, the most commonly utilised growth factor to differentiate MSCs to an 

NP phenotype in current literature is TGF-β. However, taking both qPCR and 

quantification of sGAG results from this study together the greatest significant 

differences were between TGF-β and GDF6. Results have also confirmed that GDF5 

demonstrated similar sGAG and qPCR results as TGF-β. Therefore histological 

assessment was undertaken to highlight the differential response of BM-MSCs and 

AD-MSCs treated with TGF-β and GDF6. 

 

BM-MSCs (Figure 3.7) treated with TGF-β shows staining confined to the periphery 

of the construct and regardless of growth factor the BM-MSC samples are less 

intensely stained compared to the AD-MSC samples. Staining of AD-MSCs (Figure 

3.7) stimulated with GDF6 demonstrated a homogenous widespread distribution of 

sGAG this is a greater extent than AD-MSCs treated with TGF-β.  
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Figure 3.7 Histological localisation of sGAG of BM-MSCs and AD-MSCs 

treated with TGF-β or GDF6. Safranin O staining of MSC-seeded collagen 

hydrogels demonstrating deposition of sGAG throughout the constructs, with AD-

MSCs stimulated with GDF6 having the highest and most homogeneous sGAG 

deposition. Scale bars, 500 μm. 

 

 

 

3.3.6 Fibrillar Collagen Content 

Fibrillar collagen content was assessed using a picrosirus red stain and polarised 

light microscopy; the histological stains (Figure 3.8 A) were quantified to assess any 

differential response (Figure 3.8 B). There was no difference in fibrillar collagen 

deposition between BM-MSCs supplemented with either TGF-β (15.4% ± 0.6%) or 

GDF6 (16% ± 1.1%). However AD-MSCs treated with TGF-β (19.5% ± 0.9%) 

showed significantly greater fibrillar collagen content than AD-MSCs treated with 

GDF6 (16.2% ± 0.7%). 
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Figure 3.8 Fibrillar collagen content. A. Picrosirius red staining of MSC-seeded 

type I collagen hydrogels stimulated with TGF-β or GDF6, demonstrating enhanced 

fibrillar collagen deposition in AD-MSC-seeded constructs stimulated with TGF-β 

compared with GDF6-stimulated constructs. Scale bar, 500 μm. B. Quantification of 

percentage fibrillar collagen content in BM-MSC and AD-MSC-seeded constructs 

after stimulation with TGF-β or GDF6. AD-MSC-seeded constructs stimulated with 

TGF-β demonstrated a significantly higher percentage of fibrillar collagen content 

compared with GDF-6-stimulated constructs; N = 3. 
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3.3.7 Micromechanical Stiffness of Constructs 

Micromechanical stiffness was assessed using scanning acoustic microscopy, which 

uses acoustic wave speed as a surrogate measurement for stiffness (Figure 3.9) As 

with the deposition of collagen fibrils, BM-MSCs treated with either TGF-β or 

GDF6 showed no significant differences in acoustic wave speed (TGF-β, 

1,629 ms−1 ± 8 ms−1; GDF6, 1,642 ms−1 ± 17 ms−1). Conversely AD-MSCs treated 

with TGF-β demonstrated a significantly higher acoustic wave speed 

1,644 ms−1 ± 1 ms−1 compared to GDF6 stimulated constructs, 1,599 ms−1 ± 4 ms−1 

(Figure 3.9 B and C). 
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Figure 3.9 Mean acoustic wave speed (a surrogate measure of tissue stiffness) assessed 

with scanning acoustic microscopy. A. Acoustic wave-speed distribution maps of BM-

MSC and AD-MSC-seeded type I collagen hydrogels stimulated with TGF-β or GDF6. 

Scale bar, 50 μm. B. Quantification of wave speed in BM-MSC and AD-MSC-seeded 

constructs after stimulation with TGF-β or GDF6. N = 3. *P < 0.05. C. Wave-speed 

distribution in AD-MSC-seeded constructs after stimulation with either TGF-β or GDF6. 

The GDF6-stimulated construct shows significantly reduced mean wave speed of 

1,599 ms−1 compared with the TGF-β-stimulated counterpart, 1,644 ms−1. 
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3.3.8 MSC differentiation in Pellet Culture 

To ensure that the results demonstrated in type I collagen hydrogels are true and that 

the collagen hydrogel does not have any influence on the differentiation of MSCs¸ 

the study was also performed in three-dimensional pellets. Pellets were prepared as 

described in section 2.1.8 and qPCR of conventional ECM and novel NP markers 

was undertaken, along with quantification of sGAG produced. 

 

 

3.3.9 ECM Marker Expression in Pellet Culture 

Following culture for 14 days in pellets and supplementation with respective growth 

factors gene expression of ECM genes was analysed. As with the previous 

experiment, expression levels were normalised to housekeeping genes and then to 

the control sample to assess the effect of each growth factor. Similarly to cells 

seeded in type I collagen hydrogel, AD-MSCs (Figure 3.10B) demonstrated the 

highest upregulation of ACAN following GDF6 treatment compared to control 

sample (11.0-fold) and compared to GDF5 (6.4-fold) and TGF-β (3.5-fold). Whereas 

BM-MSCs (Figure 3.10A) treated with all three growth factors demonstrated 

significant upregulation of ACAN compared to the control, but demonstrated no 

differences between treatment groups (GDF5: 5.8-fold, TGF-β: 6.6-fold, GDF6:6.6-

fold).Both BM-MSCs and AD-MSCs supplemented with TGF-β demonstrated the 

largest gene expression upregulation in COL2A1 (7.8- fold and 4.0- fold 

respectively). The level of conventional ECM expression was therefore similar to 

that seen when cells were cultured in type I collagen hydrogels. 
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Figure 3.10 Analysis of BM-MSC and AD-MSC response to growth-factor 

stimulation in pellet culture. qPCR analysis of ECM gene expression changes in A. 

BM-MSCs and B. AD-MSCs in pellets in the absence or presence of TGF-β, GDF5, 

or GDF6. Relative gene expression was normalised to mean housekeeping gene 

expression and cells without growth-factor stimulation and plotted on a log scale. 

For all analyses, N = 4; data represent mean ± SEM. *P < 0.05. 

 

 

A 
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3.3.10 ACAN:COL2A1 Gene Expression Ratio 

The ACAN:COL2A1 ratio in the pellets was determined using the same formula 

outlined in section 2.4.3. BM-MSCs (Figure 3.11) cultured in the presence of no 

growth factor, TGF-β, GDF5 and GDF6 demonstrated ratios of 16:1, 6.5:1, 92:1 and 

88:1 respectively. Hence cells stimulated with GDF5 had the highest 

ACAN:COL2A1 ratio, whilst cells treated with TGF-β demonstrated the lowest ratio. 

Whereas, culture of AD-MSCs (Figure 3.11) showed ratios of control: 9.8:1, TGF-β 

6.6:1, GDF5: 41:1 and GDF6: 62:1. Hence cells treated with TGF-β demonstrated 

the lowest ratio, whilst the highest ratio was seen when cells were treated with GDF6. 

Overall there was no significant difference identified between the two cell types after 

stimulation with any of the growth factors. 
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Figure 3.11 ACAN:COL2A1 gene expression ratio in BM-MSCs and AD-MSCs 

in pellet culture. Cells were cultured in three-dimensional pellets for 14 days with 

either no growth factor, or optimal concentrations of TGF-β, GDF5, or GDF6. 

ACAN:COL2A1 ratios were then determined using the formula (2-ΔCtACAN-

ΔCtCOL2A1). N = 4; all data represent mean ± SEM. *P < 0.05. 
 

 

3.3.11 Novel NP marker Expression in Pellet Culture 

The novel NP markers were used to assess the discogenic differentiation of BM-

MSCs and AD-MSCs cultured in pellets after 14 days following exposure to no 

growth factor, TGF-β, GDF5 and GDF6. 

When BM-MSCs (Figure 3.12A) were cultured in the presence of TGF-β and GDF5 

there was no significant difference or a downregulation compared to the control in 

all genes assessed, KRT8 (0.9-fold and 1.1-fold), KRT18 (0.4-fold and 0.3-fold), 

KRT19 (1.3-fold and 1.1-fold), FOXF1 (1.3-fold and 0.4-fold) CAXII (0.3-fold and 

0.3-fold) and T (0.65-fold and 0.65-fold). On the other hand, BM-MSCs cultured 

with GDF6 significantly upregulated KRT8 (2.0-fold), KRT19 (2.0-fold), FOXF1 

(1.5-fold), CAXII (1.8-fold) and T (2.1-fold), compared to the control samples. This 
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followed the same gene expression pattern as seen when cells were cultured in type I 

collagen hydrogels. 

AD-MSCs (Figure 3.12B) that were supplemented with GDF6 demonstrated 

significant upregulation of all marker genes compared with controls, which was also 

observed with cells cultured in type I collagen hydrogels, KRT8 (10.5-fold), KRT18 

(3.5-fold), KRT19 (9.9-fold), FOXF1 (2.0-fold), CAXII (3.4-fold) and T (12.8-fold). 

This increase in gene expression levels was also significantly greater than AD-MSCs 

exposed to TGF-β and GDF5 in the case of KRT8, KRT18, KRT19, CAXII and T. 

Hence, as was demonstrated when cells were cultured in type I collagen hydrogels 

the expression levels were consistently upregulated to a greater extent in AD-MSCs 

compared to BM-MSCs, suggesting that the growth factors have the same response 

irrespective of three dimensional culture system. 
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Figure 3.12 Analysis of BM-MSCs and AD-MSCs response to growth-factor 

stimulation in pellet culture. Quantitative real-time PCR analysis of NP marker gene-

expression changes in (A), BM-MSCs and (B), AD-MSCs in pellets in the absence or 

presence of TGF-β, GDF5, or GDF6. Relative gene expression was normalised to mean 

housekeeping gene expression and cells without growth-factor stimulation and plotted on a 

log scale. For all analyses, N = 4; data represent mean ± SEM. *P < 0.05. 

 

 

 

A 
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 3.3.12 Assessment of sGAG content 

3.3.12.1 Quantification of sGAG Synthesis 

The construct and media were analysed for sGAG synthesis over the 14 day culture 

period (Figure 3.13) and the total sGAG/DNA showed that AD-MSCs cultured in the 

presence of GDF6 formed the most sGAG (3,556.31 μg/µg DNA ± 133.1). This was 

significantly greater than all other treatment groups groups (TGF-β 2,540.32 μg/µg 

DNA ± 32.8 or GDF5 2,512.97 μg/µg DNA ± 134.4) including the control 

(2,206.34 μg/µg DNA ± 267.5). Likewise BM-MSCs supplemented with GDF6 

synthesised the greatest sGAG (2,886.65 μg/µg DNA ±225.76). This result also 

mirrors the data produced when cells were cultured in type I collagen hydrogels, as 

AD-MSCs cultured in the presence of GDF6 produced the greatest sGAG. 

 

 

 

Figure 3.13 Total sGAG synthesis of BM-MSCs and AD-MSCs cultured in 

pellets. BM and AD-MSCs were seeded in pellets and cultured in the absence or 

presence of TGF-β, GDF5, or GDF6. Quantification of total sGAG content in the 

construct and media normalised to DNA content within the construct at day 14. N = 4, 

data represent mean ± SEM. *P < 0.05. 
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3.3.12.2Histological localisation of sGAG 

Staining of BM-MSCs (Figure 3.14) stimulated with TGF-β or GDF6 shows little 

overall sGAG staining and the intensity compared to AD-MSCs is reduced. In 

contrast, AD-MSCs stimulated with GDF6 demonstrated a homogenous distribution 

of sGAG which is also demonstrated when cultured in type I collagen hydrogels. The 

intensity of staining in AD-MSCs treated with TGF-β is also increased compared to 

BM-MSC samples. 

 

 

 

Figure 3.14 Histological localisation of sGAG in BM-MSC and AD-MSC pellet 

culture. Safranin O staining of MSC-seeded pellet cultures demonstrating deposition 

of sGAG throughout the constructs, with AD-MSCs stimulated with GDF6 having 

the highest and most homogeneous sGAG deposition. Scale bars, 500 μm. 
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3.4 Discussion 

Increasingly, there is significant focus to investigate the potential of MSCs to 

regenerate the IVD. However to date, techniques applied are more widely used to 

induce chondrogenic differentiation, in particular culture in a 3D environment and 

differentiating media containing TGF-β. At present, experiments are analysed using 

gene and protein expression, specifically expression of SOX9, COL2A1 and ACAN 

to depict an NP like tissue. Recent phenotypic profiling studies suggest that these 

outcome measures are insufficient to define the end-stage differentiated cell and that 

more analyses are needed. Thus, with an increased understanding of the NP cell 

phenotype and distinction of unique phenotypic markers this allows for alternative 

culture systems to be assessed to optimise discogenic differentiation.  

The objective of this study was to compare different growth factors, with the aim of 

optimising MSC discogenic differentiation and ensuring synthesis of an ECM with 

appropriate biochemical and biomechanical properties. Additionally comparisons 

were made between BM-MSCs and AD-MSCs to assess their discogenic potential 

and which cell source maybe more appropriate for regenerative therapies. 

 

3.4.1 Novel NP Marker Expression 

Treatment of both BM-MSCs and AD-MSCs with GDF6 resulted in increased 

expression of KRT8, KRT18, KRT19, FOXF1 and CAXII compared to control 

samples and also to cells treated with TGF-β or GDF5. This was more apparent in 

AD-MSCs as the levels of expression change were greater. As these unique 

phenotypic markers have previously been used to portray adequate differentiation 

(Minogue et al 2010a Minogue et al 2010b), the enhanced gene expression 

demonstrated in this study suggests that both MSC cell types have the capacity to 

undergo discogenic differentiation , which is improved by GDF6 stimulation. 

Expression of the notochordal and mesodermal marker brachyury (T) was also 

investigated as it has been shown to be expressed by adult NP cells (Minogue et al 

2010b). As with other results, stimulation with GDF6 induced the greatest gene 

expression of T particularly in AD-MSCs. 
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The study was undertaken in two different three dimensional systems, type I 

collagen hydrogel and pellet cultures, to ensure that the biomaterial did not influence 

differentiation. Importantly NP marker expression was consistent across both 

systems, suggesting that it is growth factor choice that has the predominant effect on 

differentiation rather than a biomaterial. 

 

3.4.2 Conventional ECM Markers 

The NP ECM is predominantly comprised of an abundance of aggrecan and type II 

collagen molecules with a greater aggrecan to type II collagen ratio. This has 

previously been shown at both gene transcription (Gantenbein-Ritter et al., 2011) 

and protein level (Mwale et al., 2004) and is more indicative of NP ECM than AC 

ECM. 

Analysis of both BM-MSCs and AD-MSCs treated with TGF-β demonstrated that 

this growth factor is driving differentiation toward a more chondrocyte-like cell 

rather than discogenic differentiation. This is highlighted by a number of results; 

firstly TGF-β resulted in the highest COL2A1 gene expression and significantly 

increased expression of SOX-9 (major transcription factor for chondrogenesis) in 

both cell types. Secondly the ACAN:COL2A1 ratio was lowest compared to both 

controls and other treatment groups in both cell types and in both culture systems. 

Lastly when this is combined with the decrease or small upregulation of novel NP 

marker genes in BM-MSCs and AD-MSCs respectively, the overall results suggest 

that TGF-β induces chondrogenesis rather than discogenesis. 

Results from this study corroborate previous studies (Gantenbien-Ritter et al., 2011; 

Stoyanov et al., 2011) which reported that GDF5 increased ACAN gene expression 

and resulted in a greater ACAN:COL2A1 ratio in comparison to TGF-β. Whilst BM-

MSCs treated with GDF6 resulted in a similar response to GDF5, AD-MSCs treated 

with GDF6 produced significantly higher levels of ACAN and gave the highest 

ACAN:COL2A1 ratio, which as previously mentioned is indicative of an NP-like 

phenotype. 

The overall gene expression analysis in both cell types and culture systems has 

shown that GDF6 promotes discogenic differentiation in both BM-MSCs and AD-
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MSCs. The expression levels are consistently greater in AD-MSCs suggesting that 

this cell source maybe more appropriate for regenerative therapies. 

 

3.4.3 Assessment of sGAG Synthesis 

In order to determine if changes in gene expression were replicated at the protein 

level and to further characterise differences in cell differentiation analysis of sGAG 

synthesis was undertaken. This was assessed by two different means a DMMB assay 

and histological staining. 

DMMB assay quantification showed that cells cultured in all conditions synthesised 

detectable levels of sGAG. There were significant increases in the sGAG/DNA 

within the constructs compared to the controls in BM-MSCs treated with TGF-β and 

AD-MSCs treated with either TGF-β or GDF6. During this study there was a 

substantial amount of sGAG released into the media that was collected over the 14 

day time period. All cells released sGAG into the media with treatment of TGF-β or 

GDF6 resulting in significant increases compared to the control. Similar results of 

newly synthesised sGAG released into the media have been documented in 

comparable studies (Peroglio et al., 2013; Buckley et al., 2012). This may be 

accounted for by the remodelling of the matrix of the collagen hydrogel which may 

affect the retention capability (Buckley et al., 2012). 

The total sGAG was significantly higher in AD-MSCs treated with all three growth 

factors in comparison to BM-MSCs, in particular treatment with GDF6. However 

treatment with GDF5 showed no significant sGAG increase which has previously 

been reported (Stoyanov et al., 2011). Similarly the gene expression profile was 

reflected in both culture systems; DMMB assay demonstrated similar results with 

AD-MSCs stimulated with GDF6 synthesising the largest amount of sGAG. 

Histological analysis in both collagen constructs and pellets highlighted differences 

between cell type and growth factor treatment. AD-MSCs treated with GDF6 

demonstrated a homogenous distribution throughout and demonstrated more intense 

staining than BM-MSCs, which supports the DMMB quantification results. Taken 

together, GDF6-stimulated AD-MSCs produce the greatest level of sGAG and 

demonstrate a homogenous matrix deposition suggesting that this maybe a more 
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appropriate cell type and growth factor to regenerate a PG-rich matrix akin to native 

NP tissue. 

 

3.4.4 Micromechanical Stiffness of Constructs 

As discussed, current studies utilise molecular and biochemical methods alone to 

determine the capacity of cells to differentiate to target cells and produce 

appropriately functioning tissues. However; if tissue engineering strategies are to be 

employed in the future, micro and hence macromechanical behaviour of the 

constructs should be characterised in order to investigate the ability to mimic native 

tissue properties. Therefore, in this study we quantified the acoustic-wave speed 

(Zhao et al., 2012), which is proportional to the square root of the materials Young’s 

modulus (Turner 1999). This technique has previously been utilised to localise age-

related changes in vascular stiffness (Graham et al., 2011). Our aim was to determine 

cell and growth factor-specific effects on the resultant micromechanical behaviour of 

constructs. In concordance with our other findings, AD-MSC constructs 

supplemented with GDF6 showed significantly lower fibrillar collagen compared to 

TGF-β counterparts. In addition AD-MSC GDF6 treated samples demonstrated a 

less stiff matrix demonstrated by a lower acoustic wave speed; this maybe more 

indicative of a gelatinous NP tissue.  

 

3.4.5 Differences in MSC source 

This study has demonstrated differences in the discogenic potential of BM-MSCs 

and AD-MSCs. In current literature the majority of studies have investigated BM-

MSCs as an appropriate cell source for IVD regeneration. However, data from this 

study by means of conventional and novel NP marker gene expression, protein 

analysis, histological analysis and micromechanical behaviour studies, suggest that 

AD-MSCs have the greater capacity to undergo discogenic differentiation and 

produce an appropriate matrix. It was previously reported that AD-MSCs have a 

reduced capacity to differentiate to a chondrogenic lineage compared with BM-

MSCs (Hennig et al., 2007) because of differences in receptor expression 
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(specifically, TGF-β receptor I ) compared with BM-MSCS suggesting that BM-

MSCs may be more appropriate for chondrogenic differentiation.  

 

 

3.4.6 Conclusion  

This study demonstrated that AD-MSCs in collagen hydrogels treated with GDF6 

produced a less-stiff, PG rich matrix and expressed both novel NP markers and 

conventional marker at high levels. The characterisation of not only cell phenotype 

and ECM composition but the mechanical behaviour of the resultant constructs is 

important for clinical translation particularly for NP regeneration as the NP is a 

gelatinous tissue and it is important that an appropriate and functional tissue is 

formed.  

As AD-MSCs have demonstrated a discogenic like phenotype, these cells can be 

described as AD-MSC derived NP cells (aNPCs).  

 

 

3.4.7 Implication for Following Chapters 

The results from this section of the overall study have proposed an appropriate cell 

source and growth factor to drive discogenic differentiation for use in IVD 

regenerative therapies. However, as described in chapter 1, the disc is a hostile 

environment; therefore how aNPCs respond to this microenvironment needs to be 

elucidated if this is to be proposed as a successful cell-based biological therapy. 
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Chapter 4 

 

Effect of GDF6, Hypoxia and Load on 

Mesenchymal Stem Cell 

Differentiation 
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4.1 Overview 

The results in chapter 3 showed that a combination of AD-MSCs and GDF6 

demonstrated a superior discogenic phenotype in comparison to treatment with 

alternative TGF-β super family members and to BM-MSCs. Therefore, future 

experiments will utilise AD-MSCs and GDF6 to elucidate whether they have the 

potential for a cell-based therapeutic strategy for IVD regeneration.  

