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Abstract 
	

Neck and low-back pain are major causes of disability leading to a 

serious socio-economic burden worldwide. The pathology is strongly correlated 

with the intervertebral disc degeneration (IVD). Disc degenerative disease 

(DDD) is described as lack of cellularity and transformation in the extracellular 

matrix (ECM) composition, which result in adverse changes in the IVD tissue. 

The lack of a full understanding of the aetiology underlying the DDD in the last 

decades has promoted the exploration of new tissue engineering approaches to 

restore the disc function by identifying new inflammatory molecular markers and 

signalling pathways to target the disc degenerative disease. Therefore, the 

ultimate goal of this thesis was to identify molecular markers and signaling 

pathways to develop an optimal anti-inflammatory platform using an ECM- 

mimicking injectable hydrogel that enhances the cell survival and boosts the 

synthesis and the deposition of the ECM to regenerate the annulus fibrosus (AF) 

tissue. It was hypothesised that high molecular weight HA (HMW HA) will act 

as an anti-inflammatory molecule by down-regulating IFNα signalling, 

enhancing cell survival by decreasing Interferon-induced Protein with 

tetratricopeptide repeat 3 (IFIT3) and IGF-binding Protein 3 (IGFBP3) as well as 

Caspase 3 and as a matrix modulatory by up-regulating the production of the 

matrix proteins such as aggrecan, collagen I (COLI) and hyaluronan and 

proteoglycan link protein 1 (HAPLN1). 

In the first phase of this thesis, Interferon α2β (IFNα2b) was identified as 

the most dysregulated inflammatory signalling pathway analysing a range of 

downstream molecular markers comparing a microarray data from degenerative 

and non-degenerative human annulus fibrosus tissue. Consequently, an injectable 

HMW HA hydrogel was developed and evaluated as an anti-inflammatory 

biomolecule in the second phase. The hyaluronan hydrogel was evaluated in 

bovine organ culture system to investigate its capability to act as anti-

inflammatory and to support extracellular matrix synthesis. In addition, this 

hydrogel has been further tested in an in vivo rat tail disc injury model to identify 

its anti-inflammatory and matrix modulatory properties in addition to its role in 

regulating the glyco-environment.  
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The results obtained in this study highlighted the significance of 

hyaluronan in reducing inflammation by down-regulating IFNα and its signalling 

molecules, interferon α receptor 1 (IFNAR1) and interferon α receptor 2 

(IFNAR2), signal transducer and activator of transcription 1 (STAT1), Signal 

transducer and activator of transcription 2 (STAT2) and janus kinase 1 (JAK1). 

In addition to down-regulating the anti-proliferative IGFBP3 and anti-apoptotic 

IFIT3 which resulted in lower caspase 3 expression. On the other hand, results 

have shown that annulus fibrosus ECM key components were up-regulated such 

as aggrecan, COLI and HAPLN1 which are major proteins contributing in the 

normal organization of the matrix. Hence, the glyco-environment of the IVD was 

evaluated as an attempt to recognise the influence of HA on the IVD glyco-

environment comparing to the healthy and injured tissue. A set of specific and 

selective lectins were used to distinguish the switch in glycans of AF in healthy 

tissue, inflammation and hyaluronan treatment. The major finding in this phase 

of the study was that all sialylation highlighting motifs were down-regulated in 

healthy and hyaluronan treated tissue in contrast to injured tissue. CS 

composition and quantity of chondroitin sulfates (CS) revealed a change in 

sulfation pattern of CS on day 7 and 28 where C0S was significantly up-

regulated on day 28 and similarly C4S on day 7. The results obtained from this 

thesis show that hyaluronan acts as an anti-inflammatory and matrix modulatory 

molecule in an animal model which is closer in disc dimensions and degenerative 

process to that of humans. 
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1.1 Introduction 

Low back pain (LBP) is a major cause of disability and is a serious socio-

economic burden [1-3]. It is experienced by 80% of the population worldwide 

and accounts for 13% of sickness absences [4]. LBP is common mainly in 

individuals who are between 20 and 50 of age [5]. According to the WHO, it is 

the most costly healthcare problem with stated annual treatment costs of $20 to 

$50 billion in the United States and £11 billion in the UK. In the United 

Kingdom, low back pain was recognized as the most common source of 

disability in young adults, causing a massive number of absences per year [6]. In 

the United States alone, 149 million work days absences were registered every 

year due to low back pain [7] that cost between US$ 100 to 200 billion annually 

from which two thirds is due to unproductivity and lost wages [8, 9]. 

Unfortunately, though the prevalence of LBP has increased over the last three 

decades current treatments do not always result in satisfactory outcomes [10]  

LBP is commonly linked to the degeneration of the intervertebral disc 

(IVD) [11, 12]. The abnormal cell- mediated response, the changes that occur in 

the extracellular matrix composition [13] and diminishing of biomechanical 

characteristics [14], which can be induced by abnormal mechanical loading [15], 

genetic predisposition and decreased cell activity [16] lead to gradual structural 

failure that identifies the degenerative disc disease (DDD) [17]. From the 

biochemical point of view, the cartilaginous end plate (CEP) undergoes 

calcification [18, 19] obstructing nutrient diffusion to the IVD[20]. Also, the 

increase in elastin concentration in the AF [21], and accelerated proteoglycan 

breakdown in the NP results in decreased disc height and decreased capability of 

the IVD to resist compressive mechanical loading [13]. Treatment of LBP that is 

a consequence of intervertebral disc degeneration (IDD), generally requires bed 

rest, physiotherapy and/or medication targeting pain such as oral or 

intramuscular administration of analgesic and anti-inflammatory drugs in the 

mild and moderate stages [22]. In chronic and severe cases, it usually 

necessitates invasive surgical interventions since IVD does not heal by itself 

[23] . 

Current treatment methods include conservative approaches by treatment 
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with medication (analgesics or steroids), physical therapy or surgical interference 

such as, discectomy, spine fusion, and total disc replacement [24]. The outcome 

of these conservative approaches is not always entirely successful and at the 

same time does not reveal the underlying biological problem [25], but are 

undertaken to achieve symptomatic relief by elimination of disc tissue.  Disc 

surgeries have been performed on every 62/100,000 patients in Switzerland and 

160/100,000 in the US [26].  

Tissue engineering approaches have been focused on treating the NP part 

of the disc more than the AF because it is believed that DDD originates in the 

nucleus pulposus (NP) region of the disc [27] due to the serious changes with age. 

Tissue engineering strategies are employed to constrain disc degeneration by 

delivering therapeutic agents including cells, growth factors and scaffolds into 

NP to reinstate the disc to its pre-degenerative state.  

1.2 Disc degenerative disease (DDD) 

1.2.1 IVD structure 

The spine is a fundamental and central part of the skeleton that protects 

the spinal cord, supports and enhances the mobility of the body. It is composed 

of 33 vertebrae sandwiching the 33 cartilaginous intervertebral discs, each one 

being approximately 8–10 mm in height and 4 cm in diameter. IVDs are 

considered as load-conducting units and major load-bearing elements, 

particularly during lateral and posterior shear, axial compression and flexion. 

The IVDs are grouped into five categories corresponding to their location: 7 

cervical, 12 thoracic, 5 lumbar, 5 sacral and 4 coccygeal vertebrae. Although the 

composition is nearly the same, the cervical discs are thinner than those of the 

lumbar discs. The IVDs provide plasticity to the spine and sustain compressive 

loads generated from body weight and muscle tension. The complex fibro-

cartilaginous IVD structure is divided into different sections: (1) nucleus 

pulposus (NP), (2) annulus fibrosus (AF), and (3) cartilage end plate (CEP)	[28]. 

The IVDs are found between the vertebral bodies that are covered on both sides 

by a thin sheet of hyaline cartilage and the cartilage end plates that connect the 

IVD tissue to the vertebral bodies (Figure 1.1) [29-31]. The central hydrophilic 
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tissue is called the nucleus pulposus (NP). The NP tissue demonstrates 

substantial viscoelastic characteristics that allow the distortion of the IVD under 

loading [32, 33]. The NP tissue is surrounded by the annulus fibrosus (AF) which 

is a fibrous tissue firmly attached to the vertebral bodies and cartilage end-plates 

(Figure 1) [30, 31]. This anatomical organization allows the AF to confine the 

vertebral movements, to transmit the loads between vertebrae and to conserve the 

pressure on the NP, while the NP provides flexibility to the structure [33]. 

Additionally, the AF is strengthened by the presence of the anterior and posterior 

longitudinal ligaments [30, 31]. 