 

4.1.1 IVD Microenvironment and Interaction with Potential Therapies 

As reviewed in chapter 1 the IVD microenvironment can be described as a hostile 

environment which is characterised by low oxygen, low glucose and low pH levels 

(Bartels et al. 1998; Urban, 2002; Grunhagen et al. 2006). Therefore any 

regenerative therapies targeted at repairing the disc maybe hindered by the harsh 

IVD niche. Figure 1.4 outlines that as you move to the centre of the disc the oxygen 

concentration decreases and this has been found to be in the region of 1-5% (Mwale 

et al., 2011), the pH ranges from 7.1 to levels as low as 6.5 (Urban et al., 2002) and 

glucose levels range from 5mM and lower (Bibby et al., 2005). Additionally at a 

biomechanical level the IVD is constantly subjected to physical and dynamic loading 

which has also been demonstrated to play an essential role in the maintenance of 

IVD homeostasis (Matsumoto et al., 1999). Hence, a number of studies have 

investigated different aspects of the microenvironment including pH, low glucose, 

hypoxia and osmolarity (Wuertz et al., 2008; Liang et al, 2012, Wuertz et al., 2009, 

Stoyanov et al., 2011). The focus of this particular study is the effects of hypoxia, 

load and a combination of the two factors.  

 

4.1.2 The Role of Hypoxia in MSC Differentiation 

Previous studies have demonstrated that when MSCs are cultured in hypoxic 

conditions there is an enhancement of ACAN and COL2A1 gene expression and 

increased sGAG production, demonstrating enhanced matrix synthesis (Markway et 

al., 2010, Baumgartner et al., 2010, Risbud et al., 2004). A more recent study by 

Stoyanov and colleagues (Stoyanov et al., 2011) investigated the effects of different 

growth factors in combination with hypoxia. The study showed that MSCs cultured 

in hypoxic conditions treated with GDF5 and TGF-β demonstrated the most 

increased ACAN, COL2A1 and sGAG accumulation. In addition there was also an 
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upregulation of novel NP markers KRT19 and CA12 under hypoxic conditions, 

CA12 in MSCs has been shown to play a role in pH regulation (Chiche et al., 2009), 

hence improving MSC survival. This also suggests that hypoxia may induce 

discogenic differentiation. This was also demonstrated in a study by Feng et al., 

(Feng et al., 2011a) who showed that under hypoxic conditions and supplementation 

of TGF-β BM-MSCs could be differentiated to an NP like cell shown by the 

upregulation of ACAN, SOX9, COL2A1, increased ECM and continuous expression 

of HIF-1α. Interestingly, Felka et al., demonstrated that culture of MSCs in hypoxia 

could reduce the detrimental effect of IL-1β compared to cells not cultured in 

hypoxia (Felka et al., 2009). In a combination study examining hypoxia and glucose 

levels Naqvi and Buckley (Naqvi and Buckley. 2015) showed that when BM-MSCs 

were exposed to hypoxia (5%) and 5mM glucose concentration there was increased 

accumulation of sGAG and collagen. However when the glucose was reduced to 

1mM in the same hypoxic conditions this resulted in cell death and a lack of ECM 

synthesis. This study highlights that is important to study multiple environmental 

factors to assess the potential of therapeutic treatments. 

 

4.1.3 The Role of Load in MSC Differentiation  

The unique design of the spinal column results in the constant loading of the IVD 

and studies have shown that discs that are not exposed to load or static load results in 

a deleterious effect demonstrated by an upregulation of catabolic molecules (Stokes 

and Iatridis., 2004; Paul et al., 2011; MacLean et al., 2004). Hence load is essential 

for appropriate function of matrix molecules in the IVD. A study investigating the 

effect of 10% cyclic compressive load at a frequency of 1Hz for 4 hours a day on 

rabbit BM-MSCs demonstrated increased gene expression of ACAN and COL2A1 

and this showed no significant difference to TGF-β. This suggests that compressive 

load can induce differentiation alone (Huang et al., 2004). Studies have also 

demonstrated that AD-MSCs can be differentiated to a chondrgenic phenotype by 

the upregulation of ACAN and COL2A1 by compressive loading (Ogawa et al., 

2009; Dai et al., 2014).  

Therefore to test the efficacy of aNPCs as a potential therapy, the response to 

environmental factors must be elucidated. Testing all factors simultaneously is not 

feasible as it would not be possible to distinguish which factor was eliciting a 

response. Therefore, for the following study two factors were chosen for 
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investigation: hypoxia due to the growing evidence demonstrating its enhanced 

differentiation of MSCs and load as the disc is constantly subjected to dynamic 

loading. 

 

4.2 Hypotheses  

This study was designed to investigate whether exposing AD-MSCs, supplemented 

with GDF6, to hypoxia, load or a combination of the two enhances discogenic 

differentiation and matrix formation and whether the environmental factors act 

synergistically. 

 

For this work it was hypothesised that in GDF6-stimulated AD-MSCs: 

1) Hypoxia would induce a superior discogenic phenotype and ECM compared 

to cells cultured in normoxia. 

2) Loaded conditions would enhance discogenic differentiation and increase 

synthesis of ECM. 

 

4.3 Experimental Design 

To investigate the effects of the microenvironmental factors on the ability of AD-

MSCs supplemented with GDF6 to undergo discogenic differentiation, cells were 

divided into four treatment groups: 

5) Normoxia (20%) (as shown in chapter 2) 

6) Hypoxia (2%) 

7) Normoxia and Load ( 20% and 0.04 MPa, 1 Hz, 1 hour per day) 

8) Hypoxia and Load ( 2% and 0.04 MPa, 1 Hz, 1 hour per day) 

 

Three patient samples were seeded into type I collagen hydrogels in BioFlex plates 

for 14 days. Analysis was undertaken by means of gene expression, ECM analysis 

and assessment of micromechanical stiffness using AFM.  
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4.4 Results 

4.4.1 Discogenic Differentiation of AD-MSCs 

AD-MSCs supplemented with GDF6 present a superior NP phenotype than current 

protocols. Therefore AD-MSCs were seeded into type I collagen hydrogels and 

supplemented with GDF6 for 14 days. Cells were exposed to: normoxia, normoxia 

and load, hypoxia or hypoxia and load to assess whether the environmental factors 

can enhance the discogenic differentiation of the AD-MSCs. A defined set of novel 

NP markers (Minogue et al 2010a, Clarke et al 2014) were used to assess this. 

Values were normalised to housekeeping genes and then to the normoxic values to 

assess the differences compared to standard culture conditions. 

Cells cultured in the presence of normoxia and load (Figure 4.1) significantly 

upregulated KRT8 (3.6-fold), KRT18 (2.8-fold), KRT19 (2.9-fold) and FOXF1 (2.8-

fold) compared to cells cultured in normoxia alone. With regard to the expression of 

CA12, which is associated with pH regulation, this was downregulated, although not 

to a significant extent.  

Cells cultured in hypoxia (Figure 4.1) also showed a significant upregulation in 

expression of KRT8 (8.6-fold) compared to normoxia and significant CA12 

upregulation (4.8-fold) compared to both normoxia and normoxia and load. Whilst 

there was increased expression in KRT18, KRT19 and FOXF1 this did not reach 

significance due to greater variation between samples. 

Cells cultured in hypoxia and load (Figure 4.1) demonstrated significant 

upregulation of KRT8 (8.8-fold), KRT18 (6.9-fold) and FOXF1 (7.5-fold) compared 

to cells cultured in normoxia. Both KRT19 and CA12 gene expression was 

significantly greater than all other treatment groups (11.2-fold and 10.6-fold, 

respectively). 

Taken together the results show that load, hypoxia and a combination of the two 

enhance novel NP marker expression compared to culture in normoxia alone. 
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Figure 4.1 qPCR analyses of novel NP gene expression changes during culture 

in different conditions. AD-MSCs were cultured for 14 days in type I collagen 

hydrogels, stimulated with 100ng/ml GDF6 and exposed to hypoxia, load or a 

combination. Relative gene expression was normalised to mean housekeeping gene 

expression and to normoxic samples. N= 3, all data represent mean +/- SE. *P<0.05. 

 

4.4.2 Increased Proteoglycan Formation 

The addition of load, hypoxia or a combination demonstrated enhanced gene 

expression when analysing the NP novel markers. Therefore to ensure an appropriate 

and functional phenotype the ECM components of the constructs were investigated. 

  

4.4.2.1 ACAN expression 

Cells cultured in the presence of hypoxia resulted in a significant upregulation of 

ACAN (2.9-fold) (Figure 4.2). A combination of hypoxia and load demonstrated the 

greatest expression of ACAN (8.6-fold) and was significantly different to both 

normoxia and normoxia and loaded treatment groups. 
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Figure 4.2 qPCR analyses of ACAN gene expression changes during culture in 

different conditions. AD-MSCs were cultured for 14 days in type I collagen 

hydrogels, stimulated with 100ng/ml GDF6 and exposed to hypoxia, load or a 

combination. Relative gene expression was normalised to mean housekeeping gene 

expression and to normoxic samples. N= 3, all data represent mean +/- SE. *P<0.05. 
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4.4.2.2 Quantification of sGAG Content 

Following 14 days of culture, hydrogels were digested and appropriate assays 

undertaken (DMMB and PicoGreen) to assess sGAG content; in addition media 

collected over the 14 days was also analysed. Constructs exposed to hypoxia and 

load (Figure 4.3A) demonstrated the greatest PG content retained within the 

construct (250.2 µg/µg DNA± 37.8) compared to other groups and was significantly 

greater than normoxia and normoxia and load (126.9 µg/µg DNA± 5.5 and 141.6 

µg/µg DNA± 8.8, respectively). Hypoxic conditions also significantly increased PG 

content (178.3 µg/µg DNA± 25.8) compared to culture in normoxia (126.9 µg/µg 

DNA± 5.5).  

 Analysis of the media components demonstrated no significant differences between 

any of the treatment groups (Figure 4.3B); normoxia (104.1 µg ± 6.9), normoxia and 

load (109.7 µg ± 3.9), hypoxia (119.1 µg ± 6.5), hypoxia and load (113.4 µg ± 4.8). 

Total sGAG content demonstrated that constructs cultured in hypoxia and load 

(Figure 4.3C) had the highest PG content (2750.7 µg ± 179.9) and was significantly 

greater than both normoxia and normoxia and load groups (2049.2 µg ± 242.2 and 

2272.3 µg ± 111.5, respectively). 
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Figure 4.3 Quantification of sGAG by DMMB analysis. After 14 days constructs 

were papain digested and a DMMB assay used to assess sGAG and Pico Green assay 

used to assess DNA content. A. sGAG retained in the construct. B. sGAG released 

into the media C. Total sGAG. N= 3, all data represent mean +/- SE. *P<0.05. 
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4.4.3 ECM Composition 

4.4.3.1 COL2A1 Expression 

Cells cultured in the presence of hypoxia and load resulted in a significant 

upregulation of COL2A1 (24.1-fold) (Figure 3.5) compared to all treatment groups 

(normoxia: 1.0-fold, normoxia and load: 3.0-fold and hypoxia: 3.6-fold). This 

demonstrated that a combination of hypoxia and load results in the greatest COL2A1 

expression. 

 

 

Figure 4.4 qPCR analyses of COL2A1 gene expression changes during culture 

in different conditions. AD-MSCs were cultured for 14 days in type I collagen 

hydrogels, stimulated with 100ng/ml GDF6 and exposed to hypoxia, load or a 

combination. Relative gene expression was normalised to mean housekeeping gene 

expression and to normoxic samples. N= 3, all data represent mean +/- SE. *P<0.05. 
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4.4.3.2 ACAN:COL2A1 ratio 

As described in chapters 1 and 3, the ratio of ACAN:COL2A1 is extremely 

important for a gelatinous and functional matrix. Therefore using the formula 

depicted in 3.3.3 gene expression ratios were determined to establish the 

ACAN:COL2A1 ratio (Figure 4.5). Cells cultured in normoxia demonstrated the 

highest ACAN:COL2A1 ratio at 67.9:1, whereas cells cultured in hypoxia and load 

demonstrated the lowest ratio at 17.10:1. Other treatment groups display ratios of 

24.53:1 and 38.75:1 (normoxia and loand: hypoxia, respectively). Culture of cells in 

normoxia resulted in a significantly greater ratio compared to all other treatment 

groups. Additionally cells cultured in hypoxia showed a significantly greater ratio 

than hypoxia and load. 

 

 

Figure 4.5 ACAN:COL2A1 gene expression ratio in AD-MSC constructs 

cultured in different conditions. Gene expression of both ACAN and COL2A1 

were entered into (2-ΔCtACAN-ΔCtCOL2A1) forumla to give the gene expression ratio of 

the constructs. N= 3, all data represent mean +/- SE. *P<0.05. 

 

* 
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4.4.3.3 Fibrillar Collagen Content 

As throughout the experiment the greatest differences were between cells cultured in 

normoxia and cells cultured in hypoxia and load these two groups were further 

analysed to assess for differences in ECM composition. The fibrillar collagen content 

was assessed using a picrosirus red stain and polarised light microscopy. The 

histological stains (Figure 4.6A and B) were quantified (Figure 4.6C) and although 

organised fibrillar content showed a trend towards increased levels in cells cultured 

in hypoxia and load (51.48% (SD 7.39)) this did not reach statistical significance 

compared to constructs cultured in normoxic conditions (45.11% (SD 8.67)) 

(p=0.41). 
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Figure 4.6 Fibrillar collagen content. Picrosirius red staining of AD-MSC seeded 

type I collagen hydrogels stimulated with GDF6 cultured in either A. Normoxia B. 

Hypoxia or load. C. Quantification of percentage fibrillar collagen content in AD-

MSC-seeded constructs after stimulation with GDF6 and culture in normoxia or 

hypoxia and loaded conditions. N=3, all data represent mean +/- SD. *P<0.05 
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4.4.4 Micromechanical Stiffness 

Micromechanical stiffness was assessed using AFM micro-indentation, which 

determines the reduced modulus of the tissue and hence its stiffness. As previously 

discussed in chapter 2 it is important to assess not only the biochemical components 

of the constructs but also the biomechanical properties. The mean reduced modulus 

was significantly higher in the constructs cultured in hypoxia and load (0.917 MPa 

(SD 0.072)) than compared to constructs cultured in normoxia alone (0.824 MPa 

(SD 0.086)) (p<0.001) (Figure 4.7A). Additionally when the distribution of mean 

reduced moduli was compared between the two groups, with a total of N= 2394 

points for each condition, there was a clear shift toward a higher reduced modulus in 

constructs exposed to hypoxia and load (Figure 4.7B). 
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Figure 4.7 Mean reduced modulus assessed with Atomic Force Microscopy. A. 

Quantification of mean reduced modulus in AD-MSC-seeded constructs in either 

normoxia or hypoxia and loaded conditions. B. Distribution of the mean 

demonstrates a shift toward a higher reduced moduli for samples cultured in hypoxia 

and load. N=3, all data represent mean +/- SD. *P<0.05. 
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4.5 Discussion 

For cell-based therapies to be utilised in potential clinical treatments, the interaction 

of the implanted cells with the native microenvironment must be elucidated. As 

reviewed in the introduction the IVD microenvironment encompasses a number of 

unique environmental features such as hypoxia and load. The overall objective of 

this study was to compare constructs that had been cultured in different 

microenvironments including normoxia, hypoxia, exposed to load or in combination. 

The aim was to establish whether exposure to these different factors could enhance 

discogenic differentiation and if the factors play a role in ECM synthesis. In addition 

to this, the resulting constructs were analysed to ensure the correct ECM was 

produced by assessing the biomechanical properties. This was analysed using a 

combination of qPCR, sGAG quantification, histology and AFM to assess 

micromechanics. 

 

4.5.1 Enhanced NP Marker Gene Expression 

As demonstrated in chapter 3 (and Clarke et al., 2014) AD-MSCs supplemented with 

GDF6 show a superior NP phenotype when compared to alternative growth factors 

and cell sources. Therefore to determine the effects of the different environmental 

factors, all samples were supplemented with GDF6 and data normalised to values 

obtained under normoxic conditions. The addition of load significantly upregulated 

KRT8, KRT18, KRT19 and FOXF1, whereas when cells were cultured in hypoxia 

there was a significant upregulation of KRT8 and CA12 compared to normoxia. The 

combination of hypoxia and load however demonstrated a significant upregulation of 

all NP markers, with KRT19 and CA12 gene expression significantly greater than all 

other conditions suggesting there may be a synergistic effect. 

 

Interestingly, there was a distinction between the cells cultured in normoxia and 

those cultured in hypoxia when assessing the CA12 gene. In normoxia and normoxia 

in combination with load there were no fold changes observed, whereas there was a 

significant increase in CA12 expression when exposed to hypoxic conditions. 

Similar results were demonstrated in a study by Stoyanov and colleagues (Stoyanov 

et al.2011) in which a CA12 expression increase was seen in hypoxic conditions.  
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 This corroborates with studies in the cancer field which have also demonstrated an 

increased expression of CA12 and CA9 when exposed to hypoxic conditions, in a 

range of tumour cell lines, including bone, breast, cervical and lung. (Wykoff et al., 

2000; Ivanov et al., 1998; Supuran et al., 2008). CA12 is membrane bound and is 

upregulated in von Hippel-Lindau defective renal tumours, however unlike CA9 the 

dependence on HIF-1 regulation is not clear (Wykoff et al., 2000). In a study by 

Chiche and colleagues (Chiche et al., 2009) results showed that CA9 and CA12 are 

able to regulate intracellular pH of LS174Tr tumour cells in hypoxia, hence 

promoting cell survival. This suggests that upregulation of CA12 by the AD-MSCs 

may be promoting cell survival in the hypoxic environment. The addition of load 

also increased discogenic gene expression in both normoxia and hypoxia, in 

comparison to normoxic treatment alone. Whilst a number of studies have stated that 

load alone can differentiate MSCs to an ‘NP-like’ cell, the studies have only 

examined gene expression of ECM markers SOX9, ACAN and COL2A1 (Jung et al., 

2009, Dai et al., 2014, Ogawa et al., 2009). Therefore a recent study by Guggisberg 

et al., (Guggisberg et al., 2015) also investigated mechanical loading of constructs 

supplemented with the growth factor GDF5 and in addition to ECM markers, novel 

NP markers FOXF1 and KRT19 were investigated. BM-MSCs were encapsulated in 

PEG gels, cultured with GDF5 for 13 days followed by loading for 5 days at 15% 

strain, 1 Hz. Whilst ACAN and COL2A1 were upregulated the discogenic markers 

FOXF1 and KRT19 showed no change. This suggests that our study GDF6 is also 

contributing toward the differentiation of AD-MSCs, in addition to load and hypoxia 

or a combination of the two. Also in the study undertaken by Guggisberg et al, cells 

were pre-conditioned for 13 days prior to loading which essentially splits the 

experiment into two different sections. In comparison to our experiment cells were 

cultured for 14 days with GDF6 and were either loaded or not loaded to investigate 

the combinatorial effects of the growth factor and the condition. 

Our study showed that culture in hypoxia, with load or a combination of the two can 

result in enhanced expression of novel NP marker genes compared to culture in 

normoxia alone.  

 

4.5.2 Increased ECM Composition  

The ECM of the NP is gelatinous and comprised primarily of the PG ACAN, which 

is negatively charged and enables the disc to imbibe water to hydrate the disc. Hence 
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increased expression of ACAN is beneficial for cell-based therapies. Culture in the 

presence of both hypoxia groups resulted in the significant upregulation of ACAN 

compared to normoxia, which corresponds with previous studies (Stoyanov et al 

2011; Gantenbein-Ritter et al., 2013). The addition of load in a hypoxic environment 

further upregulates the expression of ACAN, whereas the addition of load in a 

normoxic environment induces no significant changes. This suggests that hypoxia is 

the most important factor when considering upregulation of ACAN, and as such has 

been shown by a number of studies to be upregulated by MSCs in hypoxic 

conditions (Cicione et al., 2013, Lee et al., 2013, Risbud et al., 2004). 

To ensure the increase of PG was replicated at a protein level a DMMB and 

PicoGreen assays were undertaken on both constructs and media components. Like 

ACAN expression, constructs exposed to hypoxia and load demonstrated the greatest 

sGAG/DNA content retained in the construct compared to other treatment groups. 

Taking both the ACAN expression and sGAG content together, results demonstrate 

that cells cultured in a combination of both hypoxia and load enhance PG formation 

to the greatest extent. At this point the results suggest that culturing AD-MSCS in 

both hypoxia, under loaded conditions and further supplemented with GDF6 results 

in a construct that has enhanced novel marker and ACAN expression in addition to 

the greatest sGAG content.  

Whilst ACAN is the most prominent PG found in NP tissue, there is also an 

abundance of other ECM components particularly COL2A1. As with previous 

results in this study constructs cultured under hypoxic and loaded conditions induced 

the greatest significant upregulation of COL2A1. This result shows that the 

combination of hypoxia and load significantly increased gene expression of 

COL2A1. Other studies have demonstrated upregulation of COL2A1 with culture in 

hypoxia (Risbud et al., 2004) or load (Dia et al., 2014), however this is the first study 

to show a combination of the two factors.  

The disc is recognised as having a distinct ACAN:COL2A1 ratio that has been 

demonstrated at both a gene transcription (Gantenbein-Ritter et al., 2011) and protein 

level (Mwale et al., 2004) and is also essential for an appropriate and functional 

matrix. This ratio is also what distinguishes a chondrogenic matrix to an NP matrix 

as the ratio of ACAN is much greater. Constructs cultured in normoxia demonstrated 

the greatest ACAN:COL2A1 ratio whereas the lowest ratio was expressed by cells 
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cultured in hypoxia and load. Whilst the combination of hypoxia and load increased 

both ACAN and COL2A1 gene expression to the greatest extent across treatment 

groups, the greatest increase was observed in collagen expression (ACAN 8.6-fold v 

24-fold COL2A1). This suggests that although the genes are being upregulated the 

ratio of upregulation is not indicative of an NP cell. The cells that were cultured in 

hypoxia, also demonstrated an increase in ACAN expression although not to the 

same extent as cells cultured with the combination. However the ACAN:COL2A1 

ratio is significantly greater in hypoxic cells than the combination of treatments, as 

the collagen expression was not significantly greater. This suggests that hypoxia is 

essential to increase ACAN expression, whilst a combination of hypoxia and load 

increases COL2A1 expression.  

 Taken together whilst cells exposed to hypoxia and load display enhanced NP 

marker expression, increased sGAG formation and increased ACAN and COL2A1 

expression, the ratio at which these molecules is produced is not that demonstrated 

by previous studies (Mwale et al., 2004). Therefore it can be proposed that 

phenotype induced is correct however the matrix composition may not be 

appropriate for NP cell-based therapy and as such gene expression and protein 

profiling may not be sufficient. 

 

4.5.3 Micromechanical Stiffness of Constructs 

As shown in chapter 2, use of micromechanical testing is important in addition to 

biochemical data in order to characterise and depict the construct at a two different 

levels (biochemical and biomechanical). In chapter 2, SAM was used to analyse the 

matrix of the resultant constructs, whilst this technique has been used to assess the 

stiffness of a number of ECM rich tissues including aorta, lungs and skin (Graham et 

al., 2011) in this study we opted to utilised AFM micro-indentation. This is because 

although SAM enables a higher spatial resolution than AFM, SAM measures wave 

speed, which is a surrogate measure of stiffness and not an actual mechanical 

measurement. In comparison AFM measures the reduced modulus of a tissue which 

is a mechanical measurement and enables a higher mechanical resolution which 

means more data can be generated. In this study the aim was to distinguish between 

constructs exposed to normoxia and constructs cultured in hypoxia and load. 
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The results from the study so far had shown there to be a significant difference 

between the, ACAN and COL2A1 gene expression in addition to the vastly different 

ACAN:COL2A1 ratio. Therefore it was hypothesised that the constructs exposed to 

hypoxia and load would have a stiffer matrix due to the low ACAN:COL2A1 ratio. 

Indeed this was the case as the resultant constructs showed that cells cultured in 

normoxia had a lower reduced modulus (less stiff). In the field of skeletal muscle it 

has been shown that with increased age, there is increased tissue stiffness and this 

has been attributed to the increase in collagen content (Feland et al., 2001; Gosselin 

et al., 1998; Kragstrup et al., 2011). It is also recognised that the collagen fibres are 

the main structural component of the ECM and the arrangement and organisation of 

these fibres is important to the mechanical strength, for example in muscle, fibres are 

aligned and organised (Gao et al., 2008). Although the organised fibrillar collagen 

content was not significantly different between normoxia and hypoxia and load 

groups 51.48% of collagen fibres were organised in combined treatment group. In 

addition the picrosirus red staining appears much more intense in constructs exposed 

to both hypoxia and load. However in order to assess this result comparison to native 

tissue would be helpful as at present there are no studies that have produced 

mechanical data for NP tissue using this AFM micro-indentation technique. 

 

4.5.4 Conclusion  

This study demonstrated that AD-MSCs in collagen hydrogels treated with GDF6 

exposed to load, hypoxia or a combination results in enhanced expression of NP 

marker genes compared to normoxic conditions. It can be postulated that hypoxia 

has the greatest effect on ACAN expression, whilst a combination of load and 

hypoxia increases COL2A1 expression. Although cells exposed to hypoxia and load 

had the greatest upregulation of both ACAN and COL2A1, the ratio at which this 

was produced is incorrect and not appropriate for an NP like ECM, as this resulted in 

a stiffer matrix compared to culture in normoxia alone. Therefore in terms of clinical 

application this must be considered as both load and hypoxia are native to the IVD 

microenvironment. As this is an in vitro study it should be extended further and 

incorporated into disc models to see the effects in a larger ex vivo system.  

Once again this has shown that characterisation of phenotype, ECM and 

micromechanics are important as all aspects must be appropriate for a successful 

therapy. 
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4.5.5 Implication for Following Chapters 

The results from this section have demonstrated that hypoxia and load have a 

differential effect on the differentiation of AD-MSCs in the presence of GDF6. 

However if AD-MSCs together with GDF6 are to be utilised as a potential therapy 

for IVD regeneration, then native NP cells will also come into contact or be exposed 

to GDF6. The effect of GDF6 on native degenerate NP cells or its effects whilst in 

an inflammatory environment has not yet been clarified and needs to be looked at to 

assess the potential as a biological therapy.  
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Chapter 5 

 A comparative study of the Response 

of Pre-Differentiated MSCs and 

Mature NP Cells to the Pro-

inflammatory niche of the 

intervertebral disc  
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5.1 Overview  

For regeneration strategies, MSCs will be implanted into this degenerate niche and 

thus their response to the cytokine milieu needs to be ascertained to ensure that 

catabolic events are not exacerbated. 

 

5.1.1 The role of Interleukin- 1 in the IVD  

IIL-1β has been profoundly implicated in driving the catabolic changes that occur 

during disc degeneration (Igarashi et al., 2000; Koshy et al., 2002, Le Maitre et al., 

2005). A total of 11 cytokines make up the IL-1 family and it is IL-1β that is the 

predominant cytokine leading to IVD degeneration (Le Maitre et al., 2005). IL-1β 

has been associated with a number of pathologies that contribute to the development 

of IVD degeneration; these are illustrated in Figure 5.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 A schematic diagram to describe the different pathologies that IL-1β 

can induce (Adapted from Yang et al., 2015). 
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Taking all studies discussed in chapter 1 together IL-1β can lead to a number of 

different pathologies in the disc that can lead to disc degeneration. Hence, it is 

imperative to understand the effect of IL-1β on implanted cells.  

 

Previous work in this thesis has shown that GDF6 is able to differentiate AD-MSCs 

to a discogenic phenotype (chapter 3, Clarke et al., 2014) that produces an 

appropriate matrix, and as such these cells would be suitable for IVD regeneration. 

However, whilst studies have investigated the effect of IL-1β on native NP cells and 

MSCS (Le Maitre et al., 2005; Fan et al., 2012), to date no studies have investigated 

the effect of IL-1β on pre-differentiated cells, i.e. cells that have a discogenic like 

phenotype, aNPCs. As such if aNPCs are to be utilised as a cell based therapy the 

response to the degenerate, cytokine rich niche must be assessed. 

 

5.2 Hypotheses  

The study was designed to investigate how aNPCs would respond to a pro-

inflammatory environment (i.e IL-1β), compared to mature NP cells to determine if 

any differential responses between the two cell types.  

 

It was hypothesised that aNPCs would respond differently to IL-1β than NP cells, 

leading to a reduced catabolic profile/response.  

 

5.3 Experimental Design  

 To investigate the effects of IL-1β on aNPCs and NP cells, AD-MSCs were initially 

differentiated to aNPCs with GDF6 for 14 days, whilst NP cells were cultured with 

no growth factor. The cells were then divided into the following groups: 

1) Mature NP cells + No IL-1β for 7 days  

2) Mature NP cells + IL-1β for 7 days 

3) aNPCs + No IL-1β for 7 days  

4) aNPCs + IL-1β for 7 days  

 

Analysis was undertaken by means of conventional PCR, gene expression studies 

utilising QRT-PCR and ECM analysis (histology and SGAG analysis). 
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5.4 Results 

5.4.1 IL-1 Receptor expression in aNPCs and Mature NP cells 

To ensure that both cell types would be receptive to IL-1β treatment, the expression 

of IL-1R was undertaken using RT-PCR. This was carried out after 14 days of 

culture when AD-MSCs had been differentiated to aNPCs and prior to the 7 day 

treatment with or without IL-1β. The results demonstrate that both cell types express 

the IL-1R gene in all three samples tested (Figure 5.2). 

 

 

  

Figure 5.2 RT-PCR analysis of IL-1R. A. Mature NP cells B. aNPCs housekeeping 

expression profile of GAPDH. C. Mature NP cells D. aNPCs IL-1R gene expression 

profile for both cell types following 14 days of culture. N=3. 

 

5.4.2 ECM Gene Expression Profile 

After a total of 21 days of culture, aNPCs and NP cells seeded into type I collagen 

hydrogels were assessed for ECM gene expression. This was normalised to 

housekeeping genes and then to respective sample that was not treated with IL-1β to 

assess the effect of the cytokine.  

Mature NP cells (Figure 5.3A) cultured in the presence of IL-1β resulted in 

significant down regulation of all ECM genes. The most significant decrease in 

expression was observed in COL2A1 (0.13-fold), this was followed by ACAN (0.25-

fold) and then SOX9 (0.39-fold). On the other hand aNPCs (Figure 5.3B) showed no 

significant changes in expression compared to the respective control. 

A 

C 

B 
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Figure 5.3 qPCR analysis of ECM gene expression of mature NP and aNPC 

seeded constructs treated with and without IL-1β. A. Mature NP cells and B. 

aNPCs. aNPCs were initially differentiated for 14 days using GDF6 as described in 

chapter 2 whilst NP cells were maintained for 14 days with no growth factor. 

Following this cells were treated either with or without 10ng/ml IL-1β for a further 7 

days. Relative gene expression was normalised to housekeeping gene expression and 

then to the respective cell type that was not treated with IL-1β and plotted on a log 

scale. N=4; all data represent mean ± SEM *P<0.05. 
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5.4.3 Catabolic and Anti-Catabolic Gene Expression Profiles 

The catabolic marker genes analysed were stromelysin MMP3, collagenase MMP13 

and aggrecanases ADAMTS4 and ADAMTS5, whilst the anti-catabolic markers 

were the TIMPs -1 and -2 which inhibit the MMPs. Following treatment with IL-1β 

the two cell types were assessed for the catabolic and anti-catabolic gene profiles. 

Mature NP cells (Figure 5.4A) demonstrated a significant upregulation of catabolic 

markers MMP3 (10.23-fold), MMP13 (7.47-fold) and ADAMTS4 (3.40-fold). There 

was no significant difference observed in the expression of ADAMTS5 (1.17-fold). 

With regard to the anti-catabolic markers the results showed a significant decrease in 

both TIMP1 and TIMP2 (0.36-fold and 0.19-fold, respectively).  

On the other hand aNPCs treated with IL-1β for 7 days demonstrated no significant 

differences across either catabolic or anti-catabolic gene profiles.  
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Figure 5.4 qPCR analysis of catabolic and anti-catabolic gene expression of 

mature NP and aNPC seeded constructs treated with and without IL-1β. A. 

Mature NP cells and B. aNPCs. aNPCs were initially differentiated for 14 days using 

GDF6 as described in chapter 2 whilst NP cells were maintained for 14 days with no 

growth factor. Following this cells were treated either with or without 10ng/ml IL-1β 

for a further 7 days. Relative gene expression was normalised to housekeeping gene 

expression and then to the respective cell type that was not treated with IL-1β and 

plotted on a log scale. N=4; all data represent mean ± SEM *P<0.05. 
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5.4.4 Assessment of sGAG content 

5.4.4.1 Quantification of sGAG in Mature NP Cells 

Mature NP cells (Figure 5.5A) cultured in the presence of IL-1β for 7 days 

demonstrated a significant decrease in sGAG/DNA content compared to constructs 

not treated with IL-1β (98.25 μg/μg DNA ±6.67 and 134.47 μg/μg DNA ±16.57, 

respectively).  

 

Over the 21 day culture period media was collected every 48 hours and analysed for 

cumulative release of sGAG (Figure 5.5B). As with the sGAG retained in the 

construct the sGAG was greatest in the control constructs (167.28 μg ±30.62) 

compared to constructs that had been treated with IL-1β (131.95 μg ±34.39), 

however this result was not deemed significant.  

 

However when total sGAG/DNA combined from both construct and media (Figure 

5.5C) were analysed this demonstrated that NP cells treated with IL-1β produced a 

significantly lower sGAG content (1764.190 μg/μg DNA ±328.65) compared to cells 

that were not treated with the cytokine (2846.60 μg/μg DNA ±446.27). This means 

that cells treated with IL-1β only produce 61.97% of the sGAG that control cells 

produce over 21 days. 
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Figure 5.5 Quantification of sGAG in mature NP seeded constructs treated with 

and without IL-1β. (A) sGAG retained within hydrogel constructs, normalised to 

DNA content within the construct. (B) DMMB quantification of sGAG released 

cumulatively into the media throughout the 21 day culture period. (C) Quantification 

of total sGAG content in the construct and media normalised to DNA content within 

the construct at day 21. N = 4, data represent mean ± SEM. *P < 0.05. 
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5.4.4.2 Quantification of sGAG in aNPCs 

With regard to aNPCs (Figure 5.6A) cultured in the presence of IL-1β for 7 days the 

sGAG/DNA retained within the construct was decreased compared to constructs not 

treated with IL-1β (134.70 μg/μg DNA ±10.72 and 162.85 μg/μg DNA ±10.71, 

respectively) however this was not significant. The content values in relation to 

mature NP cells are higher in both treatment groups (IL-1β treatment aNPC vs. NP: 

134.70 μg/μg DNA ±10.72 vs. 98.25 μg/μg DNA ±6.67) (No IL-1β treatment aNPC 

vs. NP 162.85 μg/μg DNA ±10.71 vs. 134.47 μg/μg DNA ±16.57). 

 

The analysis of media (Figure 5.6B) collected over the culture period demonstrated 

that there was no significant difference in cells treated with and without IL-1β 

(145.99 μg ± 28.17 and 172.56 μg ±23.30, respectively). Similarly the greatest 

sGAG content across both cell types was demonstrated in the aNPC controls, (IL-1β 

treatment aNPC vs. NP: 145.99 μg ± 28.17 vs. 131.95 μg ±34.39) (No IL-1β 

treatment aNPC vs. NP: 172.56 μg ±23.30 vs. 167.28 μg ±30.62). 

 

The total sGAG/DNA (Figure 5.6C) demonstrated no significant difference between 

aNPCs treated with and without IL-1β (2791.2 0μg/μg DNA ± 593.28 and 3229.60 

μg/μg DNA ±479.21, respectively). This result showed that cells treated with the 

cytokine produced 86.42% of sGAG content compared to controls over a 21 day 

period. Therefore, aNPCs demonstrate the ability to produce greater sGAG than NP 

cells in a catabolic environment. 
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Figure 4.6 Quantification of sGAG in aNPC seeded constructs treated with and 

without IL-1β. (A) Quantification of sGAG retained within hydrogel constructs, 

normalised to DNA content within the construct. (B) sGAG released cumulatively 

into the media throughout the 21 day culture period. (C) Quantification of total 

sGAG content in the construct and media normalised to DNA content within the 

construct at day 21. N = 4, data represent mean ± SEM. *P < 0.05. 
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5.4.4.3 Histological assessment of sGAG 

 

 Histological assessment sGAG was undertaken by safranin O staining (Figure 5.7). 

Mature NP cells and aNPCs that were not treated with IL-1β demonstrated 

homogenous distribution of sGAG throughout the construct. Similarly aNPCs treated 

with IL-1β showed a large amount of sGAG staining and this was localised to the 

centre of the construct. In contrast mature NP cells treated with IL-1β demonstrated 

a lack of staining suggesting that there is less sGAG than in the other treatment 

groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Histological localisation of sGAG of mature NP cells and aNPCs 

treated with or without IL-1β. Safranin O staining of mature NP cells and aNPC 

seeded constructs demonstrating deposition of sGAG. Scale bars, 500 μm. 
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5.5 Discussion  

The pro-inflammatory cytokine IL-1β has demonstrated the ability to initiate 

catabolic processes that lead to IVD degeneration. Numerous studies have linked the 

cytokine to a number of pathologies in the degenerate disc including apoptosis, ECM 

degradation and angiogenesis amongst others. In addition it has been found that as 

the severity of degeneration increases in the disc so does the levels of IL-1β. 

Therefore if cellular based therapies are to be utilised in order to repair the 

degenerate IVD then the response of the cells to the inflammatory niche should be 

assessed. The objective of this study was to investigate how AD-MSCs that were 

pre-differentiated to an NP cell (aNPCs), would respond to treatment with IL-1β 

compared to mature NP cells. At present there are no studies in the disc biology field 

that have assessed the potential of pre-differentiating AD-MSCs to an NP like cell 

and exposing these cells to a catabolic environment to mimic the degenerate disc. In 

previous studies undertaken by this group (Le Maitre et al., 2005) it was 

demonstrated that treatment of NP cells with IL-1β resulted in a significant increase 

of catabolic markers (MMP3, MMP13 and ADAMTS4) in addition to significant 

decreases in ECM production (ACAN, COL2A1, COL1 and SOX6). Therefore we 

hypothesised that treatment of mature NP cells would demonstrate similar responses 

as previously described, however aNPCs would have a differential response and may 

in fact not respond to IL-1β in the same manner. 

 

5.5.1 IL-1 Receptor Profile 

As the study was investigating two different cell types, it was imperative to make 

sure that both cell types expressed the IL-1 receptor in order to respond to the IL-1β 

treatment. If one cell type did not have the receptor then it would be unable to 

respond to the treatment, therefore if any differences were seen between the cells this 

could be a potential reason. Hence the conventional PCR was undertaken and 

demonstrated that both cells expressed IL-1R and that cells should respond to 

treatment. 
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5.5.2 Differential ECM expression profile of aNPCs and mature NP Cells 

As described throughout the thesis thus far, the NP of the disc is rich in ACAN and 

type II collagen. When the disc is healthy there is a balance between anabolism and 

catabolism, however with degeneration and the increase of IL-1β this balance is 

shifted toward a catabolic nature and increase in matrix degradation. Therefore 

following 7 days of culture with or without IL-1β a range of conventional ECM 

genes were analysed. When mature NP cells were exposed to IL-1β the expression of 

COL2A1, ACAN and SOX9 was significantly decreased compared to no treatment 

which corroborates previous studies (Le Maitre et al., 2005). On the other hand 

whilst aNPCs did show decreases in all three genes, this was not deemed significant 

compared to cells that were not treated with IL-1β. This suggests that pre-

differentiation of AD-MSCS to aNPCs can protect the cells against the detrimental 

effects of IL-1β and does not result in matrix breakdown to such an extent as is 

observed in NP cells.  

 

5.5.3 Differential Catabolic and Anti-catabolic Expression Profile 

Expression of MMPs and ADAMTSs are a necessity to the homeostatic turnover of 

ECM, however during degeneration studies have demonstrated the increase of these 

catabolic molecules. As previous studies have demonstrated (LeMaitre et al., 2005) 

there was a significant increase in the catabolic markers and decrease in the anti-

catabolic markers, which in turn leads to an imbalance and essentially matrix 

breakdown. However, this study has demonstrated that pre-differentiation of AD-

MSCs for 14 days prior to catabolic treatment leads to no significant upregulation of 

catabolic markers or down regulation of anti-catabolic markers. Taken together with 

the gene expression of ECM markers, this is suggesting that pre-differentiation may 

be protective against the inflammatory environment. 
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5.5.4 PG Content of the Constructs 

As demonstrated throughout the rest of the study mature NP cells and aNPSCs 

showed differential responses in the production of sGAG. The histological 

localisation demonstrated no change in the staining of aNPCs with or without IL-1β 

treatment, however mature NP cells show a severe lack of sGAG staining following 

treatment with IL-1β. This is also reflected in the quantification of sGAG by a 

DMMB assay, as aNPCs show no difference treated with or without IL-1β. This 

suggests that over the 21 day time period mature NP cells produce significantly 

lower sGAG content when exposed to IL-1β, which is mimicking the degenerate 

IVD environment. Whereas aNPCs even in a catabolic environment are able to 

synthesise sGAG, this is beneficial in terms of therapeutic application as these 

results suggest that aNPCs would have the capacity to produce sGAG in the 

degenerate IVD.  

 

5.5.5 Conclusion 

AD-MSC differentiated NP cells and mature NP cells respond to IL-1β in a 

differential manner, NP cells responded in the characteristic catabolic manner (as 

previously reported with decreases in SOX9, COL2A1, ACAN, TIMP1 and TIMP2, 

and increases in MMP3 and MMP13. Furthermore GAG content in constructs was 

significantly reduced. Interestingly, IL-1β had no detrimental catabolic effect on 

AD-MSC differentiated NP cells suggesting that these cells may be able to withstand 

the effects of the IL-1β milieu of the degenerate IVD niche. Thus, pre-differentiation 

of AD-MSCs to an NP like cell prior to implantation may improve the success of cell 

based therapies for IVD regeneration and prevent further catabolic events in the 

degenerate IVD niche.  
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Chapter 6 

 

The Effect of GDF6 on Native NP 

Cells: Restoration of a Non-

degenerate NP phenotype 
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6.1 Overview 

As previously discussed GDF6 is a member of the TGF-β superfamily and plays a 

role in the development of skeletal tissues. Previous studies have shown that 

mutations in this gene lead to Klippel-Fiel syndrome (KFS), which can be defined as 

congenital fusion of vertebrae (Tassabehji et al., 2008; Asai-Coakwell et al., 2009). 