1.2.2 IVD cell and extracellular matrix components 

The total cells that occupy the IVD is less than 1% of the entire disc 

volume and has a comparatively low cell density relative to other tissues [34].  

1.2.2.1 Annulus fibrosus and nucleus pulposus cells 

The AF tissue is constituted of highly organised concentric circles of 

collagen fibers that play two main mechanical roles, which are: retaining the 

pressure on the NP and conducting loads throughout neighbouring vertebrae[33]. 

- Cells of the annulus fibrosus   

The density of AF cells, described as fibroblast like (elongated, spindle 

shape), and derived from the mesenchyme [20] are approximately 9000/mm3 

[35]. However, there are variations in the cellular morphology depending on the 

different regions in the AF due to the native mechanical milieu [36]. Thus, like 

the cartilaginous end-plate cells, the cells of the inner AF (IAF) display a round 

shape “chondrocyte like” with cytoplasmic elongation analogous to that of the 

neighbouring NP cells. The cells of the outer annulus are elongated in shape 

similar to that of fibroblast [36, 37] “fibroblast-like” and are positioned parallel 

to the collagen fibril alignment [38].  

Cells of the AF are located on collagen fibers that are under mechanical 

stress exerted on the physiological tissue [39]. The number of cells in the AF is 

higher than that of the NP tissue with a greater density towards the outer AF 

(OAF) [35]. 
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Figure 1.1. Schematic of the anatomical structure of the intervertebral disc 

and the degenerated intervertebral disc. The nucleus pulposus (NP), a 

gelatinous structure, is enclosed by concentric collagenous fibrous ring, the 

annulus fibrosus (AF). The fibers of the AF are attached to the vertebral bodies 

and the cartilage end plates (CEP) link both vertebrae. 
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Although there are morphological changes between AF, NP and chondrocyte 

cells, no distinct markers have been identified to differentiate NP cells from AF 

cells [28]. However, some markers have shown higher relative expression by AF 

cells such as type I and type III collagens, cadherin 13, decorin, versican [40], 

type V collagen [40, 41], glypican 3 (GPC-3) and cartilage oligomeric matrix 

protein (COMP)	[40, 42] tenomodulin, TNF alpha induced protein 6 (TNFAIP6), 

forkhead box F1 (FOXF1), forkhead box F2 (FOXF2) and aquaporin [43] 

compared to NP cells and chondrocytes. Also, cytokeratin-19 [42], carbonic 

anhydrase 12 (CA-12) [44, 45], FOXF1 [44], matrix Gla protein (MGP) [41, 42], 

paired box 1 (Pax-1) [44] were expressed more in NP cells than in articular 

chondrocytes and AF cells. Growth differentiation factor 10 (GDF10) and 

cytokine like 1 (CYLT-1) were expressed more in articular chondrocytes [31]. 

Collin et al has recently shown very distinctive differences using lectin staining. 

It has been shown that immature NP cells had a greater expression of �-(2�6)-

linked sialic acid when compared to chondrocytes which was reversed upon 

maturity while no sialylation was found on the AF cells. On the contrary, AF 

cells showed high mannose expression that disappeared upon maturity	[46]. 

It has been shown that AF cells respond to chemokines, particularly C-X-

C motif chemokine ligand 10 (CXCL10) that recruit AF cells and enhance their 

migration towards the annular defect [47]. This shows a probability of self-

healing of AF that has been reported [48, 49]. This is supported by the presence 

of progenitor cells within the AF that show a potential to differentiate towards 

the mesenchymal lineage [50, 51]. Additionally, a study has shown the potential 

of AF cells to differentiate towards AF progenitor cells upon treatment with 

drugs [52]. 

 - Cells of the nucleus pulposus  

The NP is comprised of both notochordal and chondrocyte-like cells up to 

the age of 10. From the second decade of life, the notochordal cells start 

decreasing in number, and the NP maintains only the chondrocyte-like cells. 

What distinguishes the notochordal cells, which are derived from the notochord, 

from chondrocyte-like cells is their larger size [53], and large intracellular 

glycogen deposits that contain inadequately developed mitochondria that are 
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enclosed by the rough endoplasmic reticulum [54]. At the time when notochordal 

cells are seen with the chondrocyte-like cells in the NP, they regulate the 

biosynthetic activity of these chondrocyte-like cells by the secretion of signal 

factors and also by physical cell-to-cell contacts [55]. The major role of the 

notochordal cells is to maintain the metabolic homeostasis of the disc by 

balancing the production of ECM [56]. 

1.2.2.2 ECM of the annulus fibrosus and nucleus pulposus 

The extracellular matrix (ECM) in the disc contains proteoglycans mainly 

aggrecan, and collagen type II in the NP and collagen type I in the AF [57]. The 

total collagen composition in the annulus fibrosus is 80% including collagen II 

and III; however, compared to the NP, it only contains 20%	[58, 59]. Although 

there is collagen in the ECM of the annulus fibrosus, especially versican, this is 

mainly localized in between the lamellae with other proteins such as elastin to 

provide flexion or extension during movement	[60, 61]. We can find aggrecan in 

the mature disc both in the nucleus pulposus and annulus fibrosus, that contains 

chondroitin sulfate and keratan sulfate chains anchored to it	[62, 63]. The ECM 

metabolism is controlled by the equilibrium between the degrading enzymes 

such as matrix metalloproteinases (MMP)s, aggrecanases  a disintegrin and 

metalloproteinase with thrombospondin motifs family (ADAMTS) and their 

inhibitors, tissue inhibitor of metalloproteinases (TIMP)s [64]. 

1.2.3 Intervertebral disc degeneration 

It is hard to differentiate disc degenerative disease from the normal 

course of IVD ageing since so far there are no distinct morphological or 

biochemical markers identified to help distinguish between the two processes	
[65]. The mature human disc usually contains a very small number of nerves on 

the outer AF only [66]. However, increased innervation of the disc due to 

degeneration has been reported by many groups [67-69]. Intervertebral disc 

degeneration is not only accompanied by innervation, but also by degradation of 

the matrix and loss of proteoglycan specifically in the inner AF and the NP 

regions [13]. The loss of proteoglycans, particularly the aggrecan, leads to the 

dehydration of the disc, failure to absorb mechanical loading [70]; thereby, 

leading to the innervations that result in discogenic back pain [68]. Supportive 
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evidence comes from research by Johnson et al who verified that human 

intervertebral disc aggrecan prevents nerve growth and repels sensory nerves, 

and that this inhibitory outcome is dependent on the extent to which the aggrecan 

is chondroitine sulphate (CS) or keratane sulphate (KS) glycosylated. Moreover, 

the aggrecan in the AF had greater inhibitory effects on nerve ingrowth than the 

ones from NP, while when both types were deglycosylated they failed to repel 

nerves [71]. The amount of aggrecan which is hyaluronan-aggregating is higher 

in the AF tissue than in the NP [72]. The degree of CS or KS glycosylation in 

aggrecan is disturbed during the degenerative process and this leads to more 

innervations due to higher KS concentration than CS in the degenerated and 

aging disc [73]. There are several proteins in the ECM that enhance innervations 

such as, laminin, fibronectin, and type IV collagen which are normally found in 

blood vessels and the basement membrane [74, 75]. Nevertheless, the 

proteoglycan, present in the mesenchyme, cartilage and central nervous system, 

inhibits the nerve growth upon injury or trauma [76-79]. 

1.3 Nucleus pulposus and annulus fibrosus markers in disc degeneration 

1.3.1 Nucleus pulposus markers 

Recently, the focus of tissue engineers has been on identifying molecular 

markers both for healthy and degenerated NP and AF for better targeting with 

different therapies including biomaterials and biomaterial encapsulated stem 

cells bone marrow derived mesenchymal cells and adipose derived mesenchymal 

cells (BM-MSC and AD-MSC). One study showed human healthy NP novel 

markers PAX1, which was also identified in young adult mice IVD [80], (CA-

12), and	hemoglobin subunit beta (HBB) that were compared to human healthy 

articular cartilage (AC) markers and found that PAX1 was significantly 

differently expressed. The same study identified novel human AC markers 

GDF10 and CYTL1 as well which were 100 times up-regulated more in AC 

compared to NP [44] which, with integrin binding sialoprotein (IBSP) and 

fibulin 1 (FBLN1) identified from bovine studies [43], might function as 

negative markers for the NP. Nevertheless, various inflammatory markers were 

identified in the NP that are illustrated in the (Table 1.2). 
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1.3.2 Annulus fibrosus markers 

Chemokine (C-C Motif) Ligand 2 (CCL2), which is also known as 

monocyte chemotactic protein 1 (MCP-1), is a chemokine that acts as second-

order cytokine that might have specific functions in inflammatory disease. This 

was identified in the human herniated and non herniated annulus fibrosus which 

was also quantified following IL-1B and TNFα treatments in three dimensional 

culture systems showing the cells isolated from grades II-III respond to IL-1B 

more than to TNFα, resulting in higher expression which was the same pattern of 

expression for cells isolated from grades IV-V [81]. Many other inflammatory 

markers and signalling pathways were identified in the AF which are 

summarised in (Tables 1.2 and 1.3). 

- Interferon signalling and cell death 

Interferons (IFNs) were originally identified by their antiviral properties 

around half a century ago	 [82]; however, nowadays IFNs are better known for 

their specific cellular functions such as inhibiting cell proliferation and 

angiogenesis, inducing cell differentiation, and controlling the immune system 

[83]. Type I IFNs are composed of IFNα proteins, which include homologous 

proteins encoded by 13 different genes in humans, IFNA1 - IFNA13, IFNβ 

encoded by a single gene in humans and mice, IFNB1 and other, less examined 

IFNs, such as IFNε, IFNκ and IFNω [84, 85]. Following the activation of pattern 

recognition receptors (PRRs), type I IFNs are secreted by different cells. PRRs 

including toll like receptors (TLR), and C-type lectin domain family 9 member A 

(CLEC9A) are stimulated by viral or bacterial constituents and by DNA and 

RNA fragments found in cytosol and extracellular space [86].  

Type I IFNs signal via homodimers of IFNAR1, which have a specific 

high affinity for IFNβ, or heterodimers of IFNAR1–IFNAR2, which can bind all 

type I IFNs. The binding of type I IFNs to the IFNA receptors trigger signalling 

cascades, which lead to the induction of more than 300 IFN-stimulated genes 

(ISGs) some of which are responsible for viral interventions [87-90]. IFN 

production can be augmented by a positive feedback loop, which includes the 

transactivation of interferon regulatory factor 7 (IRF7) and interferon regulatory 

factor 8 (IRF8) due to signalling of IFNα/β through IFNA receptors. What might 
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induce the production of type 1 IFNs in vivo is the immune response, which is 

triggered by danger signals, released due to cell death that can activate antigen-

presenting cells APCs	[91, 92].  Since they are known of their anti-proliferative 

effect, IFNs were introduced as a treatment for different medical conditions 

including viral, tumour, and neurological disorders [93]. Interferon β (IFNβ) and 

autocrine type I interferon signalling are known by their ability to promote cell 

cycle arrest and apoptosis	[94, 95].  

Recently, ISGs interferon induced protein with tetratricopeptide repeats 1 

(IFIT1), interferon induced protein with tetratricopeptide repeats 2 (IFIT2), 

interferon induced protein with tetratricopeptide repeats 3 (IFIT3) as well as 

insulin like growth factor binding protein 3 (IGFBP3) were found up-regulated in 

the AF of the degenerative human discs	[96]. This might lead to AF cell growth 

arrest through the anti-proliferative IFIT3 and to apoptosis via the pro-apoptotic 

IGFBP3, which negatively regulate the cell cycle and induce apoptosis of the 

cells directly or indirectly [97-100]. The mechanism through which IFIT3 might 

exert its anti-proliferative effect is by increasing the expression of cyclin-

dependent kinase inhibitors, such as CDKN1A (P21) and CDKN1B (P27) that 

interact with cyclin-CDK complexes in the G1 phase of the cell cycle and 

prevent the cell from progressing into the S phase [97]. This, in turn, prevents 

cell proliferation. IFNA can also induce IGFBP3 through STAT1 by unidentified 

mechanisms that have IGF-dependent and independent anti-proliferative effects 

and IGFBP3 direct or indirect pro-apoptotic signalling effects [98-100]. IGFBP3 

is an important regulator of IGF bioavailability that interferes with IGF function 

and has recently been associated with the pathogenesis of osteoarthritis [101]. 

Besides, an IGFBP3-induced indirect effect is to sensitise the cells to cytokine 

mediated apoptosis signalling including TNFA and IFNG signalling [102, 103]. 

1.4 Model systems used to study disc degeneration 

1.4.1 In vitro - cell culture studies 

This method is characterised by its simplicity, since it involves the simple 

monolayer culturing of cells to check the effect of the different treatments and 

therapeutics [167-173]. Though it is simple, it has disadvantages in checking the 
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effect of certain treatments on monolayer cell cultures, which is considered non-

physiologic and different from the actual tissues because it lacks the three 

dimensional system that provides the cells with extracellular matrix with 

minimal cell-to-cell interaction. This is why attempts were made to use different 

biocompatible biomaterials (Table 1.3) to seed cells in a three dimensional 

culture mimicking the disc tissue conditions. Biomaterials used to culture disc 

cells include aggarose and collagen gels [174, 175], calcium alginate as 

microspheres [53, 176], gelatin, chondroitin-6-sulfate, fibrin-collagen co-

polymer, fibrin polyglycolic acid and hyaluronan which are illustrated further in 

(Table 1.3). The previous studies helped in better understanding of the survival 

of the AF tissue in the different biomaterials used which aided in the choice of 

hyaluronan as our therapeutic hydrogel because of its compatibility to the IVD 

matrix as in addition to its anti-inflammatory effect. 

Table 1.1. The signalling pathways activated identified in the degenerated 
intervertebral disc. 

Signalling Pathway Part of IVD Ref. 
 

Fibroblast growth factor 
(FGF) 
 

NP, AF [104-106] 

Hypoxia-inducible factor 
(HIF) 
 

NP [107-109] 

Interferon alpha signalling 
canonical pathway (IFNα) 
 

AF [96] 

Mitogen-activated protein 
kinase (MAPK) 
 

NP, AF [110-116] 

Nerve growth factor (NGF) 
 

NP, AF [117-122] 

Nuclear factor kappa β (NFK- 
β) 

NP, AF [123-127] 

Notch signalling (NOTCH) NP, AF [128] 

Protein kinase C (PKC) NP [129, 130] 

Hedgehog signalling (Shh) NP [131, 132] 

Wnt signalling pathway (Wnt)  NP, AF, EP, GP [133-137] 
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Table 1.2. Inflammatory biomarkers identified in the annulus fibrosus and 
nucleus pulposus. 

Inflammatory 
Biomarker 

Condition Localisation Ref. 

ADAMTS1 

Degenerated IVD, 
discogenic pain, herniation, 
protrusion, extrusion, 
spondylosis, scoliosis, 
sciatica 

 

NP and AF [138-141] 
ADAMTS4 
ADAMTS5 
ADAMTS9 
ADAMTS15 
 
BFGF 
 

IVD cells and 
infiltrating cells 

[142] 

COX-2 
 

[143] 

CD20, CD45RO, 
CD68 
 

[144] 

ICAM-1 (CD54) 
 

[145] 

IL-1β 
 

[146-151] 

IL-1α 
 

[146] 

IL-1 α, IL-1R α, 
IL-1RI, and ICE 
 

[149] 

IL1-Rα, NO 
 

[146] 

IL-6 
 

[146-148, 151-
153] 

 
IL-8 [147, 148, 151, 

152, 154] 
IL-12, IL-17, 
IFNγ 
 

[155] 

IL-17A 
 

[156] 

IL-20 
 

[157] 

IL-10, TGFβ, 
RANTES 
 

[154] 

IL-16, CCL2, 
CCL7, CXCL8 
 

[158] 

IL-15, IFNγ, 
CXCL9, TLR-2, 
TLR-4, MCP-3 
 

[152] 

IFNα, IFNα2β IVD cells and 
infiltrating cells 

[96, 159] 
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Inflammatory 
Biomarker 

Condition Localisation Ref. 