Also, mutations in GDF6 knockout mice (Settle et al., 2003) show fusion of both 

ankle and wrist joints. In a recent study by Wei and colleagues (Wei et al., 2015) the 

group detected expression of GDF6 in the human foetal spinal column across of 

range of ages 8-19 weeks. Interestingly the group detected high levels of GDF6 in 

the period of early ossification of vertebrae and the development of the IVDs where 

the growth factor was localised to the NP. As the foetal age increased GDF6 

expression decreased with the progression of ossification and was restricted to the 

cartilaginous region. This work suggests that GDF6 acts as a suppressor to 

ossification and helps appropriate vertebral segmentation during the development of 

the spine. This is also supported by previous work (Shen et al., 2009) carried out by 

this group as they demonstrated that supplementation of exogenous GDF6 to BM-

MSCs in fact inhibited osteogenic differentiation.  

Work undertaken by our laboratory has also localised GDF6 to the IVD, but in this 

case adult IVD samples. A comparison of the NP region, inner and outer AF showed 

that GDF6 was predominately expressed in the NP region of the IVD. Also whilst 

there was a slight decrease in the percentage of positive cells with the severity of 

degeneration this was not deemed to be significant, suggesting that reduced 

expression of GDF6 is not associated with pathogenesis. Likewise in a more recent 

study (Gulati et al., 2015) localised GDF6 expression in degenerate and scoliotic NP 

tissues and found no significant difference between the two diseases states. .  

 

6.1.2 Functional effects of GDF6 on IVD cells  

There are a limited number of studies that have investigated the effect of GDF6 on 

disc cells, particularly NP cells. Firstly Wei and colleagues (Wei et al., 2009) used a 

stab injury degenerative ovine model and injected a single dose of GDF6 at the same 

time as injury. This resulted in increased collagen and PG production, an increase in 

number of NP cells and increased disc hydration after 4 months compared to the 

degenerate control discs. Such data suggests that GDF6 may be a potent therapeutic 
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option for the treatment of IVD degeneration. Additionally, more recently a study 

undertaken examined the effect of GDF6 applied exogenously to NP, AF and 

cartilaginous end plate cells in vitro (Gulati et al., 2015). Cells were cultured in 

alginate beads and exposed to GDF6 for 7 days; this resulted in increased PG content 

compared to no treatment. Whilst this study demonstrated that GDF6 enhanced PG 

content and collagen expression no information about the phenotypic nature or the 

catabolic profile of the cells or whether cells would function differently in a 

catabolic environment following treatment with GDF6 was provided. Such aspects 

are important when considered the potential of GDF6 as a biological therapy for IVD 

degeneration treatment strategies. 

 

6.2 Hypotheses  

This study was designed to investigate the effects of exogenous GDF6 on mature 

human NP cells Two aspects were investigated: firstly the effect of GDF6 treatment 

on mature NP cells phenotype and function and, secondly the assessment as to 

whether pre-treatment of mature NP cells with GDF6 is protective against the 

catabolic environment of the degenerate IVD. 

 

It was hypothesised that: 

1) GDF6 would reduce the catabolic profile and thereby restore a normal 

phenotype in degenerate NP cells. 

2) Pre-treatment with GDF6 would protect cells from the catabolic effects of IL-

1β. 

 

6.3 Experimental Design  

The first stage of this study was to examine the response of mature NP cells to 

treatment with exogenous GDF6 for 7 and 14 days.  

Following this a larger study was undertaken to investigate whether an initial pre-

treatment of NP cells with GDF6 or sustained/continued treatment protected NP 

Cells from or prevented the catabolic effects of IL-1β. 
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6.4 Results 

6.4.1 Gene Expression in NP Cells following 7 days of Culture with GDF6 

Mature NP cells (n=4) were cultured for 7 days in differentiating media with and 

without GDF6 and gene expression analysed with gene expression of target genes 

normalised to the housekeeping genes and to the day 7 control. Analysis of the 

conventional ECM genes (Figure 6.1A) demonstrated significantly higher levels of 

expression for COL2A1 and ACAN (2.11-fold and 1.61-fold, respectively) 

compared to no treatment with GDF6, whilst expression of SOX9 was increased 

(1.25-fold), although not significantly. .  

With regard to the expression of phenotypic NP markers (Figure 5.1B) treatment of 

NP cells with GDF6 significantly upregulated the majority of markers assessed 

including KRT8 (2.68-fold), KRT18 (2.37-fold), KRT19 (2.11-fold) and T (1.88-

fold). The expression of FOXF1 and CAXII were not significantly different 

compared to the controls (1.29-fold and 1.37-fold, respectively).  

The final panel of markers that were investigated were the catabolic and anti-

catabolic markers (Figure 5.1C). Significant increases were only see in expression 

levels of MMP13 (2.06-fold) and ADAMTS4 (1.88-fold), with no changes in gene 

expression for the other genes analysed.  
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Figure 6.1 Gene expression of mature NP cells cultured with and without GDF6 

for 7 days. Cells were encapsulated in type I collagen hydrogels and cultured either 

with or without 100ng/ml GDF6 for 7 days, q-PCR was then undertaken for A. 

conventional ECM markers B. novel NP phenotypic markers C. catabolic and anti-

catabolic markers. Relative gene expression was normalised to housekeeping gene 

expression and then to the respective cell type that was not treated with GDF6 and 

plotted on a log scale N = 4; all data represent mean ± SEM. *P < 0.05. 
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6.4.2 Gene Expression in NP Cells following 14 days of Culture with GDF6 

In addition to the 7 day culture, cells were cultured for 14 days to assess differences 

in the culture period time. Similarly results were normalised to housekeeping genes 

and then to day 14 controls, which were cultured with no GDF6. Assessment of 

conventional ECM genes (Figure 6.2A) showed that treatment with GDF6 for 14 

days increased levels of expression for all three genes with the greatest upregulation 

in ACAN, (SOX9 (2.34-fold), COL2A1 (4.37-fold) and ACAN (9.25-fold). All 

genes showed increases compared to 7 days in culture when compared to the 

respective controls, SOX9 (1.25-fold vs 2.34- fold), COL2A1 (2.11-fold vs. 4.37-

fold), ACAN (1.61-fold vs. 9.25-fold). This shows that with increased time in culture, 

there are significant increases in the expression of ECM molecules. 

Similarly assessment of NP phenotypic marker expression (Figure 6.2B) 

demonstrated that exogenous GDF6 increased levels of all genes, KRT8 (3.71-fold), 

KRT18 (3.22-fold), KRT19 (4.20-fold), FOXF1 (2.47-fold), CAXII (2.64-fold) and 

T (4.41-fold). As with the ECM genes, the expression of NP marker genes was 

increased compared to culture over a 14 day period, when compared to the respective 

controls; KRT8 (2.68-fold vs 3.71-fold), KRT18 (2.37-fold vs 3.22-fold), KRT19 

(2.11-fold vs 4.20-fold), FOXF1 (1.29-fold vs 2.47-fold), CAXII (1.37-fold vs 2.64-

fold) and T (1.88-fold vs 4.41-fold).  

Finally the catabolic and anti-catabolic markers showed no significant differences 

between samples treated with or without GDF6.  
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Figure 6.2.Gene expression of mature NP cells cultured with and without GDF6 

for 14 days. Cells were encapsulated in type I collagen hydrogels and cultured either 

with or without 100ng/ml GDF6 for 14 days, q-PCR was then undertaken for A. 

conventional ECM markers B. novel NP phenotypic markers C. catabolic and anti-

catabolic markers. Relative gene expression was normalised to housekeeping gene 

expression and then to the respective cell type that was not treated with GDF6 and 

plotted on a log scale N = 4; all data represent mean ± SEM. *P < 0.05 
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6.4.3 ACAN:COL2A1 Gene Expression Ratio  

In order to assess the gene expression ratio of the ACAN and COL2A1, which is a 

distinguishing feature of the NP tissue, the formula outlined in section 2.4.3 was 

used (Figure 6.3). Mature NP cells cultured in the presence of GDF6 for 7 and 14 

days resulted in a higher ratio of ACAN :COL2A1 compared to the respective 

controls (Day 7: Control 34:1; GDF6 75:1 and Day 14: Control 192:1 and 525:1). 

Overall even in culture without GDF6 the ratio of ACAN: COL2A1 increased with 

increased time in culture, however this was enhanced with the addition of GDF6.  

 

 

Figure 6.3 ACAN:COL2A1 ratio gene expression ratio in mature NP cells 

treated with and without GDF6 and cultured for 7 or 14 days. Following culture 

of NP cells in type I collagen hydrogels for 7 or 14 days with either no growth factor, 

or GDF6 ratios were determined using the formula (2-ΔCtACAN-ΔCtCOL2A1). 

N = 4; all data represent mean ± SEM. *P < 0.05. 
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6.4.4 Quantification of sGAG synthesis 

Assessment of the construct, media and combined totals of sGAG were undertaken 

using a DMMB assay. Similar to the gene expression data, cells that were cultured 

for a sustained period demonstrated greater sGAG content. In cells cultured with and 

without GDF6 for 7 days (Figure 6.4A) there were no significant differences 

observed with contents of 72.56 μg/μg DNA ±5.91 and 61.77 μg/μg DNA ± 7.80, 

respectively. However, there was a significant difference when cells were cultured 

for 14 days with GDF6 compared to no treatment (149.54 μg/μg DNA ± 12.93 and 

111.94 μg/μg DNA ± 0.53). The results show that sustained culture leads to 

formation of greater sGAG, which was enhanced with exposure/ stimulation to 

GDF6. 

 

As media was changed every 48 hours, this was assessed after 7 and 14 days for 

release of sGAG into the media (Figure 6.4B). Following 7 days there were no 

differences observed between cells treated with GDF6 and the control cells as they 

released totals of 56.62 μg/μg ± 2.05 and 51.69 μg/μg ± 2.65, respectively. In a 

similar manner to the constructs there was a significant increase of sGAG with 

sustained time in culture. Following 14 days control samples released 95.26 μg/μg ± 

3.08 and cells exposed to GDF6 released significantly greater total of 107.82 μg/μg ± 

2.66.  

 

When the total sGAG/DNA was combined for both construct and media components 

and normalised to the DNA content, both day 7 and day 14 NP cells treated with 

GDF6 were significantly different compared to the respective controls. (Day 7: 

Control: 897.27 μg/μg DNA ± 151.52 and GDF6 1356.48 μg/μg DNA ± 140.55) 

(Day 14: Control: 1748.31 μg/μg DNA ± 137.68 and GDF6 2287.89 μg/μg DNA ± 

188.52). The highest total content was demonstrated by NP cells cultured for 14 days 

GDF6.  
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Figure 6.4 Quantification of sGAG in mature NP seeded constructs treated with 

and without GDF6 for 7 or 14 days. (A) sGAG retained within hydrogel constructs, 

normalised to DNA content within the construct. (B) DMMB quantification of 

sGAG released cumulatively into the media throughout the 21 day culture 

period. (C) Quantification of total sGAG content in the construct and media 

normalised to DNA content within the construct at day 21. N = 4, data represent 

mean ± SEM. *P < 0.05. 
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6.4.5 Treatment of NP cells with GDF6 and Exposure to IL-1 β  

The second part of this study was undertaken to assess whether treatment of NP cells 

with GDF6 could protect the cells against the catabolic effects of IL-1β. Following a 

total of 21 days in culture expression was normalised to housekeeping genes and 

then to NP cells that had no exposure to GDF6 or IL-1β (group1).  

 

6.4.5.1 Expression of ECM Genes 

 As shown in the previous chapter, culture of NP cells for 14 days with no growth 

factor followed by treatment with IL-1β for 7 days demonstrates a significant 

downregulation of all three ECM genes SOX9, COL2A1 and ACAN compared to no 

treatment in Figure 6.6 A,B,C, respectively.  

When cells were pre-treated with GDF6 for 14 days and then GDF6 withdrawn for a 

further 7 days the expression of ACAN (Figure 6.5C) and COL2A1 (Figure 6.5 B) 

were significantly upregulated (7.39-fold and 3.87-fold, respectively) whilst SOX9 

was upregulated (1.60-fold) but not to a significant extent compared to control. Pre-

treatment of the cells with GDF6 for 14 days and exposure to IL-1β for 7 days 

resulted in a significant decrease for all three genes compared to pre-treatment and 

no IL-1β; however the expression levels did not differ to the control sample for 

COL2A1 and SOX9, whereas ACAN expression was significantly increased (3.11-

fold). All three genes were significantly greater expressed than in cells that had not 

been treated with GDF6 and exposed to IL-1β.  

Similarly cells that were exposed to GDF6 for the whole 21 day culture 

demonstrated significant increases in expression compared to the control sample. 

The cells that were exposed to GDF6 for 21 days and IL-1β for 7 days, demonstrated 

reduced expression compared to no IL-1β treatment, but were significantly increased 

compared to no treatment with GDF6. The results suggest that treatment with GDF6 

protects the cells to some extent against the effect of IL-1 β.  
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Figure 6.5 ECM Gene Expression in NP cells culture in the presence and 

absence of GDF6 and IL-1β. NP cells were encapsulated in type I collagen and 

divided into six experimental groups which were exposed to a total of 21 days 

culture and exposed to GDF6, IL-1β in varying combinations. qPCR was undertaken 

to assess A. SOX9 B COL2A1 C ACAN. Relative gene expression was normalised 

to housekeeping gene expression and then to NP cells not treated with GDF6 and IL-

1β and plotted on a log scale N = 4; all data represent mean ± SEM. *P < 0.05. 
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6.4.5.2 Expression of Catabolic Genes 

In the previous chapter it was demonstrated that NP cells cultured for 14 days with 

no growth factor and then exposed to IL1 β has a significantly increased expression 

of catabolic markers MMP3, MMP13 (Figure 6.6 A,B) and ADAMTS4 (Figure 

6.7A). 

However here, following either pre-treatment for 14 days with GDF6 or continual 

presence of GDF6 and IL-1β no significant differences compared with the control 

sample were observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



198 
 

0.1

1

10

100

R
el

at
iv

e 
G

en
e 

Ex
p

re
ss

io
n

 

0.1

1

10

100

R
el

at
iv

e 
G

en
e 

Ex
p

re
ss

io
n

 

 

 

 

 

Figure 6.6 Catabolic Gene Expression in NP cells culture in the presence and 

absence of GDF6 and IL-1β. NP cells were encapsulated in type I collagen and 

divided into six experimental groups which were exposed to a total of 21 days 

culture and exposed to GDF6, IL-1β in varying combinations. qPCR was undertaken 

to assess A. MMP3 B. MMP13 Relative gene expression was normalised to 

housekeeping gene expression and then to NP cells not treated with GDF6 and IL-1β 

and plotted on a log scale. N = 4; all data represent mean ± SEM. *P < 0.05. 
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Figure 6.7 Catabolic Gene Expression in NP cells culture in the presence and 

absence of GDF6 and IL-1β. NP cells were encapsulated in type I collagen and 

divided into six experimental groups which were exposed to a total of 21 days 

culture and exposed to GDF6, IL-1β in varying combinations. qPCR was undertaken 

to assess A. ADAMTS4 B ADAMTS5. Relative gene expression was normalised to 

housekeeping gene expression and then to NP cells not treated with GDF6 and IL-1β 

and plotted on a log scale. N = 4; all data represent mean ± SEM. *P < 0.05. 
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 6.4.5.3 Expression of Anti-catabolic Genes 

Exposure of NP cells to IL-1β has been demonstrated to significantly reduce anti-

catabolic gene expression of TIMP1 and TIMP2 (Figure 6.8 A, B).  

With regard to TIMP1 expression (Figure 5.9A) pre-treatment of cells with GDF6 

demonstrated no significant difference compared to the overall control, and pre-

treatment followed by exposure to IL-1β also demonstrated no difference compared 

to the control, however both groups showed significantly greater expression than 

exposure to IL-1β alone. This was also seen in cells that were exposed to GDF6 for 

the 21 days of culture.  

TIMP2 expression (Figure 6.8B) showed no differences compared to the control 

when pre-treated with GDF6 and cultured for 21 days with GDF6. When these cells 

were exposed to IL-1β both showed decreased expression levels but not to the same 

extent as no treatment with GDF6.  
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Figure 6.8 Anti-catabolic Gene Expression in NP cells culture in the presence 

and absence of GDF6 and IL-1β. NP cells were encapsulated in type I collagen and 

divided into six experimental groups which were exposed to a total of 21 days 

culture and exposed to GDF6, IL-1β in varying combinations. qPCR was undertaken 

to assess A. TIMP1 B TIMP2. Relative gene expression was normalised to 

housekeeping gene expression and then to NP cells not treated with GDF6 and IL-1β 

and plotted on a log scale N = 4; all data represent mean ± SEM. *P < 0.05. 
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6.4.5.4 Quantification of sGAG synthesis  

Following 21 days of culture the sGAG content was assessed. When examining the 

sGAG content retained within the construct (Figure 6.9A) NP cells exposed to no 

growth factor or IL-1β demonstrated a content of 134.47 μg/μg DNA ±19.23 which 

was significantly reduced when NP cells were exposed to IL-1β 98.25 μg/μg DNA ± 

6.67. NP cells that were pre-treated with GDF6 for 14 days and for the whole 21 day 

culture period demonstrated significantly increased sGAG levels compared to the 

controls (187.43 μg/μg DNA ± 17.63 and 191.92 μg/μg DNA ± 15.19, respectively). 

When the cells were exposed to IL-1β the content was decreased (146.17 μg/μg 

DNA ±24.09 and 146.88 μg/μg DNA ± 24.31, respectively), this showed no 

difference to the control, however the content for both groups was greater than cells 

not treated with GDF6 and exposed to IL-1β. 

Likewise sGAG that was released into the media (Figure 6.9B) was at the greatest 

levels in cells that had been exposed to GDF6 for 14 and 21 days (201.31 μg/μg 

±25.60 and 199.13 μg/μg ± 32.02). Whilst cells treated with GDF6 for 14 days and 

then were exposed to IL-1β showed significantly less sGAG than no IL-1β treatment 

(146.86 μg/μg ± 8.89) this was not different than the overall control (167.95 μg/μg ± 

16.85).  

When the sGAG totals were combined (Figure 6.9C) the control sample 2846.63 

μg/μg DNA ± 255.98 had a greater content than samples treated with IL-1β 1764.19 

μg/μg DNA ±328.65. However when cells were exposed to GDF6 for 14 and 21 

days the total content was significantly increased (3476.34 μg/μg DNA ±256.73 and 

3636.84 μg/μg DNA ±175.44, respectively). Also when the cells were exposed to 

GDF6 and then IL-1β the reduced sGAG was significantly less than with no GDF6 

treatment (2904.78 μg/μg DNA ±295.23 and 2917.23 μg/μg DNA ±408.35). 
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Figure 6.9 Quantification of sGAG in NP cell seeded constructs. A. Quantification of 

sGAG retained within hydrogel constructs, normalisedto DNA content within the 

construct. B. DMMB quantification of sGAG released cumulatively into the media 

throughout the culture period. C. Quantification of total sGAG content in the construct 

and media normalisedto DNA content within the construct at day 14. N = 3, data 

represent mean ± SEM. *P < 0.05. 
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6.4.5.5 Histological Assessment of sGAG 

sGAG was localised to the constructs and histological assessment demonstrated 

homogenous distribution throughout, however NP cells that were not treated with 

IL-1β demonstrated less staining than the other samples (Figure 6.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 Histological localisation of sGAG of mature NP cells treated with or 

without IL-1β or GDF6. Safranin O staining of mature NP cells seeded constructs 

demonstrating deposition of sGAG. Scale bars, 50μm. 

No GDF6 (14 days) +No IL-1β (7 

days) 

No GDF6 (14 days) + IL-1β (7 days) 

 GDF6 (14 days) +GDF6+ No IL-1β (7 days)  GDF6 (14 days) +GDF6+ IL-1β (7 days) 

 GDF6 (14 days) +No IL-1β (7 days)  GDF6 (14 days) +IL-1β (7 days) 
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6.5 Discussion  

With the advancement of IVD degeneration the native NP cells change and undergo 

pathological differences compared to healthy cells including clustering, senescence 

and a change in phenotype. Recent studies have focused on the use of GDF6 as a 

potential biological therapy for IVD regeneration. As discussed, GDF6 is important 

for skeletal growth, to promote correct vertebral segmentation and has been shown to 

be expressed by NP cells (Le Maitre et al., 2009c; Gulati et al., 2015). The ability to 

increase ECM in a degenerate ovine model (Wei et al., 2009) and to also increase 

ECM expression in in vitro experiments (Gulati et al., 2015) highlights the potential 

of the growth factor as a biological therapy for the treatment of IVD degeneration. 

Whilst the studies mentioned highlight the increase in ECM synthesis, there has been 

no focus on the phenotypic effect of GDF6 or the catabolic profile of the cells.  

6.5.1 Restoration of NP Phenotype when Cultured with GDF6 

Mature NP cells were cultured for 7 and 14 days in the presence of GDF6 and 

demonstrated a significant upregulation of ECM markers ACAN and COL2A1. With 

regard to COL2A1 expression this was increased with time in culture, which is 

consistent with a number of studies that have reported that GDF6can induce 

expression of COL2A1 in vitro in a range of cell types (Shen et al., 2009; Yeh et al., 

2004; Nochi et al., 2004) and also in a degenerate disc model (Wei et al., 2009). 

Similarly an increase in ACAN expression has also previously been noted in 

fibroblasts (Bobacz et al., 2006), AF cells (Zhang et al., 2007) and NP cells (Zhang 

et al., 2006; Gulati et al., 2015). The results also demonstrated an increase in ACAN: 

COL2A1 at a gene expression level, suggesting that an appropriate matrix is being 

formed (Mwale et al., 2004). In addition NP cells supplemented with GDF6 

demonstrated a significant increase in sGAG over both 7 and 14 days, this was also 

demonstrated the study by Gulati et al. (Gulati et al., 2015), however Gulati and 

colleagues use much greater concentrations of GDF6 (400ng/ml) in comparison to 

this study (100ng/ml). Therefore our data suggest that GDF6 can induce matrix 

formation at a lower concentration, which is beneficial for cost reasons. Taken 

together the results demonstrate that GDF6 has the ability to enhance matrix 

production of degenerate NP cells, which is important for the restoration of a 

functional matrix.  
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Whilst there is a body of data that suggests GDF6 can enhance matrix production, 

and prevent osteogenic differentiation (Shen et al., 2009) there are currently no 

studies that have examined the effect of GDF6 on the phenotypic profile. Therefore 

in this study we investigated the novel NP markers, KRT8, KRT18, KRT19, CAXII, 

FOXF1 and T. Interestingly with sustained time in culture and supplementation of 

GDF6 the expression levels of all genes were significantly upregulated. The reasons 

behind this are unclear, however it could be postulated that as GDF6 is significantly 

involved in the development of the disc, the supplementation with the growth factor 

may be driving toward a younger NP cell phenotype.  

Additionally, in this study the catabolic profile of the cells was investigated. Again 

this is the first study that has assessed how supplementation with GDF6 affects a 

number of catabolic gens. As is well documented with increased age and 

degeneration the cells shift toward a more catabolic environment and demonstrate 

increased levels of MMPs and ADAMTSs (Roberts et al., 2000; Le Maitre et al., 

2004a; Le Maitre et al., 2006a; Weiler et al., 2002; Pockert et al., 2009). Previous 

studies have shown that treatment of NP cells with TGFβ3, Dex and notochordal cell 

conditioned media (Abbott et al., 2012), could reduce expression of ADAMTS5 and 

MMP1, hence exhibiting an anti-catabolic profile. Whilst connective tissue growth 

factor (CTGF or CCN2), was shown to suppress MMP3 and ADAMTS5 when 

exposed to IL-β. In this study however following 14 days of culture there was no 

significant differences between any of the genes treated with or without GDF6. The 

limitation to this study is that these cells are degenerate and therefore the levels of 

catabolic genes are increased compared to normal cells.  

6.5.2 Exposure to a Catabolic Environment  

In chapter 4 results demonstrated that NP cells exposed to a catabolic environment 

decreases ECM and anti-catabolic genes and increases catabolic genes, in addition to 

a decreased production of sGAG. These results corroborate studies that have 

previously demonstrated that treatment with IL-1 is detrimental to the NP cells (Le 

Maitre et al., 2005). Hence the next objective to this study was to determine whether 

pre-treatment or sustained exposure to GDF6 would improve the ECM production 

and protect against the catabolic environment. When examining the ECM markers 

cells pre-treated or continually treated with GDF6 and exposed to IL-β resulted in 
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significantly greater gene expression than treatment of IL-1β alone. This suggests 

that NP cells supplemented with GDF6, and exposed to IL-1β can continue to 

produce a functional ECM, which is also demonstrated by the increase in sGAG and 

differential histological staining. A previous study has also demonstrated that NP 

cells cultured in NC cell secreted factors (Erwin et al., 2011), up-regulates anabolic 

activity and matrix production when exposed to IL-1β. Therefore is can be suggested 

that in a catabolic environment NP cells supplemented with GDF6 are anabolically 

active to greater levels than with no treatment with GDF6.  

With regard to catabolic genes MMP3, MMP13 and ADAMTS4 there was a 

significant increase in expression when treated with IL-1β, as has previously been 

demonstrated (Le Maitre et al., 2005). Cells pre-treated with GDF6 and then exposed 

to IL-1β demonstrated a significant reduction in MMP3 gene expression, whilst cells 

that were pre-treated or continually supplemented with GDF6 showed a decrease in 

ADAMTS4 when in a catabolic environment. There was also reduction in MMP13 

and ADAMTS5 but not to a significant extent. Hence suggesting that GDF6 is also 

protective against a catabolic environment demonstrated by the downregulation of 

genes compared to IL-1β treatment alone. As such, delivery of exogenous GDF6 

could be a biological therapy for IVD regeneration due to the ability to still produce 

functional ECM in a catabolic environment, and also as it suppresses expression of 

catabolic genes.  

6.5.3 Conclusions 

This study has demonstrated that stimulation of NP cells with GDF6 restores a non-

degenerate NP phenotype, as shown by the upregulation of ECM and novel NP 

marker genes and resulting in a PG-rich ECM. Additionally treatment with GDF6 

and then exposure to a catabolic environment protects the cells against the effects of 

IL-1β, is still able to produce a PG-rich ECM and can suppress catabolic gene 

expression.  

 

 

 

 



208 
 

 

Chapter 7 

 Assessment of the efficacy of GDF6 as 

a biological therapy: Development of an 

ex vivo degenerate IVD model and 

preliminary assessment of a 

microparticle growth factor delivery 

system 
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7.1 Overview  

The previous chapters of this thesis have focused on a number of in vitro studies 

assessing the effect of GDF6 on MSC discogenic differentiation and native cell 

biology as a prerequisite to the optimisation/development of a biological/cell based 

therapy for IVD regeneration. However, before any therapy can be translated to 

clinical practice, it must be tested in an appropriate model system to ensure its 

efficacy.  

 

7.1.1 The use of Microparticles as a potential delivery system for growth factors  

In chapter 5 it was shown that GDF6 has the ability to restore the normal phenotype 

of degenerate NP cells and that sustained treatment had a protective effect on the NP 

cells in an in vitro system. Exogenous delivery of GDF6 in the media, to restore the 

NP would not be feasible for an ex vivo model due to the large diffusion pathway, 

and as such an alternative direct method should be used. In addition, a method to 

ensure sustained release of GDF6 in the IVD combined with implanted AD-MSCs 

could lead to in situ differentiation which would eliminate the need to pre-

differentiate cells prior to implantation. However at present the method of delivery 

would be a repetitive injection directly into the disc through the AF. As previously 

described in section 6.1.6 needle puncture into the disc can cause degeneration and 

therefore there is a need for an alternative system, which does not require repetitive 

injection. Control of delivery can be achieved by incorporating the growth factor into 

a biomaterial carrier system; this strategy may also prevent growth factor 

degradation as the biomaterial vehicle can provide protection from proteolytic 

enzymes at the target site. The Shakesheff group (Kirby et al., 2011; White et al., 

2013) at the University of Nottingham have fabricated a poly (D,L-lactic -co-glycolic 

acid) (PLGA) / PLGA - poly(ethylene glycol) (PEG)- PLGA microparticle system 

that has demonstrated sustained release of a number of growth factors including 

BMP-2 (Kirby et al., 2011). Such a system would be ideal for a controllable and 

sustained delivery of GDF-6, the efficacy of which can be tested in an ex vivo IVD 

model system and could be used ultimately in translation to clinic.  
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7.2 Hypotheses  

This study was designed to optimise a degenerate ex vivo IVD model for testing the 

efficacy of biological/stem cell based therapies In addition, collaborative studies 

with the University of Nottingham were undertaken to test the feasibility of using 

PLGA based microparticles containing GDF6 as a potential method for delivery of 

the growth factor.  

  

For this work it was hypothesised that: 

1)  An experimentally induced degenerate disc would have different 

biomechanical properties than normal IVDs, the biomechanical properties of 

which could be restored through implantation of an exemplar hydrogel 

2) GDF6 loaded PLGA microparticles would induce discogenic differentiation 

of AD-MSCs equivalent to as exogenous supplementation of GDF6. 

 

 

7.3 Experimental Design  

In this chapter the overall study was divided into a number of sections. The initial 

study focused on the development of a degenerate ex vivo model, followed by the 

assessment of the biomechanical properties. Finally preliminary experiments were 

undertaken to assess the potential of microparticles as a GF delivery system for IVD 

regeneration therapies. 
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7.4 Results 

7.4.1 Development of ex vivo IVD Model 

7.4.1.1 Enzymatic Induction of Disc Degeneration 

The overall aim of enzymatic digestion is to reduce disc volume, induce instability in 

biomechanics and essentially create a void of tissue in order to mimic severe 

degenerative changes. In order to determine an appropriate protocol to induce 

degeneration in the NP, discs were injected with a range of enzyme concentrations 

based on previous work undertaken by Roberts and colleagues (Roberts et al., 2008).  

 

 

Figure 7.1 Images to demonstrate the macroscopic appearance of sagitally 

dissected bovine IVDs. Control disc (A) and a disc that had been injected with 35 

mg/ml trypsin and incubated for 24 hours before the reaction was stopped with FCS 

(B).  

 

The structural integrity of the control disc remained intact (Figure 7.1A); conversely 

the enzymatically digested disc contained a tissue void confined to the NP region as 

shown in Figure 7.1B. Macroscopic changes were visible at a trypsin concentration 

of 35 mg/ml only (Figure 7.1B; the discs digested with concentrations of 15 and 25 

mg/ml trypsin concentrations showed no macroscopic /morphological changes 

compared to the control IVD.  

 

7.4.1.2 Histological Assessment of Matrix Integrity 

The discs were also assessed at a microscopic level and were stained with 

haematoxylin and eosin to determine the effects caused by the trypsin digestion 

(Figure 7.2). There was obvious loss of NP tissue with loss of cells together with the 

B A 
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formation of small fissures. The digested region was restricted solely to the NP 

region as staining on AF regions was normal. 

 

 

 

 

 

 

 

 

 

Figure 7.2 Haematoxylin and eosin staining of enzymatically digested bovine 

IVD. The disc was incubated with trypsin for 24 hours at 35 mg/ml prior to the 

reaction being stopped with an equal volume of FCS. 

 

The results suggest that the use of trypsin at a concentration of 35 mg/ml was 

sufficient to induce adequate loss of matrix. Therefore to induce enzymatic 

degradation within an IVD in further experiments a concentration of 35 mg/ml 

trypsin was used. 

 

7.4.2 Biomechanical Assessment 

7.4.2.1 Optimisation of Compression Method 

Initial compression experiments were undertaken to determine the optimum protocol 

to assess the biomechanical properties of a normal bovine IVD and to ascertain 

whether these changed following enzymatic degradation of tissue and if properties 

were restored following the injection of type I collagen hydrogel.  

A recent publication from Chan and colleagues (Chan et al., 2011a), highlighted that 

for loading to be within a physiological zone this must be between a stress level of 

0.2-0.8 MPa. These values were also adhered to in our own group’s physiological 

loading system (Le Maitre et al., 2009). To establish the maximum load that could be 
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applied to the disc in order to achieve this physiological range, analysis of initial 

values were taken at 5kg intervals. Figure 7.3 shows that loads from 15–35 kg are 

within the 0.2-0.8 MPa range. Hence the optimal protocol was to expose the disc to a 

maximum load of 35 kg and the displacement value to reach this load was measured. 

 

 

Figure 7.3 Resulting stress exerted by the disc at applied loads of 15, 20, 25, 30 

and 35 kg. The discs were within the physiological range defined as 0.2-0.8 MPa, 

and the data demonstrated that values up to 35kg were within a physiological range. 

N=7 discs. 

 

7.4.2.2 Biomechanical Characteristics of IVDs 

Initially the biomechanical properties of control and enzymatically digested bovine 

IVDs were assessed by exposing the discs to a specific compression regime, which 

had been determined in preliminary experiments. The control discs were excised and 

incubated for 24 hours prior to application of load. Additionally an equal number of 

discs (n=10) were excised and injected with 35 mg/ml trypsin to induce degeneration 

before a 24 hour incubation period and compressive loading testing. When 

examining the combined results of both disc groups, there was a clear distinction 

between the two experimental conditions. The average displacement values for each 

experimental group were determined and statistically assed by a Mann-Whitney 

statistical analysis test (Figure 7.4). The results were found to be significantly 

different at all load points between experimental groups. The control discs had a 

Physiological 

Zone 
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displacement range for all loads of 2.03 – 2.69 mm, whereas the induced degenerate 

discs had a displacement range from 2.98 -3.59mm. Therefore the experimentally 

induced degenerate discs had to be compressed an extra 0.9 mm in comparison to the 

control in order to exert the 35kg maximum load. 

 

Figure 7.4 Average displacement values for control and experimentally induced 

degenerate discs. The graph shows average displacement values for all experimental 

discs at specific loads of 15,20,25,30 and 35 kg. At all loads the difference between 

experimental groups was significant (P, 0.05) as determined using Mann-Whitney 

statistical analysis.  

 

To establish whether the discs had been exposed to loads within a physiological 

range the stress values were determined. The strain placed on the discs was also 

investigated to see whether this changed between the controls and experimentally 

induced degenerate discs.  

The strain is the amount an object deforms when a force is applied; therefore this 

was calculated by the change in the thickness of the disc, in this case the 

displacement value divided by the original size of the disc. As all discs were of 

similar size the varying factor was the displacement value. Previous analysis had 

determined that the degenerate discs had a larger displacement value to exert the 

maximum load; hence the strain applied was also higher when compared to the 

control discs. Of the 20 discs, 19 remained within the physiological range of 0.2-0.8 

MPa, with the majority of discs entering this range after a load of 15kg had been 
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reached. The average stress and strain values for each experimental group were 

determined at set loads of 15, 20, 25, 30 and 35kg and data assessed with the Mann-

Whitney analysis test (Figure 7.5). The results were deemed to be significantly 

different at all load points between experimental groups.  

 

The control discs had a stress range for all loads of 0.31–0.72 MPa while the induced 

degenerate discs had a stress range from 0.29 –0.67 MPa. This places the discs 

within a suitable physiological zone and also this aspect of the experiment is not 

significantly different between the discs. On the other hand the control discs had a 

strain range for all loads of 0.13–0.17, whereas in contrast the trypsinised degenerate 

discs had a strain range from 0.17-0.21. Therefore the trypsinised discs had been 

exerted to a significantly higher strain in comparison to the control as they had been 

compressed an extra 0.9mm in order to exert the 35kg maximum load. 

 

 

 

Figure 7.5 Average stress and strain values for control and experimentally 

induced degenerate discs. The graph shows average stress and strain values for all 

experimental discs at specific loads of 15,20,25,30 and 35 kg. At all loads the 

difference in strain between experimental groups is significant (P, 0.05) as 

determined using Mann-Whitney statistical analysis. All discs were within a 

physiological zone of 0.2-0.8MPa. 
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It was then postulated that injection of a biomaterial such as type I collagen 

hydrogel, which has been used throughout the previous chapters, would have the 

capacity to restore biomechanical properties. Hence initial experiments were 

undertaken to ensure that the hydrogel could be injected into the disc. Following 

digestion of the disc with 35 mg/ml trypsin, 200 µl of type I collagen hydrogel was 

injected into the disc. The disc was sagitally dissected in order to investigate whether 

the hydrogel had remained within the disc and to ascertain the distribution within the 

NP region. The black arrows displayed in Figure 7.6 specifically highlight traces of 

the hydrogel distributed throughout the NP. As the hydrogel appears in both halves 

of the disc this would suggest that the hydrogel spreads throughout the degraded NP 

tissue. The hydrogel also appeared in a hydrogel form rather than the liquid that was 

initially injected, which proves that the hydrogel is able to form in situ and can easily 

distribute to degraded areas.  

 

 

 

 

 

 

 

 

 

Figure 7.6 Injection of type I collagen into an experimentally induced 

degenerate IVD.A sagitally dissected IVD that had been enzymatically digested for 

24 hours with 35 mg/ml trypsin. This was followed by the injection of type I 

collagen hydrogel stained with Indian ink and allowed to gel for 2 hours. The 

photograph illustrates where the hydrogel has been distributed.  

 

Therefore, the next step was to investigate the biomechanical characteristics of discs 

that had been injected with type I collagen hydrogel. Whilst there was a significant 

difference between the experimentally induced degenerate and control IVDs there 

was no significant difference between the injected collagen group and the other 
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experimental groups. However the addition of the hydrogel did restore the 

biomechanical properties to some extent (Figure 7.7). The displacement range of the 

injected IVDs was 2.40-3.12mm. 

Figure 7.7 Average displacement values for three experimental groups. 10 

bovine IVDs per experimental group were treated accordingly, then compressed at 

specific loads, 15, 20, 25, 30, 35 kg. N=10 per group, data represent mean +/- SE. 

*P<0.05. 

 

 

 

The discs were also analysed to establish if the discs varied in the stress and strain 

values. In comparison to the control discs there was no significant differences seen in 

the stress or strain values. However in comparison to the degenerate samples there 

was a significant difference in strain values at 15, 20, 25 and 30kg, with the injected 

discs ranging from 0.13-0.17, which are identical to the control discs (Figure 7.8). 
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Figure 7.8 Average stress and strain values for all three groups The graph shows 

average stress and strain values for all discs at specific loads of 15,20,25,30 and 35 

kg. At all loads the difference in strain between experimental groups is significant 

(P< 0.05) as determined using Mann-Whitney statistical analysis. All discs were 

within a physiological zone of 0.2-0.8 MPa. 

 

The final analysis that was undertaken was to assess the Young’s Modulus of the 

discs. This is a measurement of the stiffness of an elastic material and is determined 

using the linear portion of the stress – strain curve. The control discs had a Young’s 

Modulus of 40.16 MPa, whereas the degenerate discs had a significantly lower 

modulus of 32.02 MPa. This proves that the non-degenerate control discs had a 

greater stiffness which means they are less likely to change shape when exposed to 

load. In contrast the enzymatically digested discs were more flexible due to the 

digestion of the NP tissue and more likely to change shape when load is applied as 

there is less resistance to counteract against the load. The discs which were injected 

which type I collagen hydrogel showed a Young’s Modulus of 37.10 MPa, which is 

significantly different from the degenerate disc, but not the control disc. This 

suggests that the injection of type I collagen hydrogel can restore the stiffness of the 

disc to near normal levels (Figure 7.9). 
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Figure 7.9 Average Young’s Modulus values for experimental groups. 10 bovine 

IVDs per experimental group were treated as described. Then compressed at specific 

loads, 15, 20, 25, 30, 35 kg (equivalent to 0.2-0.8MPa). The Young’s Modulus was 

then calculated. N=10 per group, data represent mean +/- SE. *P<0.05. 
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7.4.3 GDF6 Microparticles for Delivery to IVD 

7.4.3.1 Smaller Microparticles Allow Formation of Hydrogel 

To determine the appropriate size microparticle that would not disrupt the 

established cell seeded hydrogel, investigations were initially undertaken to examine 

the encapsulation of small (20-50 µm) or large (50-100 µm) microparticles. 

Following 7 days in culture, histological analysis demonstrated that compared to the 

control sample small microparticles disrupted the hydrogel to a lesser extent than 

large microparticles. This was shown across a range of microparticle loading weights 

(Figure 7.10 and Figure 7.11).   

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10 H and E stains of 20-50µm small microparticles loaded at different 

weights. A. Control, B. 1 mg, C. 2 mg D. 4mg encapsulated in AD-MSC seeded 

type I collagen hydrogels and cultured for 7 days and H and E stained to look at 

gross morphology. Scale bar 500 µm.      
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 Figure 7.11 H and E stains of 50-100 µm large microparticles loaded at 

different weights. A. Control, B. 1 mg, C. 2 mg D. 4 mg encapsulated in AD-MSC 

seeded type I collagen hydrogels and cultured for 7 days and H and E stained to look 

at gross morphology. Scale bar 500µm.   

 

The larger microparticles are clearly visible as demonstrated by Figure 7.11. The 

larger microparticles, as shown particularly in Figure 6.15C, disrupted the hydrogel 

extent large extent that gel integrity was not maintained and therefore not suitable for 

future experiments. As such the smaller (20-50 µm) microparticles were chosen for 

the remaining studies. 
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7.4.3.2 Protein Release Kinetics 

After the fabrication of HSA and GDF6 small microparticles, protein release kinetics 

were assessed over a 14 day period. The results showed that there was an initial burst 

release of HSA, then a steady release of the protein over a 14 day period (Figure 

7.12). In 1mg of microparticles there was cumulative release of 4.75 µg HSA. 

 

Figure 7.12 Release kinetics of HSA protein from HSA: GDF6 loaded 

microparticles over a 14 day time period. Microparticles (25 mg) were suspended 

in 1 ml of PBS and shaken; supernatant was collected every 2 days and replaced with 

fresh PBS. A BCA assay protein quantification kit was run to quantify HSA release. 

N=3, 25 mg of MPs in PBS.  

 

7.4.3.3 Assessment of GDF6 Release  

From the analysis of the HSA protein release it was estimated that over a 14 day 

period 0.567 µg of GDF6 would be released. Therefore assessment of GDF6 release 

was undertaken using a GDF6 ELISA kit The results obtained demonstrate that over 

a 14 day period there was a cumulative release of 0.620 µg GDF6 protein (Figure 

7.13). Therefore in order to replicate the concentrations added exogenously 700 ng 

over 14 days in previous experiments a total of 1.13 mg should be added per 

hydrogel in order to achieve this. 
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Figure 7.13 GDF6 ELISA of HSA: GDF6 loaded microparticles over a 14 day 

time period. Microparticles (25mg) were suspended in 1 ml of PBS and shaken; 

supernatant was collected every 2 days and replaced with fresh PBS. A GDF6 

ELISA plate was run to quantify GDF6 release. N=3, 25 mg of MPs in PBS.  

 

7.4.3.4 Discogenic Differentiation of AD-MSCs using Microparticles 

Investigations were undertaken to assess whether the GDF6 loaded microparticles 

could induce equivalent discogenic differentiation as exogenous treatment over a 

specified culture period. The three experimental groups, control (no microparticles), 

HSA only microparticles, which were cultured in the presence of exogenous GDF6 

and the GDF6 loaded microparticles, were encapsulated into AD-MSC seeded type I 

collagen hydrogels and discogenic differentiation assessed as described in section 

7.3.5.5.  