MCP-1 Discogenic pain, scoliosis, 
sciatica, extrusion, 
sequestration 

 [152] 

MMP1, and 
MMP13 

 
Degenerated IVD 

MMP1 inner AF 
and NP, 
MMP13 in NP  

[119, 146, 149, 
160] [138-141, 

161] 

MMP2 and MMP 
9 

MMP2 mostly 
inner AF and 
NP. MMP9 AF 
and NP 

MMP3 and 
MMP10 

MMP3 mostly 
NP. MMP10 NP 

MMP7 NP and inner 
AF 

MMP19 NP and AF [162] 

NGF Discogenic pain 

IVD cells and 
infiltrating cells 

[119, 152] 

NO Degenerated IVD, scoliosis [145, 147, 153, 
160] 

NOTCH Protrusions [163] 

PGE2 Discogenic pain, sciatica, 
degenerated IVD, scoliosis 

[146, 153, 160] 

RANTES Discogenic pain [148] 

Substance P Myelopathy and 
radiculopathy 

[119, 146, 151] 

TNFα Discogenic pain, sciatica, 
degenerated IVD, 
extrusion, sequestration 

[119, 143, 146, 
150, 152, 154-
156, 164-166] 

TGFβ1 Discogenic pain, scoliosis, 
sciatica  

[142, 152] 

 

 

 

 

 

 

 

 

 

 



Introduction 
	

	15 

1.4.2 Ex vivo - organ culture studies   

The organ culture technique was devised in 1993 by Oshima et al	 [177] 

who tested the suitability of bovine coccygeal discs for the study of the 

intervertebral disc metabolism. This technique is considered useful for evaluating 

the effect of several drugs and biomaterials before applying them in vivo in small 

and large animal models[178-186]. Newly established therapeutics to treat 

intervertebral disc degeneration and relieve discogenic back pain must pass 

through a necessary series of assessments prior to human trials. The 

intervertebral disc degeneration models have serious limitations [187] which 

means none provide the perfect testing conditions. Certain assessments, such as 

cytotoxicity, can be tested on cell cultures. However, disc cells isolated from 

their normal extracellular matrix have an entirely different size and phenotype 

from the ones retained inside it	[188]; Therefore, the ex vivo models reflect the in 

vivo environment of the disc better than the isolated cell culture models. 

Although the use of the ex vivo models will not exclude the use of animal in vivo 

models, they are capable of testing several hypotheses and of reducing the 

number of the animals to be used for such studies. 

Because of their size (area approximately 430 mm2, and volume 3,376 mm3), 

resting pressure (0.2–0.3 MPa) [177], composition similarity with comparable 

hydration, collagen and proteoglycan contents and similar rate of synthesis to 

human lumbar discs	 [177, 189], bovine caudal discs have been utilised as first 

candidate for deciphering intervertebral disc degeneration and potential 

therapeutics for regeneration [183, 184, 186, 190-193]. Other animal models 

have been utilised such as porcine and goat models [194-196]. 

1.4.3 In-vivo animal models  

Because studying disc degenerative disease on human specimens is 

difficult due to of the ethical restrictions as well as different factors including 

mechanical stress, inflammation, smoking, nutrient loss, and aging [29], reliable 

animal models were a must. Therefore, different animals have been used 

including mouse, rat, rabbit, dog, sheep, pigs, goats and apes despite the 

differences in different anatomy, tissue composition, development and 

mechanical properties. These in vivo models have been used to answer questions 

on the pathophysiological changes in host tissue as well as for testing different 
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therapeutics. Rodent tails have been extensively used to study the disc 

degeneration process as they are easily accessible and there is no interference 

with other normal physiological functions and minimal interference to the 

surrounding tissue [197-208]. Also the usual age of the rats used is 12 weeks old 

when they have reached 90% of skeletal maturity [209] and have lost their 

notochordal cells in the NP tissue. Two disc degenerative models are available to 

induce and study the disc degenerative process in animals: one is the puncture 

model [210, 211] which includes trauma leading to activation of inflammatory 

cascades. The other is the mechanical loading model [203] which does not 

involve trauma leading to matrix degradation and apoptosis resulting in disc 

degeneration [197].  

In a rat tail static compression disc degenerative model, Yurube et al 

induced static compression using Ilizarov-type apparatus, which was first used 

by Latridis et al in 1999 [212], on the coccygeal discs C8-9 of the rat tail 

inducing pressure on the C9-10 disc where C10-11 was not loaded. In their 

investigations, it was seen that rat tail disc static compression leads to the loss of 

notochordal cells starting day seven in a time-dependent manner until day 56. In 

addition, it was seen that there is transient activation of the extrinsic apoptotic 

pathway in both NP and AF at day seven which gradually decreases; at the same 

time the intrinsic mitochondrial pathway keeps constantly activated until day 56 

[213].  ECM turnover under static pressure has been somewhat elucidated by the 

up-regulation of MMP-2, MMP-13 and TIMP-1 [214-216]. In similar 

experiments, it was shown that static compression on the rat tail discs causes 

imbalances in the MMPs, ADAMTS and TIMPs[203]. 

1.5 Hyaluronic acid (HA) 

HA, which was isolated in 1930s [217], interacts with different receptors 

and ECM proteins. It is a unique non-sulfated glycosaminoglycan in the ECM, 

unlike the other sulfated glycosaminoglycans available in the matrix such as CS, 

dermatane sulphate (DS) and KS [218, 219]. It is widely used clinically in the 

treatment of osteoarthritis and rheumatoid arthritis as well as in tissue 

engineering research[220-225]; however, its function still is not totally unveiled.          
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Figure 1.2. Symbolic representation of hyaluronan. Hyaluronan is composed 

of repeated units of disaccharides N- acetylglucosamine (GlcNAc-β1-4) and 

glucuronic acid (GlcA-β1-3) represented according to the international symbol 

nomenclature [226].	

1.5.1 Structure and synthesis of hyaluronic acid  

HA chains are constituted of repeated disaccharide units of glucuronic 

acid GlcA-β(1→3) and N- acetylglucosamine GlcNAc-β(1→4) (Figure 1.2) 

[218, 227]. HA synthesis does not occur in the golgi apparatus as in the other 

glycosaminoglycans, but at the surface of the cytoplasmic membrane by the 

enzyme of hyaluronan synthases (HAS). There are three different forms of the 

HAS transmembrane proteins that are activated by different growth factors and 

fabricate HA with various degrees of polymerization and stability; however, the 

specific role of these enzymes remains unclear [218, 228].  It is worth noting that 

HAS1 and HAS2 secrete high molecular weight (HMW) forms of HA (2x106 - 

4x106Da), while HAS3 synthesise low molecular weight (LMW) HA chains 

[228]. HAS enzymes are regulated through miRNA [229] and growth factor 

expression such as TGF-β [230]. HA is a simple polymer that does not undergo 

sulfation or epimerization as the other GAGs do. Upon synthesis, HA is secreted 

through the plasma membrane onto the cell surface or in the ECM due to its large 

size [218, 228]. It is estimated that a mature human body includes 15g of HA of 

which one third is turned over on a daily basis through receptors intermediated 

endocytosis and lysosomal degradation in the tissue or through lymph nodes 

transported via lymph or through the liver transported via blood vessels [217]. 

The synthesised high molecular weight HA that is a large polymer of the matrix 

is approximately 106- 107 Da in size [231-233].		 

1.5.2 HA turnover 

Apart from daily HA turnover, following pathological conditions, 

including tissue injury and remodelling, there is HA turnover by different ways: 

1. Degradation of HA by free radicals under oxidative stress conditions, 2.  



Introduction 
	

	18 

Internalization of HA and breaking it down, 3. Removal of HA from tissues by 

the vasculature and the lymphatic system	 [219]. HA is removed by the lymph 

node cells and liver by specific receptors such as lymphatic vessel endothelial 

hyaluronan receptor 1 (LYVE1), CD44 and hyaluronan receptor for endocytosis 

(HARE1) from which HARE1 is considered the main receptor through which 

HA is removed via the lymph and vasculature [217].Only when HA cannot be 

removed through the vasculature and lymphatic systems, it is internalized and 

degraded	 [219, 263]. In this event, formerly HA interacts with HA-receptors 

(layilin, CD44, receptor of HA-mediated motility (RHAMM)) then cleaved via 

hyaluronidase-2 (HYAL-2) [219, 230, 263]. Moreover, this will be followed by 

digestion via N-acetylglucosaminidases and N-glucuronidases to entirely break 

down the glycan into monosaccharide unit	[263]. 

1.5.3 The role of HMW and LMW HA in the disc microenvironment 

The size of HA molecules plays a key role in its structural and biological 

activities [219, 264, 265]. In the tissues, HA binds to a family of proteins 

including receptors such as CD44, RHAMM known as hyaladherins, and also to 

ECM proteins including link N-protein, aggrecan, versican, bervican, neruocan 

and TSG-6 [219, 266, 267]. These interactions are fundamental for the 

functioning of HA in cell-to-cell communication, signalling, migration and 

morphogenesis [230, 266]. 

HA’s key role is recognized by its HMW structural form. HA is an 

osmotically active molecule because it is highly negatively charged and able to 

bind 10 to 10,000 times its weight water	[222, 228, 229, 268]. Because of its high 

volume in its hydrated state, it fills space, absorbs shocks and also acts as a 

lubricant [268, 269].  

HMW HA, which is widely used in the clinic in osteoarthritis, is very 

well known for its anti-angiogenic, anti- inflammatory, immunosuppressive and 

analgesic effects[270-272]. These effects are ascribed to the potential of HA to 

bind to specific receptors such as CD44 and RHAMM on the surface of the cells 

and prevent inflammatory molecules and cells from interacting with certain 
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       Table 1.3 In vitro strategies reported in the literature for repair of the annulus fibrosus 

Treatment 
 

Cells Species Objectives Outcome Ref. 

Type I collagen + 
glycosaminoglycan 
(GAG) scaffold 

 

AF  Canine • To determine the nature of the 
proteoglycans synthesised by canine AF 
cells cultured and encapsulated in a type I 
collagen-glycosaminoglycan scaffold 
used for tissue regeneration. 

• Three populations of proteoglycans (PGs) with 
different sizes were synthesised. 

• 60% out of the newly synthesised PGs were 
able to aggregate with hyaluronan. 

• AF cells in scaffold produced more PGs than 
cells in monolayer cultures. 
 

[234] 

Alginate beads 

 

AF and NP  Rabbit • To study the viability of rabbit NP and 
AF cells in alginate by analyzing the 
turnover of the matrix produced by the 
cells. 

• To identify the metabolic properties that 
might help in understanding the 
mechanisms of disc degeneration. 

• Both cell types maintained their phenotype 
within the alginate beads. 

• AF cells remained as single cells while NP 
cells had arranged themselves in cell clusters. 

• AF cells in the alginate beads synthesised 
much more proteoglycan rich matrix than the 
NP cells. 
 

[235] 

Alginate beads 

 

AF and NP  Rabbit • To test the effect of low intensity 
ultrasound stimulus on IVD cell 
proliferation and proteoglycan synthesis. 

• Ultrasound stimulated both NP and AF cells. 
• Both NP and AF cells significantly increased 

the proteoglycan production at intensities more 
than 30mW/cm2. 

• DNA content in both AF and NP cells was 
significantly increased at intensities 7.5 and 
15mW/cm2. 
 

[236] 

Polyglycolic and 
polylactic acid 
scaffold used for 
AF cells. 2% 
alginate for NP 

AF and NP  Sheep and 
mice 

• To construct an intervertebral disc with 
annulus fibrosus and nucleus pulposus 
cells seeded on polyglycolic acid and 
calcium alginate composite. 

• After 12 weeks histological and biochemical 
analysis showed similarities to native IVD. 

• The size and shape of the scaffolds were 
similar to native IVDs. 

• There was a significant up-regulation of 

[237] 
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Cells Species Objectives Outcome Ref. 

cells proteoglycan in the NP  
• The composite collagen content was found 

10% of that of native NP. 
 

Chitosan 
formulations; 
Chitosan-
glycerophosphate, 
chitosan-
glycerophosphate-
hydroxyethyl 
cellulose and 
chitosan-genipin 

AF and NP  Bovine • To evaluate the chitosan-based hydrogels 
as reservoirs for the intervertebral disc 
cells and enhancer of extracellular matrix 
formation similar to that of a native IVD. 

• 60% of total proteoglycan was retained in the 
scaffolds, compared to 8-12% in native tissue 
after 20 days. 

• NP cells behavior was not affected by the 
nature of chitosan formulation. 

• AF cell viability was diminished within the 
different types of chitosan. 

[238] 

Silk  AF  Bovine • To evaluate AF tissue formation by 
seeding bovine AF cells in large pore size 
silk scaffolds. 

• AF tissue formation was found with more cells 
and significantly more matrix by dynamic 
culture than that of static culture.  

• Of the following scaffold pore sizes 200, 600, 
and 1000-microm), 600 microm pore size 
scaffold showed the most uniform tissue 
distribution. 

• The amount type I collagen was greater in the 
600 micron pore size. 
 

[239] 

Silk AF  Porcine • To mimic the anatomical morphology and 
to restore the mechanical and biological 
functions of the AF using lamellar silk 
scaffold. 

• The lamellar silk scaffolds resulted in 
formation of an AF-like tissue in vitro. 

• The lamellar scaffold showed better ECM 
production and AF tissue function in 
comparison with the porous scaffold.  

• The seeded porcine AF cells in the lamellar 
silk scaffolds maintained the phenotype of AF 

[240] 
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Cells Species Objectives Outcome Ref. 

tissue. 
Collagen I and 
hyaluronan 
scaffold 

AF  Bovine • To evaluate the effect of the collagen I 
and hyaluronan scaffold in IVD tissue 
regeneration with and without growth 
factor stimulants. 

• No significant differences between the AF and 
NP in synthesizing the ECM comprising of the 
aggrecan, collagen and leucine rich 
proteoglycans. 

• With both cells types TGF- β1 was the most 
optimal one to induce ECM synthesis. 

• The combined results of the	TGF-β1 and bFGF 
was better than the TGF- β1 alone. 
 

[241] 

Electrospun poly-
ε-caprolactone 

AF  Murine • To evaluate an electrospun poly-ε-
caprolactone construct function 
constituting of anatomically similar fibers 
for AF tissue engineering. 

• Spindle shaped cells aligned along the fibers 
• sGAG and collagen content up-regulation was 

observed in the cultures. 
 

[242] 

Bone matrix 
gelatin 
(BMG)/poly 
(polycapro-lactone 
triol malate) 
(PPCLM) 

Chondrocytes Rabbit • To evaluate the capability of a biphasic 
elastic scaffold composed of an outer 
ring-shaped demineralized bone matrix 
gelatin (BMG) and inner layer of 
poly(polycaprolactone triol malate) 
(PPCLM) orientated in concentric sheets 
and seeded with chondrocytes to simulate 
the annulus fibrosus (AF) tissue of the 
IVD. 

• BMG incorporation into the scaffold enhanced 
the compressive strength compared with 
PPCLM alone. 

• Cells proliferated in the scaffold (at 4 weeks). 
• Production of type II collagen and aggrecan 

could be detected in both parts. 

[243] 

Type I 
atelocollagen  
honeycomb-
shaped (ACHMS) 
scaffold with 
unidirectional 
pores, surrounded 
by a membrane 
seal (type I 

AF  Rabbit • To identify the suitability of the 
atelocollagen honeycomb-shaped scaffold 
with a membrane seal (ACHMS-scaffold) 
for annulus fibrosus repair. 

• After three weeks in vitro cultures, results 
showed that the cells maintained their 
phenotype and the scaffolds had become filled 
with a matrix rich in GAGs. 

• At 12 weeks, increased cell proliferation and 
production of ECM was found in the cell-
containing scaffold in vivo than in vitro. 

[244] 
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Cells Species Objectives Outcome Ref. 

collagen) 

Polyamide 
nanofibers  

AF  Human • To assess cell attachment, proliferation, 
and ECM production of human 
intervertebral disc annulus cells seeded on 
electrospun polyamide nanofibers. 

• Cells attached well and showed cell extensions 
on the nanofiber layers.  

• Cells cultured on the charged nanofibers 
deposited more chondroitin sulfate than type II 
collagen than cells cultured on the uncharged 
nanofiber surface. Proteoglycan deposition was 
more on the charged nanofibers. 

• Cell proliferation was not affected. 
 

[245] 

Fibrin-genipin AF  Human • To study the potential of a fibrin genipin 
(FibGen) crosslinked gel with cell 
adhesion molecules (CAMs), fibronectin 
and collagen as an AF sealant. 

• The results show that CAM incorporation into 
the fibrin genipin increases AF cell 
proliferation; however, has a similar adhesive 
strength, gene expression, and cytomorphology 
as fibrin alone. 

• FibGen gels endured higher shear stiffness 
compared with fibrin alone, were more stable, 
and had a slower degradation rate in vitro. 
 

[246] 

Fibrin-genipin 
(FibGen)+ hollow 
spheres (CHS) 

AF  Human • To identify if fibrin-genipin (FibGen) 
with collagen type I hollow spheres 
(CHS) can act as a drug-delivery reservoir 
for infliximab. 

• Fibrin showed quick infliximab drug release 
though degraded quickly.  

• CHS alone resulted in a sustained infliximab 
release.  