 

7.4.3.4.1ECM and Novel NP genes  

Both ECM and novel NP markers were assessed using qPCR, there were no 

significant differences in levels of gene expression for any of the marker genes 

observed between any of the groups (Figure 7.14). 
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Figure 7.14 ECM and novel NP marker gene expression of control, HSA only 

and GDF6 loaded microparticles. AD-MSC seeded hydrogels were loaded with 

either no microparticles, HSA only or GDF6 loaded microparticles and cultured in 

respective media for 14 days. Q-PCR was undertaken to assess the A. ECM and B. 

novel NP gene profiles. +/- SE, N=2 patient samples, p< 0.05.  
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7.4.3.4.2 Assessment of GAG in Constructs 

The quantification of sGAG was further divided into construct and media 

components and the combined total. AD-MSC seeded hydrogels loaded with the 

respective treatment demonstrated no significant differences in the sGAG/DNA 

content within the constructs (Figure 7.15A) across all treatment groups Control 

(255.3 μg/μg DNA ±21.0), HSA only microparticles (236.7 μg/μg DNA ±27.3) or 

GDF6 loaded microparticles (250.7 μg/μg DNA ±13.8).  

Over the 14 day culture period media was collected every 48 hours and analysed for 

cumulative release of sGAG into the media (Figure 7.15B). As with the sGAG 

content within the construct there were no significant differences between all 

treatment groups control (111 μg ±12.3), HSA only (97.6 μg ±11.2) or GDF6 loaded 

microparticles (116.8 μg ±6.9). 

The combination of sGAG/DNA for both construct and media (Figure 7.15C) 

demonstrated no significant differences across all treatment groups, control (3292.7 

μg/μg DNA ±218.9), HSA only (3053.37 μg/μg DNA ±226.9) or GDF6 loaded 

microparticles (320 7 μg/μg DNA ±305.5). 
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Figure 7.15 Quantification of sGAG in microparticle loaded constructs.   

(A) Quantification of sGAG retained within hydrogel constructs, normalisedto DNA 

content within the construct. (B) DMMB quantification of sGAG released 

cumulatively into the media throughout the culture period. (C) Quantification of total 

sGAG content in the construct and media normalisedto DNA content within the 

construct at day 14. N = 2, data represent mean ± SEM. *P < 0.05.  
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7.4.3.4.3 Localisation of sGAG within constructs  

All samples demonstrate homogenous distribution of sGAG staining throughout the 

construct (Figure 7.16). However, images B and C representing HSA only and GDF6 

loaded microparticles respectively, are larger in size due to the incorporation of 

microparticles. 

      

      

      

  

 

 

 

 

 

 

 

 

 

 

 

Figure 7.16 Safranin O staining of ADMSC-seeded collagen hydrogels and 

respective microparticle treatment. A. Control, B. HSA only C. GDF6 loaded. All 

samples demonstrate deposition of red sGAG throughout the constructs. Scale bar 

500µm. 
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7.5 Discussion 

In order for novel therapies targeting intervertebral disc regeneration to advance, 

they must be sufficiently and effectively examined in animal/preclinical models prior 

to any clinical translation. One particular model that permits an insight into a 

biologically native environment is an ex vivo animal model, which also allows 

superior control of systemic variables in comparison to an in vivo model. The overall 

objective of this study was to develop methods to test the efficacy of GDF6 as a 

potential therapeutic factor in disc regeneration strategies. As such the study was 

divided into a number of parts. Firstly was to validate an ex vivo model using 

enzymatic digestion in normal bovine IVDs. This was followed by the assessment of 

biomechanical properties of a normal, experimentally induced degenerate and discs 

that had been injected with a biomaterial. In addition, in collaboration with the 

University of Nottingham preliminary studies were undertaken to assess a protein 

loaded microparticle delivery system. 

 

7.5.1 Ex vivo Model and Induction of Degeneration  

When designing a degenerative model there are a number of crucial aspects that 

must be considered. One factor is the particular animal species that experimental 

discs are isolated from and the validity behind this choice. Bovine discs were utilised 

in this study because they are inexpensive, easily available from local abattoirs’ and 

are a similar size to human lumbar discs. As a larger skeletally mature animal they 

also encompass several advantages over smaller animal models, such as the absence 

of notochordal cells. Similarly previous studies have determined that bovine discs 

are a similar size and have a similar matrix composition comparative to a human, 

providing a dependable model (Oshima et al., 1993). 

Another consideration is to establish a distinguishable stage of degeneration that the 

model is intended to represent. For example a severely degenerative disc will be 

environmentally different from a disc in the early stages of degeneration which 

would possess more subtle changes. Therefore throughout this study we adopted a 

proof of principle concept and aimed to induce loss of tissue and matrix to mimic 

severe degeneration. Such a system could then be used to test the efficacy of a 

hydrogel in restoring disc structure and function; as such enzymatic digestion of the 

NP tissue was utilised to achieve this. The process of enzymatic degradation is a 
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procedure to selectively degrade ECM in order to reduce disc volume, induce 

instability in biomechanics and essentially create a void in the tissue in order to 

mimic severe degenerative changes. Whilst this method does not mimic the slow 

progressive nature of intervertebral disc degeneration, it accelerates degradative 

changes to present an adequate ex vivo model in which reparative treatments can be 

tested. Due to the high osmotic pressure within the normal intact disc injection of 

fluid/hydrogel is difficult. Thus another advantage of trypsinisation is that creating a 

void within the disc creates a space into which a hydrogel can be injected. There 

have been various enzymes utilised in a number of previous studies to induce 

degeneration including: chondroitinase ABC (Norcross et al., 2002; Imai et al., 

2007b), collagenase (Barbir et al., 2009), elastinase (Barbir et al., 2009), papain 

(Roberts et al., 2008) and trypsin (Roberts et al., 2008; Jim et al., 2011). The enzyme 

that was selected for this study was trypsin as work undertaken by Roberts and 

colleagues (Roberts et al., 2008) using this enzyme had shown there was severe 

disruption to the NP. Trypsin has accurate cleavage specificity and degrades the 

majority of ECM proteins besides collagen fibrils. Another advantage of this enzyme 

is that the reaction can be inactivated using FCS so that effectively degradation can 

be controlled so that it does not spread into the AF tissue. After testing a range of 

enzyme concentrations 35 mg/ml was shown to be the most appropriate concentration as this 

resulted in loss of ECM , creating a void and fissure formation. With regard to other studies 

Roberts et al., utilised a concentration of 20mg/ml, whereas Mwale et al., (Mwale et al., 

2014) use concentrations as low as 50µg/ml and 1.3mg/ml. However findings in both this 

study and Roberts et al (Roberts et al., 2008) demonstrated in sufficient ECM changes to 

cause a large tissue void at these low concentration levels.  

It must also be considered that needle puncture has also been shown to cause 

degenerative changes in discs as several studies have demonstrated that. One 

particular study undertaken by Zhang and colleagues (Zhang et al., 2009a) using an 

in vivo rat model, demonstrated that injury with 18G and 21G over a 12 week period 

induced degenerative changes as shown by both histological and MR imaging 

analysis. However a study carried out by Korecki and colleagues (Korecki et al., 

2008) using ex vivo bovine discs that had been punctured with a 25G and 14G 

needle over a 6 day culture period showed no change in proteoglycan, disc height or 

cell viability. The stab model in our particular study was for a time period of only 24 

hours, which as demonstrated by Korecki and colleagues is unlikely to cause 
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morphological changes in the disc. However if the experiment was extended for a 

longer term the effect of the injection must be considered. 

7.5.2 Biomechanical Assessment 

Having established a model system the biomechanical properties of normal and 

experimentally induced degenerate discs were initially investigated. As there was no 

current protocol in place for this analysis, there were a number of parameters 

(including the speed of piston compressing the disc, distance the disc is displaced by 

and the size of disc) that needed to be assessed to ensure a reproducible method to 

investigate IVD biomechanics. Following a recent publication by Chan and 

Gantenbein-Ritter (Chan and Gantenbein-Ritter., 2012) which highlighted 

differences in size of discs from different regions, discs from a restricted region 

(discs 3-6) of the tail were used to ensure that discs were similar in size and structure. 

Initial biomechanical experiments were undertaken and a number of variables 

became apparent from these preliminary results. Firstly repetitive measures to the 

same disc were deemed to be detrimental to the disc. Hence it was decided that a 

larger number of discs n=10, would be used for each experimental group to combat 

variability and compressive measurements only taken once on each disc. Secondly 

the application of the load (initially 100kg) to the discs was too high and not in an 

appropriate physiological range as this equated to 1-2MPa of stress, thus damaging 

the disc. The initial method to compress the discs was to apply uni-axial 

compression to the disc for a set distance rather than to enforce a maximum load; 

hence the majority of discs were experiencing greater forces than acceptable. A 

recent publication by Chan and colleagues (Chan et al., 2011a) states the 

physiological stresses experienced by a human range and that have been 

demonstrated in culture models is between 0.3-0.8MPa. Further experiments taking 

initial measurements at every 5kg highlighted that to maintain an acceptable 

physiological zone the maximum load that could be applied was 35kg (0.35kN). The 

establishment of a feasible protocol determined that discs of a similar size and shape 

were to be used, the piston moved at 0.02mm/second and that the maximum load 

applied to the discs was 35kg to maintain a physiological environment. 

The results showed that induction of degeneration altered biomechanical properties 

compared to normal discs. This suggests that because the control discs boast an 

intact NP, the disc cannot be compressed readily as the tissue provides resistance and 

hence this resistance allows the disc to reach the required loading value sooner. 
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Conversely discs that have been enzymatically digested do not have an intact NP 

tissue to resist the compressive force and will be compressed more readily. Therefore 

the lack of NP resistance means that the disc must be compressed a greater distance 

to attain the maximum load limit.  

It was then demonstrated that injection of type I collagen hydrogel can restore the 

biomechanics of the IVD, as the discs showed no significantly difference than 

normal biomechanics. Other studies have demonstrated injection of different types of 

biomaterials including PVP/PVA hydrogels (Joshi et al., 2005a; Joshi et al 2005b) 

and pH responsive microgels (Saunders et al., 2007) could restore the biomechanical 

properties comparable to normal/untreated discs.  

The establishment of a novel compression protocol allows the analysis of uni-axial 

compression which is one aspect of disc biomechanics. As a bipedal species the disc 

is constantly under compressive loads, although the amount of load varies during 

normal movement. This protocol applies a physiological range of loads under 

dynamic compression which is beneficial to the disc, rather than the application of a 

static load. Through the gradual application of load at a defined rate, this method 

allows the application of a high physiological load (35kg) without damaging the disc, 

as would happen with the rapid application of an equivalent load. The novelty of this 

methodology allows the disc to be analysed at any particular point between a low 

(0.2MPa) and high (0.8MPa) physiological range. This equates to different activities 

in vivo such as walking 0.53-0.65 MPa, sitting or standing 0.49-0.51 MPa or jogging 

0.35-0.95 MPa (Wilke et al., 1999; Le Maitre et al., 2009b). 

In conclusion, a severely degenerate ex vivo IVD model was established using 

enzymatic degradation of the NP tissue via trypsin. Biomechanical tests were applied 

to a range of IVDs, including normal, induced degenerate and injected with a 

biomaterial to assess the difference in characteristics. The degenerate discs differed 

significantly to properties displayed by normal discs. The creation of the model also 

presents itself as a platform to test other reparative therapies to assess their potential 

as a regenerative alternative and essentially allows novel methods to be thoroughly 

investigated prior to clinical trials/translation.  

 

7.5.3 GDF6 Loaded Microparticles as a Delivery System to the IVD 

As described the ex vivo model presents itself as a platform to investigate the 

injection of reparative therapies. Throughout this thesis work has focused on the use 
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of AD-MSCs, stimlauted with GDF6 and cultured in type 1 collagen hydrogel as a 

potential strategy. However for this to be tested in an ex vivo model the exogenous 

application of GDF6 is not feasible as it would have to be added to the media in 

large amounts which is costly and additionally the delivery is not controlled as it 

relies upon diffusion through the disc which. Hence microparticles offer a potential 

benefit for the controlled delivery of GDF6 to the disc. The microparticles used in 

this study were fabricated at the University of Nottingham and comprised of PLGA– 

PLGA/PEG/PLGA. PLGA is a biocompatible and biodegradable polymer (Anderson 

et al., 1997; Jain 2000) and is widely used in the field of biomaterials. Similarly, the 

double emulsion method used to encapsulate GDF6 protein can be described as a 

robust technique (Meng et al., 2003; Nihant et al., 1995; Schugens et al., 1994) and 

the formulation of 9:1 PLGA and PLGA-PEG-PLGA enables the sustained delivery 

of the protein (Giteau et al.,2008). This was effectively demonstrated by the 

sustained release of GDF6 over a 14 day period. Previous work has examined the 

continual application of GDF6 every 48 hours, which is not feasible in an ex vivo 

system or in a clinical setting. A therapeutic delivery system of GDF6 with the 

ability to sustain active doses of GDF6 is therefore a more effective method. The 

results show that sustained release over 14 days is sufficient to stimulate discogenic 

differentiation and is equivalent of exogenous GDF6.However in this preliminary 

study it is noted that 57.9% of the total protein released over 14 days is released 

within the first day, which could be described as a burst release. This may need to be 

examined after only 3 days of culture to determine whether the burst release of 

GDF6 shows significant differences to the standard application of GDF6. The 

majority of studies that have utilised these PLGA microparticles have investigated 

incorporation of the osteogenic growth factor BMP2.In a similar manner to this 

study Kirby et al., (Kirby et al., 2011) demonstrated that culture of MC3T3-E1 cells 

with BMP2 loaded microparticles over a 14 day period differentiated the cells to an 

osteogenic lineage. This shows that the microparticles have the ability to sustain 

delivery of different growth factors in different systems and induce differentiation of 

cells. In addition to this Rahman et al. (Rahman et al., 2012) observed an increase of 

55% new bone volume in a mouse calvarial defect model, when BMP2 loaded 

microparticles were injected into the site. This data suggests that the delivery of the 

growth factor alone in a controlled system enhanced the formation of bone 
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production. With regard to the regeneration of the NP this would be something to 

consider in future work.  

 

6.5.4 Conclusions 

An ex vivo model of severe IVD degeneration was established which will provide a 

platform for the testing of reparative treatments. Importantly, it was shown that 

injection of a hydrogel could restore the biomechanical properties of the 

“experimentally induced “degenerate disc. Additionally, the feasibility of using 

GDF6 loaded microparticles was assessed and data shows that delivery of GF by 

MPS induced discogenic differentiation of AD-MSC seeded hydrogels equivalent to 

exogenous application. The preliminary data for the ex vivo model and delivery 

system is promising and hence needs to be developed in order to test the efficacy of 

future therapies.  
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Chapter 8 

Conclusions and Future 

Work  
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8.1 General Discussion and Conclusions 

IVD degeneration is a major cause of LBP (Cheung et al., 2009) and is a 

socioeconomic burden to western society (Maniadakis and Gray, 2000). The current 

treatments offered are conservative and do not target the underlying cause of disc 

degeneration. The pathology of disc degeneration is considered to be a cell driven 

process resulting in a number of characteristic alterations at both a morphological 

and molecular level. As current treatments have poor long-term efficacy there is an 

urgent need for a feasible alternative therapy that addresses the underlying cause of 

degeneration. In recent years numerous studies have aimed to identify an appropriate 

cell based therapy to repair and restore the IVD. There have been a number of cell 

types proposed as a potential choice for cell therapy including NP cells (Nishimura 

and Mochida, 1998; Nomura et al., 2001; Okuma et al., 2000; Watanabe et al., 2003), 

IVD progenitor cells (Henriksson et al., 2009; Risbud et al., 2007; Sakai et al., 2012) 

and Mesenchymal stem cells (Risbud et al., 2004; Richardson et al., 2006; Minogue 

et al., 2010b). If MSCs are to be used the most appropriate cell source, a growth 

factor to induce differentiation must be identified, together with an understanding on 

the effect of the IVD niche on such cells. Therefore, the studies in this thesis have 

focused on a number of in vitro experiments to test the efficacy of GDF6 as a 

potential biological therapy for the treatment of IVD degeneration. 

 Key outcomes: 

1. In chapter three it was established that AD-MSCs supplemented with GDF6 

resulted in a superior discogenic phenotype, in comparison to BM-MSCs and 

more commonly utilised growth factors TGF-β and GDF5. The resulting 

constructs were PG rich and expressed both novel and ECM markers. In 

addition it was recognised that assessment of the biomechanical properties is 

important, as NP is a gelatinous tissue, treatment with GDF6 produced a less 

stiff matrix than cells treated with TGF-β. Hence the study demonstrated AD-

MSCs and GDF6 as a more suitable cell and growth factor choice to induce 

correct differentiation.  

 

2. Chapter four demonstrated how microenvironmental factors of the IVD can 

influence discogenic differentiation. Hypoxia greatly enhanced ACAN 
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expression whilst, hypoxia and load significantly increased COL2A1. 

Although expression ECM and NP markers were increased, the ratio of 

ACAN: COL2A1 was not appropriate this resulted in constructs exposed to 

hypoxia and load having a stiffer ECM. This study also demonstrated the 

importance of analysing the mechanics of the constructs as both biochemical 

and biomechanical parameters must be appropriate to ensure success of a 

therapy. 

 

 

3. Chapter five highlighted the differential response of aNPCs and mature NP 

cells in a catabolic environment. As aNPCs demonstrated no catabolic shift 

when treated with IL-1β it can be postulated that initial pre-differentiation of 

AD-MSCs with GDF6 can improve the potential of the cell therapy in vivo in 

the hostile IVD niche.  

 

4. Chapter six demonstrated that GDF6 also enhanced the ECM production of 

degenerate NP cells and increased phenotypic marker expression. In addition 

as with aNPCs, pre-treatment of NP cells with GDF6 was protective against 

the detrimental effects of IL-1β.  

 

 

5. In the final chapter preliminary studies developed and a severely degenerate 

ex vivo model to test the efficacy of potential therapies. Also the potential of 

utilising a microparticle delivery system was explored. The GDF6 

microparticles fabricated in collaboration with The University of Nottingham, 

demonstrated the same discogenic potential as treatment with exogenous 

GDF6. 

Taken together, GDF6 has demonstrated the potential to be utilised as a biological 

treatment to regenerate the IVD. The experiments undertaken have highlighted how 

the growth factor can enhance discogenic differentiation of AD-MSCs to a superior 

NP phenotype than alternative growth factors. This is clinically important as the 

appropriate choice of cell and growth factor is imperative to produce functional 

matrix and the ultimate success of a therapy. Interestingly, GDF6 has also 

demonstrated a protective quality against the detrimental effects of a catabolic 
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environment, in both AD-MSCs and NP cells. If an aNPC cell-based therapy is 

utilised then the aNPCs would be protected from the degenerate environment, but 

also GDF6 can exert its effects on native cells and help to restore their normal 

phenotype and enchance matrix production as demonstrated in chapter 5. At present, 

studies have mainly been undertaken in an in vitro system thus the development of a 

degenerate IVD model presents itself as a platform to test the efficacy of GDF6 and 

aNPCs as a potential therapy. In addition, the development of a controlled delivery 

system of GDF6 is extremely important for clinical translation as the microparticles 

are biocompatible, biodegradable and prevent the multiple applications of the growth 

factor. In the study by Wei and colleagues (Wei et al., 2009) direct injection of 

GDF6 into an in vivo degenerate ovine model enhanced the ECM, however multiple 

injections could also damage the disc (Korecki et al., 2008) hence controlled delivery 

is more clinically transferable. 

A particular limitation to this study is the lack of protein and signalling analysis that 

would help to demonstrate the effects that GDF6 is having on the cells, and also why 

there are differences between cell types. Additionally, whilst the qPCR markers 

investigated were NP cell specific, such as COL2A1, the study could have examined 

other collagens such as COL1 or COLX to illustrate that the cells were definitely 

differentiated and have used this as a negative control.  
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8.2 Future Work  

This study has demonstrated the potential of GDF6 as a biological therapy for IVD 

regeneration by numerous in vitro experiments. The results from these studies 

demonstrated GDF6 has a positive effect on both AD-MSCs and NP cells. However 

in order to develop this potential therapy further it is essential to assess the effects of 

GDF6, and aNPCs in an ex vivo model. The model developed in this study is a 

severely degenerate model, and essentially a proof of principle to demonstrate that a 

hydrogel could form in situ and restore altered biomechanical properties. A model 

that reflects the true pathological changes of disease (ie. driven by IL-1) would be 

beneficial to investigate the potential of GDF6 and the implantation of aNPCs. Once 

examined in an ex vivo model, a larger animal model would be important to assess 

how the cells respond in vivo. 

Another important aspect is to identify whether there is a sub-population of AD-

MSCs that are more responsive to GDF6 supplementation. Therefore experiments 

should be undertaken to identify if cells have more GDF6 receptors or different 

receptor profiles and isolate these cells using FACS. This isolated population of cells 

may be more responsive to GDF6 treatment and as such could respond in an even 

more appropriate manner when induced to an aNPC.  

As demonstrated in chapter 4, aNPCs do not respond in the same manner as mature 

NP cells when exposed to IL-1. It was demonstrated that both cell types expressed 

IL-1R, however investigation further into the IL-1 signalling pathway and alternative 

pathways such as the toll like receptors (TLRs) should be elucidated to determine 

why there are differential responses and also what it is that is different in aNPCs, and 

to try to apply this to NP cells. In addition to this NP cells also treated with GDF6 

proved to be protective against the catabolic environment. Hence further studies 

should investigate if and how the cells have changed, for example examining 

receptor profiles to see whether GDF6 alters the expression of specific IL-1 receptors. 

Also investigations to determine whether in fact GDF6 is protective, or whether 

there is just a greater shift toward anabolic activity, as shown by the upregulation of 

ACAN and COL2A1 would be interesting to determine the mechanisms that GDF6 

inflicts the positive effect on NP cells.  
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Finally, a preliminary study showed that microparticles loaded with GDF6 could 

induce the equivalent discogenic differentiation as supplementation exogenously. 

Further experiments should also be undertaken to examine whether treatment of NP 

cells restores or enhances the normal phenotype, and if the GDF6 microparticles can 

be protective against a catabolic environment to the same extent as treatment with 

exogenous GDF6. Moving forward microparticles should also be investigated in the 

ex vivo model and observe how treatment with only microparticles encapsulated in 

type I collagen compares to microparticles and cells (aNPCs). It would also be 

interesting to see if the GDF6 microparticles could differentiate AD-MSCs to an 

aNPC in situ as this would eliminate the need to pre-differentiate cells in vitro for 14 

days, which would enhance the clinical transferability of this potential therapy. 
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Appendix 1 
Amplicon Sequences utilised in this study 
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Primer BLAST Search  

Primers listed in Table 2.3 were run through primer BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome 

[last accessed 4 February 2016]) to confirm and cross check that the primers were 

appropriate for each particular gene. In addition, probe sequences were also run 

through a BLAST search using 

http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_L

OC=blasthome. The results are detailed below:  

MRPL19    

Primers      Probe 

GAPDH 

Primers      Probe 

EIF2B1 

Primers      Probe 

 

 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
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SOX9 

Primers      Probe 

 

 

 

ACAN 

Primers      Probe 

 

 

 

COL2A1 

Primers      Probe 
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KRT8 

Primers      Probe 

 

KRT18 

Primers      Probe 

 

KRT19 

Primers      Probe 

  

FOXF1 

Primers      Probe 
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CAXII 

Primers      Probe 

 

T 

Primers      Probe 

 

MMP3 

Primers      Probe 

 

MMP13 

Primers      Probe 

 



279 
 

 

ADAMTS4 

Primers      Probe 

  

ADAMTS5 

Primers      Probe 

 

TIMP1 

Primers      Probe 

 

TIMP2 

Primers      Probe
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Amplicon Sequences  

Sequencing was performed in both 5’ and 3’ directions using individual primers 

from the qPCR. Seq files were read using http://simgene.com/ReadSeq and the 

sequences opened. The sequences were then BLAST searched in the human genome 

and transcript database 

using http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&

LINK_LOC=blasthome. The accession number and homology were noted and are shown 

in Table 1.  
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Table 1. Amplicon sequences for Novel NP markers 

Gene Name 5’ Sequence 3’ Sequence Accession Number Percentage Homology to 

Reference 

Mitochondrial Ribosomal Protein L19 

GTNCTANGCTGACCCATATGCCAGTGGAAAATCAGCC

AGTTTCTGGGATTTGCATTCAGAGATCAGGAAGAGAC

TTGGAGCTACTTTCATCCTTAGGAATGTTATCGAAGGA

CAAGGTGCGAGATTTGCTTTGAACTTTATAATCCTCGG

A 

 

CTTCGATACATTCCTAAGGATGAAGTAGCTCCAAG

TCCTCTTCCTGATCTCTGAATGCAATCCCCAGAAAC

TGGCTGATTTTTCCACTGGCATATGGGTAGCTGTA

GTAACACGAAGAAACTTCCAACATAGAACTCTGA

ATGTGGA 

 

NM014763.3 
5’ = 99% 

3’ = 99% 

SRY (sex determining region Y)-box 9 

(SOX9) 

CTTCGTGNGGAGGCGGAGCGGCT 

GCGCGTGCAGCACAAGAAGGACCACCCGGATTACAA

GTACNNGCCNN 

 

GNNCGCGCGNGCTCG 

CCTCCTCCACGAAGGGCCGCTTCTCGCTCTCGTTC

AGAAG TCTCCAGAGCANNCNN 

 

NM000346.3 
5’ = 97% 

3’ = 98% 

Collagen type II alpha 1 (COL2A1), 

transcript variant 1 

CACCTGCCACGTCCAGATGACCTTCCTACGCCTGCTGT

CCACGGAAGGCTCCCAGAACATCACCTACCATNNNN 

 

AGGCGTAGGAGGTCA 

TCTGGACGTTGGCAGTGTTG 

GGAGCCAGATTGTCATCTCC 

ATAGCTGAAATGGAAGCNN 

 

NM001844.4 

5’ = 99% 

3’ = 99% 

 

Aggrecan (ACAN), transcript variant 1 

TNTCNGATACCCCATCCACACTCCCCGGGAAGGCTGC

TATGGAGACAAGGATGAGTTTCCTGGTGTGAGGACGT

ATGGCATCCGAGACAC 

 

TGTCTCATAGCAGCCTTCCCGGGGAGTGTGGATG

GGGTATCTGACAGTCTGGTCAGCCAGCCAGCCGG

CGTCACACTGGTGGAAGCCA 

 

NM001135.3 
5’ = 100% 

3’ = 99% 

Keratin 8, type II (KRT8), transcript 

variant 1 

AGAGCTGGAGTCTCGCCTGGAGGGCTGACCGACGAG

ATCAACTTCCTCAGGA 

 

GCGAGATCAGCTCTACCTTGTTCATGTAAGCTTCA

TCCACATCCTTCTTGATGAGGA 

 

NM001256282.1 
5’ = 98% 

3’ = 97% 
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Keratin 18, type II (KRT18), transcript 

variant 1 

CNACCGCCGCCTGCTGGAGATGGC 

GAGGACTTTAATCTTGGTGATGCACT 

 

CNGGCGGCGGTAGGTGGCGATCTCAGCCTCCAGC

TTGACCTTGATGTTCAGCAGA 

 

NM000224.2 

5’ = 98% 

3’ = 100% 

 

Keratin 19, type I (KRT19) 

GNNNGGTCAGTGTGGAGGTGGATTCCGCTCCGGGCA

CCGATCTCGCCAAGATCCTGAGTGACANNN 

 

CACCTCACACTGACCTGGCCTCCACTTGGCCCCTC

AGCGTACTGATTTCCTCCTCATGGA 

 

NM002276.4 

5’ = 100% 

3’ = 98% 

 

Forkhead box F1 (FOXF1) 

CTGCAGGCATCCCGCGGTATCACTCGCAGTCGCCCAG

CATGTGTGACCGAAAGGAGTTTGTCTTCTCTTTCAACG

CCAA 

 

TGCTGGGCGACTGCGAGTGATACCGCGGGATGCC

TTGCAGCTCGGCTGGGGCGTTGTGGCTGTTCTGG

TGCAGATACGGA 

 

NM001451.2 

5’ = 99% 

3’ = 100% 

 

Carbonic anhydrase CAXII (CA12) 

CTATTGAGATGGGCTCCTTCATCCGTCCTATGACAAGA

TCTTCAGTCACCTTCAACATGTAAAGTACAAAGGCCAG

GAAGN 

 

GACTTGTCTAGGACGGATTGAGGAGCCCATCTCA

ATGAGAACAGCCAGGACAGCGAGGCCTTCTGACT

TGTTGCTGGA 

NM001218.4 

5’ = 99% 

3’ = 97% 
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Growth differentiation factor 6 and transforming
growth factor-beta differentially mediate
mesenchymal stem cell differentiation,
composition, and micromechanical properties
of nucleus pulposus constructs
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and Judith A Hoyland1,4*

Abstract

Introduction: Currently, there is huge research focus on the development of novel cell-based regeneration and
tissue-engineering therapies for the treatment of intervertebral disc degeneration and the associated back pain.
Both bone marrow-derived (BM) mesenchymal stem cells (MSCs) and adipose-derived MSCs (AD-MSCs) are proposed
as suitable cells for such therapies. However, currently no consensus exists as to the optimum growth factor needed to
drive differentiation to a nucleus pulposus (NP)-like phenotype. The aim of this study was to investigate the effect of
growth differentiation factor-6 (GDF6), compared with other transforming growth factor (TGF) superfamily members,
on discogenic differentiation of MSCs, the matrix composition, and micromechanics of engineered NP tissue
constructs.

Methods: Patient-matched human AD-MSCs and BM-MSCs were seeded into type I collagen hydrogels and cultured
in differentiating media supplemented with TGF-β3, GDF5, or GDF6. After 14 days, quantitative polymerase chain
reaction analysis of chondrogenic and novel NP marker genes and sulfated glycosaminoglycan (sGAG) content of the
construct and media components were measured. Additionally, construct micromechanics were analyzed by using
scanning acoustic microscopy (SAM).

Results: GDF6 stimulation of BM-MSCs and AD-MSCs resulted in a significant increase in expression of novel NP marker
genes, a higher aggrecan-to-type II collagen gene expression ratio, and higher sGAG production compared with TGF-β
or GDF5 stimulation. These effects were greater in AD-MSCs than in BM-MSCs. Furthermore, the acoustic-wave speed
measured by using SAM, and therefore tissue stiffness, was lowest in GDF6-stiumlated AD-MSC constructs.

Conclusions: The data suggest that GDF6 stimulation of AD-MSCs induces differentiation to an NP-like phenotype and
results in a more proteoglycan-rich matrix. Micromechanical analysis shows that the GDF6-treated AD-MSCs have a
less-stiff matrix composition, suggesting that the growth factor is inducing a matrix that is more akin to the native
NP-like tissue. Thus, this cell and growth-factor combination may be the ideal choice for cell-based intervertebral disc
(IVD)-regeneration therapies.
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Introduction
Low back pain (LBP), is an increasing socioeconomic bur-
den in today’s society. Current therapies involve con-
servative symptomatic pain relief or end-stage surgical
treatments. However, these therapies are relatively unsuc-
cessful in the long term and do not address the underlying
pathogenesis of LBP, such as IVD degeneration, which cor-
relates with LBP in 40% of cases [1].
Degenerative changes occur predominantly in the highly

hydrated central nucleus pulposus (NP) which is composed
of the proteoglycan, aggrecan, and type II collagen. With
degeneration, degradation of the extracellular matrix
(ECM) occurs, with substantial loss of aggrecan [2]. These
changes result in dehydration of the ECM, thereby influen-
cing tissue stiffness and strength, which leads to a reduction
in the structural integrity of the disc, ultimately comprom-
ising its function [3]. Given the poor long-term efficacy of
current clinical interventions, research is now focused on
cell-based tissue-engineering strategies. Such strategies aim
to target the underlying pathogenesis by replacing the cell
population and thereby restoring a functional IVD matrix.
Of these approaches, minimally invasive implantation of
mesenchymal stem cell (MSC)-seeded hydrogels offers the
most promise.
Both bone marrow- and adipose-derived MSCs (BM-

MSCs and AD-MSCs, respectively) are able to differentiate
into NP-like cells [4-6]. Native adult NP cells are conven-
tionally described as being ”chondrocyte-like” and charac-
terized through their rounded morphology and expression
of classic chondrogenic markers, including SOX-9, type II
collagen, and aggrecan [7]. However, the composition of
the NP and articular cartilage ECM is significantly different,
with NP tissue having a substantially more-proteoglycan-
rich ECM than has cartilage [8]. Thus, if MSCs are to be
used for IVD regeneration, it is essential to identify accu-
rately the differentiated cell phenotype and to ensure ap-
propriate ECM synthesis.
Our discovery of novel human NP cell markers (CAXII,

FOXF1, KRT 8, 18, 19) [9] has allowed a clear distinction to
be made between the chondrocyte and NP cell phenotype.
We previously demonstrated that these markers can be
used to identify accurately both BM-MSC and AD-MSC
differentiation toward NP-like cells [6]. This work used cul-
ture in a three-dimensional (3D) environment with media
containing TGF-β, a growth factor more commonly used
to induce chondrogenesis, and focused on gene and protein
marker expression by differentiated cells. However, al-
though such studies demonstrate that MSCs can be in-
duced to adopt an NP-like phenotype and hence synthesize
an ECM matrix that, in biochemical terms, is composition-
ally similar to native NP tissue, they provide no information
on the structural and biomechanical properties of the syn-
thesized matrix. Importantly, the mechanical behavior of
ECM-rich tissues is determined not only by the identity of

the molecular components but also by their posttransla-
tional modification and assembly into structurally malleable
macromolecular aggregates [10-12]. Therefore, although
TGF-β has been commonly used by several groups to
induce NP-like differentiation, the effects of alternative
growth factors should be characterized with regard to cell
phenotype, protein synthesis, and crucially local stiffness to
optimize the biochemical and biomechanical characteristics
of the resultant construct.
Growth differentiation factor 5 (GDF5/BMP-14/CDMP-

1) and growth differentiation factor 6 (GDF6/BMP-13/
CDMP-2) are members of the TGF superfamily and are as-
sociated with skeletal development [13-15]. We previously
demonstrated that they are expressed by human NP cells
and that GDF5 increases type II collagen and aggrecan gene
expression by degenerate human NP cells in vitro [16].
GDF5 has also recently been shown to improve differenti-
ation of BM-MSCs to an NP-like phenotype (that is, disco-
genic differentiation) compared with TGF-β1, as shown by
the enhanced expression of the novel markers CAXII,
KRT19, and FOXF1 [17-19]. However, whereas differenti-
ation to NP-like cells was achieved, GDF5 did not produce
a more-proteoglycan (PG)-rich ECM than did TGF-β1. As
such, and given that GDF5 has also been shown to induce
chondrogenic differentiation [20], this may not be the opti-
mal growth factor for directing MSC differentiation to an
NP-like cell capable of synthesizing an ECM with appropri-
ate biochemical and biomechanical characteristics.
GDF6 has been shown to play an important role in spinal

column development, implying that it may have a pivotal
role in IVD development and homeostasis [21]. Further-
more, research has shown that injection of GDF6 prevents
IVD degeneration in an experimentally induced ovine
model [22]. Taken together, this suggests that GDF6 may
be an appropriate growth factor to drive MSC differen-
tiation toward an NP-like cell and hence to produce a PG-
rich ECM more akin to native IVD tissue than that pro-
duced by TGF-β- or GDF5-stimulated MSCs.
Thus, we hypothesized that the choice of exogenous

growth factor and MSC source would influence cell differ-
entiation, ECM composition, and mechanical stiffness of
engineered NP tissue constructs. Differentiation of both
BM-MSCs and AD-MSCs after stimulation with TGF-β,
GDF5, and GDF6 was assessed by expression of classic and
novel NP marker genes and PG production. Additionally,
by using scanning acoustic microscopy, the effect of ex-
ogenous growth factors on micromechanical stiffness of
tissue constructs was assessed, with acoustic wave speed
serving as a surrogate measure of tissue stiffness [23,24].

Methods
Mesenchymal stem cell culture
Human patient-matched AD-MSCs and BM-MSCs were
isolated from subcutaneous fat and bone marrow removed
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from the proximal femur during hip-replacement surgery
after approval from the North West Research Ethics
Committee and fully informed written consent of patients
(n = 7; average age, 47 years (age range, 22 to 78 years);
four women, three men). BM-MSCs were isolated and
expanded in α-MEM with 20% fetal calf serum (hereafter
termed standard media), as previously described [25].
After 5 days, nonadherent cells were discarded, and adhe-
rent cells were cultured to confluence.
To isolate AD-MSCs, adipose tissue was digested in

collagenase solution (30 mg collagenase type I in Hanks
Balanced Salt Solution (HBSS) and 20 mM calcium
chloride) for 2 hours at 37°C. The solution was filtered,
neutralized with standard media, and centrifuged for
5 minutes. Supernatant was aspirated, and cells cultured
to confluence in standard media, with nonadherent cells
discarded after 5 days.
The CD profile of BM-MSCs and AD-MSCs was ana-

lyzed by using flow cytometry and multipotentiality
assessed along the three mesenchymal lineages by using
standard methods (data not shown). Cells at passage 3
were used for subsequent experiments.

Encapsulation of MSCs in type I collagen hydrogels
Collagen gels were established by combining 3 mg/ml
atelosoluble type I collagen (Devro, Edinburgh, Scotland)
(pH 2), neutralization buffer (0.2M sodium phosphate, 1.3
M sodium chloride, pH 11.2) and αMEM at an 8:1:1 ratio,
respectively. MSCs were suspended in the collagen solution
at room temperature to a final cell density of 4 × 106/ml
and 100 μl gels formed in 0.4-μm high-density cell-culture
inserts (BD Biosciences, San Jose, CA, USA). Gels were cul-
tured for 24 hours in standard media, and media were sub-
sequently replaced with a differentiating medium, as
defined later, either with or without growth factor.

MSC pellet cultures
MSCs were dispensed into a 15-ml Falcon tube at a den-
sity of 250,000 cells in 2 ml of standard media. Sub-
sequently cells were centrifuged, incubated at 37°C for
24 hours, and media replaced with a differentiating media
either with or without the respective growth factor.

Differentiation of MSCs with TGF-β3, GDF5, and GDF6
MSCs were encapsulated in type I collagen gels and cul-
tured in differentiating media consisting of high-glucose
DMEM, 1% FCS, insulin-transferrin-selenium (ITS-X)
(Gibco, Grand Island, NY, USA), 100 μM ascorbic acid-2-
phosphate, 1.25 mg/ml bovine serum albumin (BSA), 10−7

M dexamethasone, 5.4 μg/ml linoleic acid, 40 μg/ml L-pro-
line, and 100 U/ml penicillin, 100 μg/ml streptomycin, and
2.5 μg/ml amphotericin B. To assess optimal growth-factor
concentration, media were further supplemented with
either no growth factor (control), TGF-β3 (Invitrogen) at

concentrations of 1, 10, 100 ng/ml, GDF5 (PeproTech,
Rocky Hill, NJ, United States) at concentrations of 10, 100,
or 1,000 ng/ml, or GDF6 (PeproTech) at concentrations of
10, 100, or 1,000 ng/ml for 14 days. Concentration ranges
were chosen to encompass manufacturers’ recommenda-
tions and previously published concentrations [18,26,27].
After this assessment, cells were encapsulated in type I

collagen gels or pellets and cultured in differentiating
media supplemented with either no growth factor or opti-
mal concentrations of growth factor for 14 days. Media
were changed every 48 hours and retained for subsequent
analysis of sulfated glycosaminoglycan (sGAG) content.

Assessment of NP marker gene expression with
quantitative real-time PCR
After 14 days, cell-seeded collagen hydrogels and pellets
were disrupted with Molecular Grinding Resin in TRIzol
(Geno Technology Inc., St. Louis, MO, USA), and RNA
was extracted according to the manufacturer’s recommen-
dations. cDNA was generated by using a high-capacity
cDNA reverse-transcription kit (Life Technologies) and
diluted to 5 ng/μl. Gene expression was analyzed with
quantitative real-time PCR by using an Applied Biosys-
tems StepOne Plus Real Time PCR system. Reactions
were prepared in triplicate by using LuminoCt qPCR
readymix reagents (Sigma-Aldrich, Irvine, UK) to a total
volume of 10 μl, containing 10 ng cDNA, 900 nM each
primer, and 250 nM probe. Data were analyzed according
to the 2-ΔΔ Ct method, with expression normalized to the
average of two prevalidated housekeeping genes (EIF2B1
and MRPL19) and to the control sample [28].

Assessment of PG sGAG content
sGAG production was assessed in triplicate by using a
dimethylmethylene blue (DMMB) assay, as previously
described [29,30], and quantified against a chondroitin
sulfate C (shark cartilage, Sigma) standard curve. Media
collected at each media change were also used to analyze
the PG content released into media on a cumulative
basis.
Total DNA content was measured by using a Quant-iT

PicoGreen assay (Life Technologies) with a lambda DNA
standard curve, according to manufacturer’s instructions.
sGAG values in gels/pellets were normalized to dsDNA
content.

Histologic characterization of ECM deposition
Collagen constructs were embedded in OCT; snap-frozen
in liquid nitrogen, and cryosectioned to a nominal thick-
ness of 5 μm. Safranin-O/Fast Green staining was per-
formed to localize sGAG according to standard protocols.
Picrosirius red staining and polarized light microscopy
were used to assess fibrillar collagen content, as previously
described [31]. Fibrillar collagen content was assessed by
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imaging the same area under bright-field and cross-
polarized light microscopy. Total tissue area was compared
with birefringent fibrillar collagen area, and percentage fi-
brillar collagen content calculated (these calculations were
based on overall intensity of staining and did not distin-
guish between color of staining, which subjectively shows
fibril diameter) [31]. Three areas were assessed per section,
from each of three sections per cell type and growth-factor
treatment.

Micromechanical characterization by scanning acoustic
microscopy
The SAM imaging technique has been described in detail
previously [11,24,32]. Imaging of hydrated cryosections
was performed by using a KSI 2000 microscope (PVA
TePla Analytical Systems GmbH; Herborn, Germany)
with bespoke data acquisition and control systems. SAM
data were collected in triplicate by using the Multi-Layer
Phase Analysis (MLPA) method [24] with a scan size of
200 μm and a frequency of 770 MHz to produce an acous-
tic wave speed map.