• Genipin cross-linked fibrin results showed 
decreased levels of infliximab release which 
was increased after loading with higher drug 
concentrations.  

• Infliximab in CHS delivered within FibGen 
was only released after enzymatic degradation 
of FibGen.  

[247] 
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• The released infliximab throughout the 
experiments over 20 days kept its bioactivity, 
this was confirmed with the continuous 
reduction of interleukin (IL)-1β, IL-6, IL-8, 
and TNFα concentrations. 
 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	

	

24 

Introduction 

							 Table 1.4 Ex vivo strategies for repair of the annulus fibrosus. 

Treatment 
 

Cells Species Objectives Outcome Ref. 

PTMC+PU 
scaffold 

MSCs Bovine  • To assess the suitability of PTMC+PU 
scaffold sealing method for annulus 
fibrosus repair. 

• PTMC+PU restored the disc height and 
prevented the nucleus pulposus herniation. 

• Up-regulation of type V collagen gene 
expression in AF. 

• MSCs enhanced up-regulation of COL2 and 
down-regulation of MMP13. 

[248] 

BMSCs injection BMSCs Bovine  • To assess the viability of native and 
injected BMSCs in cryopreserved disc. 

• To evaluate proteoglycan and matrix 
protein gene expression under loading 
conditions. 

• 40% of the cells were viable in the NP and IA 
and 30% in the OA at day 7. 

• Native cell viability was not affected by BMSC 
injection. 

• BMSC injection did not show any significant 
up-regulation of Col2a1. However, Acan 
expression was significantly up-regulated in 
discs with C1 BMSC injection compared to the 
sham. 

[249] 

Fibrin-Genipin Without cells Bovine 
model and 
in vivo rat 
model 

• To evaluate the effect of Fib-Gen gel on 
large AF defect repair using a large 
animal organ culture model.  

• To assess the biomechanical repairing 
properties of the Fib-Gen in situ, utilising 
bovine motion segment testing with both 
axial and torsional loading. 

• Fib-Gen could seal AF defects, restored IVD 
height, and was well maintained in AF tissue 
after 14,000 cycles of compression in 6-days in 
the organ culture experiments.  

• Fib-Gen also maintained the native AF cells 
viable near the repair site, down-regulated 
nitric oxide, and increased AF cell migration 
into the gel. 

• Biomechanically, Fib-Gen completely restored 
compressive stiffness to the intact levels in the 
organ culture. However, only partial restoration 
of tensile and torsional stiffness was achieved. 

[250] 
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Cells Species Objectives Outcome Ref. 

TGF-β3 or TGF-
β1  

Without 
Cells  

Rat  • To develop an in vitro rat intervertebral 
disc organ culture to assess the effects of 
TGF-beta 3 on disc cell function and 
maintain the phenotype viability of the 
disc cells. 

• Phenotype was preserved after 1 week. 
• TUNEL assay showed no dead cells. 
• Increased activation (phosphorylation) of ERK. 
• TGF-beta3 up-regulated the expression of 

matrix genes, enhanced synthesis of 
proteoglycans, preserved the expression of 
TGF-beta receptors, and down-regulated 
aggrecan degradation. 

[251] 

High molecular 
weight hyaluronic 
acid (HMW HA) 

Without 
Cells 

Bovine  • To study the anti-inflammatory and the 
matrix modulatory effects of HMW HA. 

• HMW HA showed an anti-inflammatory role 
by down-regulating the signalling molecules of	
IFNα2β as well as IGFBP3 and IFIT3. 

• HMW HA could up-regulate the matrix 
proteins such as collagen 1 and aggrecan. 

[252] 

Platelet-rich 
plasma (PRP) or 
platelet lysate 
(PL)-25 % PRP, 
50 % PRP, 25 % 
PL, 50 % PL 

AF  Bovine  • To investigate if platelet-rich plasma 
(PRP) or platelet lysate (PL) might be 
used for annulus fibrosus (AF) repair. 

• At day four, there was a significant up-
regulation in the DNA content in all groups. 

• In general, all groups showed elevated GAG 
production, with the highest amount in the 50% 
PL treatment.  

• No significant differences in collagen I and II 
expression between the groups. 25% PL 
treatment showed higher expression of 
aggrecan, decorin, and versican. 

• PRP injection into AF defects resulted in an 
increased matrix synthesis.  

[253] 

Alginate–collagen 
composite porous 
scaffold 

AF and 
MSCs  

 

Bovine • To assess the effect of the scaffold on AF 
cell migration and viability in the scaffold 
in vitro and in an organ culture model. 

• To assess the viability of MSCs in the 
scaffold in vito and ex vivo. 

• The AF cells preserved their phenotype and 
capability of migration in the alginate-collagen 
scaffold compared to the alginate scaffold only. 

• The MSC were viable in the scaffolds up to 
five weeks and were able to increase matrix 

[254] 
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 synthesis (collagen I) that was observed by 
increase in the secretion of TGF-β3. 
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      Table 1.5 In vivo strategies for repair of the annulus fibrosus. 

Treatment 
 

Cells Species Objectives Outcome Ref. 

Glucidyl metachyl 
ate-HA (GM-HA) 
and HA- collagen 
based free matrix 

 

Without 
Cells  

Porcine 
model 

• GM-HA was obtained by polymerisation 
by UV light in presence of porcine 
collagenous tissue, Irgacure 2959 and 
vinyl caprolactam. 

• The hydrogel was injected after 
nucleotomy in porcine IVD. 

• Histological analysis was performed after 
injection of the hydrogel to assess 
degeneration score and inflammatory 
response. Further investigations of the 
inflammatory response were performed 
by gene expression. 
 

• Nucleotomy with a 16G needle induced the 
degeneration of the IVD. 

• Some inflammatory responses to the material 
were observed.  

• This inflammation caused further annular 
scarring. However, the hydrogel was reported 
as preventing re- herniation. 

[171] 

rhBMP-2 injection Without 
Cells 

Rat  • To evaluate the regenerative effect of 
rhBMP-2 injection in a disc degenerative 
model in rats 2, 4, and 6 weeks post-
puncture 
 

• Four weeks post-puncture rhBMP-2 injection 
induced an improvement in disc grade by MRI 
and enhanced chondrogenic differentiation. 
 

[255] 

Riboflavin 
crosslinked high-
density collagen 
gel 

Without 
Cells 

Rat  • To test the capability of riboflavin 
crosslinked high-density collagen gel to 
repair the annulus fibrosus defects in a 
needle-punctured rat-tail disc injury 
model at 2, 5 and 18 weeks. 

• High-density crosslinked collagen I combined 
with riboflavin is capable of repairing the 
annular defects induced by needle puncture in 
18 weeks.  

• Collagen I did not only repair the AF but also 
the NP which was retained 62–73%. 
 

[256] 

High-density 
collagen gel 

Without 
Cells 

Rat  • To evaluate the capability of high-density 
collagen gel to induce repair in annular 
defects at 1, 2 and 5 weeks 

• Results show that high-density collagen gel 
induce repair in the annulus fibrosus over five 
weeks rendering the high-density collagen gel 
a therapeutic gel for the annular defects. 

[257] 
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PLGA 
microspheres used 
as a reservoir for 
recombinant 
human rhGDF-5 

Without 
Cells  

Rat  • To evaluate the therapeutic effect of 
PLGA microspheres used as a reservoir 
for recombinant human rhGDF-5 on the 
disc regeneration for 4 and 8 weeks in the 
rat caudal disc induced by needle 
puncture 

• This study showed that PLGA-microsphere 
loaded with rhGDF-5 provides the means of 
successful delivery of rhGDF-5 in vivo.  

• The method provided a quick and easy 
injection of rhGDF-5/PLGA mix into the 
defect site 

 

[258] 

hyaluronan gel 
(Durolane®), 
hydrogel 
(Puramatrix®), 
and tissue-glue gel 
(TISSEEL®) 

Human 
MSCs, AF, 
NP cells and 
chondrocytes 

Porcine  • To evaluate delivering different cell types 
and hydrogels as reservoir of cells for 
regeneration of the intervertebral discs 
(IVD). 

• All the cell types had the highest cell 
proliferation in vitro in the hyaluronan gel. The 
transplanted human MSCs and Chondrocytes 
survived in porcine IVDs and produced 
collagen II in all the animals up to six months. 

• After six months of the implants 
transplantation, there was significant endplate 
changes showing severe IVD degeneration that 
was identified with MRI in third of the animals 
with different types of implants. 

• Positive staining for bone mineralization has 
been observed.  