Statistical analysis
The nonparametric Mann–Whitney U test was applied
to determine significance to compare gene expression,
sGAG, and DNA. Values are reported as mean ± SEM.
Analysis of SAM data was conducted by using SPSS 20
(SPSS, Chicago, IL, USA). Q-q plots were used to test
for normality, and one-way ANOVAs were used to com-
pare means. For all analyses, a value of P < 0.05 was con-
sidered statistically significant.

Results
Optimal growth factor concentration
When compared with no growth factor controls, both
BM-MSCs (Figure 1A) and AD-MSCs (Figure 1B) de-
monstrated dose-dependent responses to all growth fac-
tors. Both COL2A1 and ACAN gene expressions were
significantly upregulated with all growth factors, whereas
novel maker gene expression was significantly upregu-
lated after GDF6 stimulation, in particular in AD-MSCs.
Overall, the optimal expression profiles were identified
at 10 ng/ml TGF-β and 100 ng/ml of GDF5 and GDF6.

Conventional NP marker expression in type I collagen
hydrogels
Culture of BM-MSCs in the presence of all growth fac-
tors (Figure 2A) resulted in a significant upregulation of
SOX9 and ACAN compared with the control, with the
largest upregulation of ACAN (13-fold) being identified
in the GDF6-stimulated cohort. Conversely, culture with
TGF-β demonstrated the greatest increase in expression
of COL2A1 (66-fold compared with control) compared
with treatment with either GDF5 (1.5-fold) or GDF6

(2.5-fold). Culture of AD-MSCs in the presence of all
growth factors (Figure 2B) resulted in a significant in-
crease in ACAN expression compared with control, with
GDF6 again causing a significantly greater increase
(20-fold) than other growth-factor treatments. As with
BM-MSCs, TGF-β treatment of AD-MSCs resulted in the
largest upregulation of COL2A1 (34-fold) gene expression.
When the ACAN-to-COL2A1 relative gene expression

was assessed (2-ΔCtACAN-ΔCtCOL2A1), AD-MSCs stimulated
with GDF6 demonstrated the highest ratio of 75:1, whereas
BM-MSCs demonstrated a ratio of 29:1 (Figure 2C). Cells
treated with TGF-β demonstrated the lowest ratio overall
at 4:1 for AD-MSCs and 0.7:1 for BM-MSCs.

Novel NP marker expression in type I collagen hydrogels
Treatment of BM-MSCs with TGF-β and GDF5 caused
no change in KRT8, KRT19, or CAXII and a down-
regulation of KRT18, FOXF1, and T gene expression
compared with controls (Figure 2A). Conversely, treat-
ment with GDF6 significantly upregulated KRT8, 18, 19,
CAXII, and T, with no change noted in FOXF1 com-
pared with controls. Culture of AD-MSCs with GDF6
resulted in significant upregulation of all novel marker
genes compared with the control, and in the case of
KRT8, KRT18, KRT19, and T expression, was signifi-
cantly higher than that that seen in AD-MSCs cultured
with either TGF-β or GDF5 (Figure 2B). Comparison
between cell types showed that expression levels were
consistently upregulated to a greater extent in AD-
MSCs than in BM-MSCs.

SGAG content
AD-MSCs in type I collagen hydrogels showed significant
increases in the sGAG/DNA content within the con-
structs after stimulation with TGF-β (265.00 μg ±27.71)
and GDF6 (243.53 μg ± 13.87), whereas BM-MSCs dis-
played significant increases only after TGF-β stimulation
(215.59 μg ± 28.74) compared with controls (Figure 3A).
AD-MSCs consistently demonstrated higher levels of
sGAG/DNA compared with BM-MSCs, significantly so in
the case of GDF6 stimulation (149.60 μg ±17.05 in BM-
MSCs versus 243.53 μg ± 13.87 in AD-MSCs).
The sGAG released into the media over 14 days

(Figure 3B) was highest in AD-MSCs treated with GDF6
(103.69 μg ± 8.5 μg), although BM-MSCs and AD-MSCS
treated with either TGF-β or GDF6 consistently demon-
strated significant increases in released sGAG compared
with the control.
The combined total sGAG/DNA from both construct

and media showed that AD-MSCs treated with GDF6
produced the most sGAG (3,228.62 μg ± 185.98), and
this was significantly higher than the control group
(1,703.74 μg ± 72.89), or after treatment with either
TGF-β (2,414.88 μg ± 180.79) or GDF5 (2,512.97 μg ±
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134.44). Likewise, BM-MSCs synthesized the most sGAG
after GDF-6 treatment (2,799.28 μg ±92.33), although this
was lower than that produced by AD-MSCs.

Safranin-O staining of type I collagen hydrogels
(Figure 3D) demonstrated a more-widespread distri-
bution of sGAG within the GDF6-stimulated AD-MSC

Figure 1 Quantitative real-time PCR analysis of gene expression in response to varying concentrations of growth factors. (A) BM-MSCs
and (B) AD-MSCs were seeded in type I collagen gels and stimulated with varying concentrations of TGF-β, GDF5, or GDF6 for 14 days. Relative
gene expression was normalized to mean housekeeping-gene expression and cells without growth-factor stimulation and plotted on a log scale.
N = 3; data represent mean ± SEM. *P < 0.05.
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Figure 2 Quantitative real-time PCR analysis of gene-expression changes in response to growth factor stimulation. (A) BM-MSCs, and (B)
AD-MSCs were cultured for 14 days in type I collagen hydrogels and stimulated with optimal concentrations of TGF-β, GDF5, or GDF6. Relative
gene expression was normalized to mean housekeeping-gene expression and cells without growth factor stimulation and plotted on a log scale.
(C) Aggrecan-to-type II collagen gene expression ratio in BM and AD-MSCs after culture in type I collagen hydrogels for 14 days with either no
growth factor, or optimal concentrations of TGF-β, GDF5, or GDF6. Relative gene expression was normalized to mean housekeeping-gene
expression and plotted on a log scale. N = 7; all data represent mean ± SEM. *P < 0.05.
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constructs compared with TGF-β-stimulated constructs.
BM-MSCs treated with TGF-β showed staining confined
to the periphery of the construct only, whereas AD-MSCs
treated with either TGF-β or GDF6 demonstrated a more-
homogeneous distribution throughout the construct.

Fibrillar collagen content and local stiffness
Fibrillar collagen deposition by BM-MSCs was indepen-
dent of growth factor species (Figure 4; TGF-β, 15.4% ±
0.6%; GDF6, 16.0% ± 1.07%). In contrast, exposure to
exogenous TGF-β and GDF6 induced significant diffe-
rences in the deposition of fibrillar collagens by AD-MSCs
(Figure 4; TGF-β, 19.5% ± 0.9%; GDF6, 16.2% ± 0.7%).
These MSC source and growth factor-related differences
in fibrillar collagen content were, in turn, correlated with

the mean acoustic wave speed (and hence stiffness) of the
tissue constructs. Whereas mean acoustic wave speed in
TGF-β- and GDF6-treated BM-MSC constructs was
growth factor independent (Figure 5; TGF-β, 1,629 ms−1 ±
8 ms−1; GDF6, 1,642 ms−1 ± 17 ms−1), acoustic-wave speed
was significantly higher in TGF-β-treated AD-MSC seeded
constructs compared with their GDF6-treated coun-
terparts (Figure 5; TGF-β, 1,644 ms−1 ± 1 ms−1; GDF6,
1,599 ms−1 ± 4 ms−1).

MSC differentiation in pellet culture
To control for any influence of the reconstituted type I
collagen hydrogels on differentiation, MSCs were cultured
in three-dimensional pellets. Levels of conventional NP
marker-gene expression (Figure 6A, B) were similar to

Figure 3 Analysis of sGAG production by BM and AD-MSCs in response to growth-factor stimulation. BM and AD-MSCs were seeded in
type I collagen hydrogels and cultured in the absence or presence of TGF-β, GDF5, or GDF6. (A) DMMB quantification of sGAG retained within gel
constructs, normalized to DNA content within the construct. (B) DMMB quantification of sGAG released cumulatively into the media throughout the
culture period. (C) Quantification of total sGAG content in the construct and media normalized to DNA content within the construct at day 14. N = 3,
data represent mean ± SEM. *P < 0.05. (D) Safranin O staining of MSC-seeded collagen gels demonstrating deposition of sGAG throughout the
constructs, with AD-MSCs stimulated with GDF6 having the highest and most homogeneous sGAG deposition. Scale bars, 500 μm.
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that seen previously, with AD-MSCs showing the highest
upregulation of ACAN after GDF6 stimulation, whereas
TGF-β induced the largest increase in COL2A1 expression
in both cell types. BM-MSCs demonstrated either no
change or a downregulation of novel NP marker genes
after TGF-β or GDF5 stimulation, with GDF6 causing
significant upregulation of KRTs 8, 18, and 19, FOXF1,
CAXII, and T (as with type I collagen hydrogels). In AD-
MSCs, GDF6 caused a significant upregulation of all
marker genes, with increases in KRT8, 18, 19, CAXII, and
T being significantly higher after GDF6 stimulation than
with either TGF-β or GDF5.

The ratio of ACAN-to-COL2A1 in BM-MSCs and AD-
MSCs was higher in both GDF5 and GDF6 groups com-
pared with either controls or TGF-β-treated cells, with
no significant difference identified between the two cell
types after stimulation with any of the growth factors
(Figure 6C).
Total GAG/DNA from both pellets and accumula-

ted media showed that AD-MSCs treated with GDF6
had the highest total value (3,556.31 μg ± 133.06), and
this was significantly higher than both the control
(2,206.34 μg ± 267.54), and after treatment with either
TGF-β (2,540.32 μg ± 32.78) or GDF5 (2,886.65 μg ±
225.76) (Figure 6D).

Discussion
Given the similarities in gene-expression profiles between
articular chondrocytes and NP cells, specifically expres-
sion of SOX-9, type II collagen, and aggrecan, researchers
have increasingly investigated the potential of MSCs to re-
generate the IVD. However, to date, studies have applied
methods more commonly used to induce chondrogenesis,
specifically, culture in a 3D environment and differentia-
ting media containing TGF-β and thereafter using ECM
gene and protein expression as outcome measures to de-
pict an NP-like tissue.
However, the differences in matrix composition bet-

ween articular cartilage and NP tissue, together with re-
cent phenotypic profiling studies comparing their native
cells, suggest that these outcome measures are insuffi-
cient to define the end-stage differentiated cell and that
more-detailed analyses are needed. Given the increased
understanding of the NP cell phenotype, unique phe-
notypic markers can now be used to define accurately
the lineage-specific MSC differentiation toward NP-like
cells. This has allowed alternative culture systems, in
particular, comparison of different growth factors, to be
investigated with the aim of optimizing MSC discogenic
differentiation and ensuring synthesis of an ECM with
appropriate biochemical and biomechanical properties.
Members of the TGF-β superfamily are potential can-

didates for driving discogenic differentiation, with a re-
cent study showing that GDF5 induces differentiation of
MSCs in vitro to a more-IVD-like phenotype than TGF-β
[17-19]. Given that we previously demonstrated expres-
sion of GDF5 and GDF6 by human NP cells [16] and that
both AD-MSCs and BM-MSCs can differentiate to NP-
like cells [6], here we aimed to investigate whether GDF6
may be a more-appropriate stimulus for MSC discogenic
differentiation and production of an NP-like ECM than
either TGF-β or GDF5.
Stimulation of both AD-MSCs and BM-MSCs with

GDF6 resulted in increased expression of novel NP phe-
notypic marker genes KRT8, 18, and 19, FOXF1 and
CAXII, compared with either TGF-β or GDF5, particularly

Figure 4 Fibrillar collagen content visualized by using
polarized light microscopy of picrosirius red-stained sections.
(A) Picrosirius red staining of MSC-seeded type I collagen hydrogels
stimulated with TGF-β or GDF6, demonstrating enhanced fibrillar
collagen deposition (red and green stains) in AD-MSC-seeded
constructs stimulated with TGF-β compared with GDF6-stimulated
constructs. Scale bar, 500 μm. (B) Quantification of percentage fibrillar
collagen content in BM-MSC- and AD-MSC-seeded constructs after
stimulation with TGF-β or GDF6. AD-MSC-seeded constructs stimulated
with TGF-β demonstrated a significantly higher percentage of fibrillar
collagen content compared with GDF-6-stimulated constructs; N = 3.
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in AD-MSCs. Given that this panel of markers has been
identified as NP specific and previously used to depict ap-
propriate differentiation [6,9] , the observed increases in
gene expression suggest that both AD-MSCs are BM-
MSCs are capable of discogenic differentiation, which is
particularly enhanced by GDF6.
We also investigated the expression of the notochordal

and mesodermal marker brachyury (T), which has pre-
viously been shown to be expressed by adult NP cells [9]
and demonstrated the greatest induction of gene expres-
sion after GDF6 stimulation, again particularly in AD-
MSCs. Importantly, these findings were consistent with
both cell types in both type I collagen hydrogel and
pellet cultures, suggesting that the biomaterial did not

influence differentiation, with growth-factor choice having
the predominant effect on discogenic differentiation.
The molecules aggrecan and type II collagen are key

components of the IVD ECM, with a higher aggrecan-
to-type II collagen ratio (both at the gene transcription
[17] and protein [8] level being indicative of an NP-like,
rather than articular cartilage-like phenotype/matrix). As
expected [32,33], stimulation of both BM-MSCs and
AD-MSCs with TGF-β resulted in the highest COL2A1
gene expression and lowest ACAN-to-COL2A1 ratio.
When combined with the decrease or small upregulation
of novel NP marker genes in BM-MSCs and AD-MSCS,
respectively, and the increased expression of SOX-9
(major transcription factor for chondrogenesis), the data

Figure 5 Mean acoustic wave speed (a surrogate measure of tissue stiffness) assessed with scanning acoustic microscopy. (A) Acoustic
wave-speed distribution maps of BM-MSC- and AD-MSC-seeded type I collagen hydrogels stimulated with TGF-β or GDF6. Scale bar, 50 μm.
(B) Quantification of wave speed in BM-MSC- and AD-MSC-seeded constructs after stimulation with TGF-β or GDF6. GDF6 stimulation of AD-MSCs
resulted in a significantly decreased acoustic-wave speed compared with TGF-β-stimulated constructs, suggesting that GDF6-stimulated AD-MSC
produced a less-stiff ECM. N = 3. *P < 0.05. (C) Wave-speed distribution in AD-MSC-seeded constructs after stimulation with either TGF-β or GDF6.
The GDF6-stimulated construct shows significantly reduced mean wave speed of 1,599 ms−1 compared with the TGF-β-stimulated
counterpart, 1,644 ms−1.
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Figure 6 (See legend on next page.)
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suggest that TGF-β is driving differentiation more toward
a chondrocyte-like phenotype. Conversely, as was pre-
viously reported, GDF5 promoted ACAN gene expression,
and resulted in an increased ACAN-to-COL2A1 ratio
compared with TGF-β stimulation [17,18]. Although
stimulation of BM-MSCs with GDF6 resulted in a similar
response to that of GDF5, AD-MSCs stimulated with
GDF6 produced significantly higher levels of ACAN
and demonstrated the highest ACAN-to-COL2A1 ratio,
indicative of an NP-like phenotype. Importantly, this
gene-expression analysis (as assessed by using both
conventional and novel NP markers, as well as ACAN-
to-COL2A1 ratio) has shown that GDF6 promotes dis-
cogenic differentiation of both BM-MSCs and AD-MSCs,
with gene-expression changes being greatest in AD-MSCs,
suggesting that these cells may be more able to differen-
tiate to an NP-like phenotype.
Further to characterize these differences between the

differentiated cell populations and to ensure that changes
in gene expression were reflected at the protein level,
analysis of sGAG synthesis was assessed. Cells under all
conditions synthesized detectable levels of sGAG, with
significant increases in retained sGAG (normalized to
DNA) seen after TGF-β stimulation in both BM-MSCs
and AD-MSCs, and after both TGF-β and GDF6 stimu-
lation in AD-MSCs. A substantial amount of sGAG was
also released into the media by all cells, with significant
increases again being seen in both cell types after stimula-
tion with either TGF-β or GDF6. Whereas the majority of
newly synthesized sGAG was not retained within the
constructs, similar findings have been observed in other
comparable studies [19,34]. This may be due to the fiber
density of the matrix produced, with differences in col-
lagen synthesis or remodeling of the collagen hydrogel al-
tering matrix retention.
However, when total sGAG synthesis was analyzed and

normalized to DNA content, significantly more sGAG was
synthesized by AD-MSCs after stimulation with all three
growth factors, with AD-MSCs stimulated with GDF6 pro-
ducing the most sGAG. Interestingly, GDF5 did not result
in significant increases in sGAG synthesis in either cell
type, a finding that has been reported for BM-MSCs pre-
viously [18]. As with the gene-expression profile, DMMB
analysis revealed similar results after pellet culture, with
GDF6-stimulated BM- and AD-MSCs synthesizing the

largest amount of sGAGs. Interestingly, safranin-O staining
of the collagen constructs also highlighted differences,
whereas AD-MSCs stimulated with either TGF-β or GDF6
demonstrated more-intense safranin O staining than BM-
MSCs, supporting the DMMB analysis on retained sGAG.
Additionally, a homogeneous GAG distribution was

observed throughout the construct compared with the
more-focal/discrete staining in BM-MSC constructs.
Overall, given that GDF6-stimulated AD-MSCs produce
the highest levels of sGAG and the most homogeneous
matrix deposition, this cell type and stimulation may be
the more-appropriate choice for regeneration of the
PG-rich NP, whereas TGF-β may promote a more-
articular cartilage-like matrix.
Although the majority of studies to date have relied on

molecular and biochemical methods to characterize the
ability of tissue-construct systems to mimic the target
tissues, the micro- and hence macromechanical behavior
of the construct is likely to influence the efficacy of any
resulting therapy. Therefore, in this study, we quantified
the acoustic-wave speed [23] of tissue-construct cryo-
sections (which is proportional to the square root of the
material’s Young modulus (stiffness)) [35]. Having pre-
viously used SAM to localize age-related changes in vas-
cular stiffness [24], here we demonstrate that a refined
version of this technique (MLPA) is able to distinguish
cell- and cytokine-specific effects on the resultant micro-
mechanical behavior of tissue constructs. Furthermore,
these effects are in concordance with our other findings
that AD-MSC-seeded constructs treated with GDF6
showed decreased fibrillar collagen and increased pro-
teoglycan deposition when compared with their TGF-β-
treated counterparts.
AD-MSCs are thought to be better candidates for cell

therapy because of their ease of access, limited donor-site
morbidity, and high proliferation rate. Importantly, this
study demonstrated differences in regenerative potential
for IVD application between BM-MSCs and AD-MSCs,
with the data suggesting that AD-MSCs are more able to
undergo discogenic differentiation and produce an ap-
propriate PG-like matrix. It was previously reported that
AD-MSCs have a reduced capacity to differentiate to a
chondrogenic lineage compared with BM-MSCs [36] be-
cause of differences in receptor expression (specifically,
TGF-β receptor I [36]) compared with BM-MSCS. As

(See figure on previous page.)
Figure 6 Analysis of BM and AD-MSC response to growth-factor stimulation in pellet culture. Quantitative real-time PCR analysis of
gene-expression changes in (A), BM-MSCs and (B), AD-MSCs in pellets in the absence or presence of TGF-β, GDF5, or GDF6. Relative gene
expression was normalized to mean housekeeping-gene expression and cells without growth-factor stimulation and plotted on a log scale.
(C) Aggrecan-to-type II collagen gene-expression ratio in BM and AD-MSCs after culture in type I collagen hydrogels for 14 days with either no
growth factor, TGF-β, GDF5, or GDF6. Relative gene expression was normalized to mean housekeeping-gene expression and plotted on a log
scale. (D) DMMB quantification of sGAG content within pellets and cumulative release into media over 14 days normalized to DNA content of the
pellet at day 14. For all analyses, N = 3; data represent mean ± SEM. *P < 0.05.

Clarke et al. Arthritis Research & Therapy 2014, 16:R67 Page 11 of 13
http://arthritis-research.com/content/16/2/R67



such, the differential effects of the exogenous growth fac-
tors used here (with TGF-β stimulating more of a chon-
drogenic phenotype and GDF-6, an NP- like phenotype
and matrix) may be due to differences in cell-signaling
pathways despite all being members of the TGF-β super-
family. TGF-β3 is recognized by type II (TGFRII) and type
I surface receptors (ALK5, ALK1), which in turn facilitate
the Smad 2/3 signaling pathway.
Conversely, GDF5 and GDF6 use BMPRII, ActRIIa,

ALK3, and ALK6 receptors activating the alternative
Smad 1/5/8 pathway [37]. Activation of these distinct sig-
naling pathways may then lead to different downstream
signals, which may explain the more-chondrogenic nature
of TGF-β3 stimulation. GDF5 and GDF6 are 82% homolo-
gous in the highly conserved active C-terminal (mature
signaling) domain [38] and are thus likely to operate
by similar ligand/receptor interactions. However, recent
evidence reporting differential effects of these factors on
mouse calvarial osteogenesis [39] would suggest that these
growth factors may have distinct signaling effects, despite
similar receptor use, which could also account for the dif-
ferential effects seen here, although elucidation of the sig-
naling mechanisms is beyond the scope of this article.

Conclusion
The phenotype of differentiated cells, together with
the ECM composition and micromechanics of tissue-
engineered constructs, must be extensively characterized
to ascertain that an appropriately functioning tissue is
formed. In this study, we demonstrated differentiation of
MSCs to an NP-like phenotype and formation of appro-
priate NP ECM components. Interestingly, AD-MSCs
treated with GDF6 produced a less-stiff, PG-rich matrix,
which may be more indicative of the native healthy NP
ECM.
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