• Hyaluronan gel was concluded as not suitable 
as a cell carrier in vivo. 

 

[259] 

Modified purse-
string suture 
(MPSS) + AF 
allograft 

NA Porcine 
model 

• To assess the modified purse string suture 
MPSS and the MPSS + allograft 
treatment for annulus fibrosus repair. 

• MPSS restored the mechanical properties of 
the AF.  

• Annular graft with MPSS might increase the 
structural integrity of the AF. 
 

[260] 

Modified purse-
string suture 
(MPSS) 

NA Porcine 
model 

• To investigate the sealing effect of a new 
suturing method for sealing the IVD after 
discectomy. 

• MPSS increases the pressure withstanding of 
the AF. 

• MRI results showed less degenerative changes 
over time. 

• Aggrecan and collagen synthesis slowed was 

[261] 
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slightly down-regulated by time. 
• MPSS can seal the annulus tears and increase 

bearing of stresses. 
 

BMSCs +	 5mg 
dexamethasone 

Rabbit 
BMSCs 

Rabbit 
model 

• To evaluate whether BMSCs are suitable 
for AF repair in rabbits. 

• Disc height index and the collagen synthesis 
was higher in the BMSCs treated group 
compared to the controls. 

• The rabbits were in grade 0 and I in the 
treatment group compared to the grade 4 and 5 
in the control group. 
 

[262] 
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receptors on the tissue, and also for its capability to build a large extracellular 

matrix which prevents the function of the inflammatory molecules [268, 273]. 

HA inhibits the activation of receptors by cross-linking with them [273]. With 

these properties, HMW HA inhibits the production of inflammatory cytokines 

and other catabolic enzymes such as IL-8, iNOS, aggrecanase 2, TNF-α and 

MMPs, which was observed after administration of HMW HA to chondrocytes; 

it also inhibits macrophage activation and phagocytosis [274, 275]. During 

pathological conditions, tissue injury and remodelling, HMW HA is degraded by 

enzymes into LMW HA fragments which is composed of few glycans. LMW HA 

fragments act as an endogenous danger signal	 [228]. Depending on its size and 

the tissue type, LMW HA induces pro-inflammatory cytokines such as IL-1β, 

TNF-α, IL-6 and IL-12 [228, 273], and stimulates angiogenesis and tissue 

remodelling [219, 264].  

Human IVD cells treated with fragments of HA (f-HA) (6-12 

disaccharides) extensively up-regulated the mRNA expression levels of catabolic 

enzymes specific for IVD degeneration such as interleukin (IL)-1b, IL-6, IL-8, 

cyclooxygenase (COX)-2, matrix metalloproteinase (MMP)-1 and (MMP)-13. 

However, the effect of f-HAs on IL-6 protein expression was significantly 

abolished when IVD cells were treated in combination with either Toll-like 

receptor (TLR)-2 siRNA or TLR2 antagonists. Furthermore, the capability of f-

HAs to stimulate IL-6 and MMP-3 protein expression was identified as mitogen-

activated protein (MAP) kinase signalling pathway-dependent	[276].  

1.6 Glycans 

Glycans are saccharides that are either free or anchored to a wide range of 

molecules through different specific enzymes in a process termed 

“glycosylation” to enhance their function in controlling different biological 

reactions in healthy and pathophysiological conditions	 [277-279]. Glycans can 

exist in free form or carried via secretory or membrane-attached lipids and 

proteins [280-282]. Glycans result from post-translational modifications, which 

are mediated by tissue specific glycosyltransferases [283-285]. The absence of 

proof-reading mechanism results in complex biosynthesis schemes leading to 

enormous diversity of glycans. Therefore, this makes it difficult to evaluate their 
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direct effect on the phenotypic changes [282]. 

Glycans are synthesised first in the rough endoplasmic reticulum with the 

addition of the first sugar and continues in the Golgi apparatus where most of the 

different sugars are added leading to their structural variations [280, 281]. Their 

structure is both tissue and cell-specific [278, 286], and varies from healthy to 

pathological conditions [287]. Glycans, which can be coupled to a cell 

membrane, intracellular proteins or lipids, and extracellular matrix (ECM), can 

mediate cell-to-cell or cell-to-ECM interaction [277]  by the control of growth 

factors availability and interaction [288]. They can also activate receptors and 

mediate [289] ECM protein interactions [290]. These communications play a 

major role in regenerating tissues [291-293]. Glycans control the cell’s 

physiological condition and differentiation signals, tumorigenesis and cellular 

transformation [280, 291-294].  

Depending on their chemical backbone, glycans can be categorized as 

linear or branched. The most common linear sugars are glycosaminoglycans 

(GAG)s, which are characterised by repetition of long polymers of sulfated 

disaccharide units that form a proteoglycan through O-link to a core protein 

[295]. This family includes heparan sulfate (HS), CS and dermatan sulfate (DS), 

in addition to hyaluronic acid (HA), which belongs to the linear structure of the 

family of GAGs (Figure 1.3).  

HA is considered different from the other three GAGs as it is not 

sulfated, nor is it linked to any protein or lipid core [280, 282]. By contrast, the 

branched glycans are the N-linked and O-linked glycans, which are found on 

glycoproteins or on glycolipids [226, 280]. 

N-glycans are bound covalently to a protein at its asparagine (Asn) 

moieties via an N-glycosidic bond. To date, five distinct N-glycan linkages have 

been identified, among which the most commonly found is the N-

acetylglucosamine to asparagine (GlcNAcβ1-Asn). Not all asparagine residues 

that can accept an N-glycan can be attached to specific asparagine (Asn) 

moieties. N-glycan is attached to a sequence that begins with asparagine, which 

can be followed by any amino acid other than proline, and it ends with serine or 
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threonine (Asn-X-Ser/Thr). Hence, Asn-X-Ser/Thr sequence in a protein are 

always candidates for receiving an N-glycan	 [296]. O-glycans are covalently 

bound via an α-linked O-glycosidic bond between a primary glycan such as a N-

acetylgalactosamine (GalNAc) or N-acetylglucosamine (GlcNAc) or mannose 

(Man) or fucose (Fuc) or glucose (Glc) moiety linked to a Ser/Thr residue	[297]. 

There are also glycolipids, which are linked on ceramides with a primary 

saccharide galactose (Gal) or Glc- β-(1 4)-Gal residues (Figure 1.3).  

Glycans modulate the function of various growth factors, cytokines and 

chemokines, receptors and enzymes	 [289, 298]. This modulation at cellular and 

ECM levels is due to the effect on protein conformation and also interaction with 

lectin peptidic domains [289, 290, 299]. Glycans are found both on the cell 

surface constituting the cellular cover referred to as the glycocalyx, and also in 

the extracellular matrix. Additional fucosylation and sialylation can coat many 

O- and N linked glycans. Consequently, differences in the fucosylation and 

sialylation of the glycans result in the glycan diversity and their participation in 

cell-cell and cell-ECM communication	[298]. 

1.7 Objectives and hypotheses 

Because there is lack of a complete understanding of what characterises 

intervertebral disc degeneration, there is continuous demand to identify new 

molecular markers to elucidate the degenerative process to target. Therefore, the 

ultimate goal of this study was to identify dysregulated inflammatory signalling 

pathways and molecular markers that help gain a better understanding of disc 

degenerative disease for designing a therapeutic using an ECM-compatible 

injectable biomaterial-based platform that enhances the production and the 

deposition of newly-synthesised ECM to support the regeneration of AF tissue. 

For this, it was hypothesised that studying microarray data from human healthy 

and degenerative AF tissue samples will lead to identification of dysregulated 

inflammatory molecular markers and signalling pathways in the AF of the 

degenerated discs which will lead to a therapeutic approach that will attenuate 

inflammation both in ex-vivo and in-vivo disc injury models. 
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This thesis involved three different research strands (figure 1.4): 

Microarray data analysis from healthy and degenerated human AF disc tissues, 

assessing the anti-inflammatory effect of the HMW HA on IFNα2β signalling 

using an ex-vivo bovine organ culture technique and evaluating the anti-

inflammatory effect of the HMW HA on IFNα2β signalling in in-vivo rat tail 

disc. These three strands were explored with the aim of identifying signalling 

pathways activated during the disc degenerative process and of using an 

injectable hydrogel system with a compatible microenvironment for AF 

regeneration. To achieve this goal, the project was divided into three different 

phases: (1) Studying microarray data from human healthy and degenerative AF 

tissue (Phase I), (2) assessing the anti-inflammatory effect of HMW HA on the 

IFNα2β signalling pathway in the bovine organ culture system (Phase II), and (3) 

evaluating the anti-inflammatory effect of HMW HA in the enhancement of disc 

regeneration by down-regulating the pro-inflammatory IFNα2β, IGFBP3 and 

apoptosis, and also enhancing the matrix regeneration by increasing the disc 

height and deposition of matrix proteins (Phase III). The specific hypotheses and 

objectives developed in these different phases are listed below. 

1.7.1 Phase I (Chapter Two) 

Overall aim: To identify dysregulated inflammatory markers and signalling 

pathways by comparing microarray data from healthy and degenerative human 

annulus fibrosus discs. 

Hypotheses 

• Analysis of a microarray data from human degenerated and non-degenerated 

annulus fibrosus tissue will support the identification of new inflammatory 

markers in the human degenerated annulus fibrosus. 

• Analysis of the dysregulated inflammatory markers in the human degenerated 

compared to the non-degenerated annulus fibrosus will lead to the 

identification of new inflammatory signalling pathways. 



 

	
	
	

																 	
           

                  Figure 1.3. Representative of structurally different glycans.	 	N- and O-linked glycans and Glycosaminoglycans. On the glycan            

backbones, different motifs are attached such as sialic acid, mannose and galactose that provide diversity to the glycan. HS is 

heparan sulfate, CS is chondroitin sulphate and DS is dermatan sulphate	[282].	
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Figure 1.4. The three distinctive research approaches established in this 

thesis project. Human disc microarray data was analysed, ex-vivo bovine organ 

culture studies and in vivo rat tail disc studies were conducted. Three different 

key objectives were addressed for the purpose of identifying an optimal 

therapeutic to decrease AF inflammation and therefore enhance regeneration: (1) 

analysing a microarray data from healthy and degenerated human discs (Chapter 

2), (2) assessing the hyaluronan anti-inflammatory properties utilizing the ex-

vivo bovine disc organ culture techniques (Chapter 3), and (3) evaluating the 

suitability of hyaluronan as an anti-inflammatory therapeutic biomaterial 

utilizing the in-vivo rat tail disc injury model (Chapter 4). 
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Objectives 	

• To highlight the most dysregulated molecular markers and cellular functions in 

the human degenerative annulus fibrosus. 

• To identify the activated catabolic inflammatory signalling pathway(s) through 

analysing the involved dysregulated molecular markers in the 

degenerative compared to the non-degenerative annulus fibrosus. 

1.7.2 Phase II (Chapter Three) 

Overall aim: To test the effect of the high molecular weight hyaluronic acid 

(HMW HA) on the IFNα2β signalling pathway and on matrix modulation in the 

bovine discs.  

Hypotheses 

• Injected HMW HA in IFNα2β-inflamed bovine discs plays an anti-

inflammatory role by down-regulating IFNα2β signalling molecules.  

• Injection of HA into IFNα2β-inflamed bovine discs down-regulates pro-

apoptotic IGFBP3 and anti-proliferative IFIT3 leading to decrease in 

caspase 3. 

• Injection of HA into IFNα2β inflamed bovine discs, modulates the ECM by 

down-regulating ADAMTS4 and up-regulating aggrecan and Collagen I.  

Objectives  

• To assess the anti-inflammatory effect of the HMW HA on IFNα2β signalling 

molecules. 

• To assess the anti-apoptotic effect of the HMW HA on the expression of 

IGFBP3, IFIT3 and caspase 3. 

• To ascertain the matrix modulatory effect of HMW HA on the major AF ECM 

molecules such as, collagen I, aggrecan, and its degrading enzyme 

ADAMTS4. 
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1.7.3 Phase III (Chapter Four) 

Overall aim: To evaluate the anti-inflammatory effect of the high molecular 

weight hyaluronic acid (HMW HA) in reducing the inflammation in the injured 

rat tail annulus fibrosus and decreasing apoptosis by down-regulating IGFBP3 

and caspase 3. Also, to identify the potential of HA, which is considered the 

backbone for the assembly of the major matrix proteins, in modulation of the 

ECM proteins in the injured rat tail disc annulus fibrosus.  

Hypotheses 

• HMW HA attenuate the inflammation in the injured rat tail annulus by down-

regulating the IFNA expression as well as the cell death by down-

regulating IGFBP3 and caspase 3 in the AF of the rat tail disc annulus 

fibrosus. 

• HMW HA microgel will increase the disc height index, due to up-regulation of 

the extracellular matrix components such as chondroitin sulfate, 

COL1A2, ACAN, COMP and HAPLN1. 

• HMW HA microgel will enhance a healthier glyco-environment by switching 

off the sialylation motifs. 

Objectives  

• To assess the effect of HA on the expression of IFNα and the downstream pro-

apoptotic target IGFBP3 and the impact on apoptosis by analysing caspase 

3 expression.  

• To assess the disc height index changes in the sham, injured and HA treated 

discs at different time points 7, 28 and 56 days.  

• To evaluate the expression of new ECM comparing the protein samples from 

the healthy, injured and HA-treated rat tail discs at different time points. 

• To assess the expression of C0S, C4S and C6S in healthy, injured and HA- 

treated rat tail discs at different time points 7, 28 and 56 days.   
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• To assess the expression of glycans by lectin array and confirm the binding of 

WGA, SNA-I, MMA, Con-A and PNA to their corresponding glycan 

motifs by immunostaining. 
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2.1 Introduction 

Significant advancement has been achieved in identifying the 

multifactorial mechanisms that encompass the degenerative flow of the disc, 

knowledge on molecular pathways involved in its initiation and progression; 

however, it is still considered limited. Therefore, the current focus of 

regenerative medicine has shifted towards identifying biomarkers and signalling 

pathways that provide a better understanding of the cascades leading to the disc 

degeneration.  

The abnormal cell-mediated response, the changes that occur in the 

extracellular matrix composition [1] and the diminished biomechanical 

characteristics [2], which can be induced by non-physiological mechanical 

loading [3], genetic predisposition and decreased cell activity [4], lead to gradual 

structural failure of the IVD. This condition is identified as degenerative disc 

disease (DDD) that is characterised by nerve in-growth and low back pain [5]. 

Disc degeneration is accompanied by inflammation, which is one of the major 

factors leading to phenotypic changes and apoptosis. During disc degeneration, 

anabolic metabolism is decreased, whereas the catabolic metabolism is increased 

[6]. Importantly, comparison between healthy and degenerated discs shows an 

imbalance of inflammatory cytokines that significantly increase during the 

degenerative process. Among the inflammatory cytokines identified to date in 

disc degeneration and herniation in patients with severe LBP in comparison with 

healthy tissues, interleukin IL-1β and tumour necrosis factor TNF-α are most 

prominent	 [7-11]. Also, recently IFNα2β was identified up-regulated in the 

systemic circulation of patients who suffered from disc degeneration when 

compared to healthy individuals	[12]. During the progression of the degenerative 

process, many other inflammatory cytokines and catabolic mediators such as 

prostaglandin E2, nitric oxide, IL-6, IL-8, matrix metalloproteinases MMPs, a 

disintegrin and metalloproteinase with thrombospondin motifs ADAMTS4 and 

ADAMTS5 enzymes and the death-inducing ligand Fas synchronize and 

consequently degrade the extracellular matrix (ECM) [13-16]. Moreover, IL-10, 

TGF-β, RANTES, IL-16, CCL2, CCL7, CXCL8 and substance P were identified 

in the degenerated, and herniated discs from patients suffering from discogenic 

back pain	[9, 15, 17, 18]. 
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Recently, the focus has shifted towards identifying signalling pathways 

affecting the cellular and molecular functions and highlighting the underlying 

molecular markers for better understanding of the degenerative process in the 

disc. One of the most important pathways identified recently is the Wnt 

signalling pathway that may mediate IVD degeneration by activation of MMPs 

and degradation of matrix molecules leading to nucleus pulposus (NP) cell 

senescence [19]. On the other hand, Smolders et al. reported that in the canine 

NP, caveolin-1 and hence Wnt/β-catenin signalling pathway is crucial for the 

preservation of notochordal cells and hence for disc regeneration	 [20]. 

Furthermore, signalling pathways that regulate pro-inflammatory processes are 

activated during IVD degeneration and have been reported as potential 

therapeutic targets. Specifically, nuclear factor kappa B (NF-kβ) and mitogen-

activated protein kinase (MAPK) pathways have been identified as key 

regulators of inflammation, matrix catabolism and pain [21]. Recent findings 

also indicate a role of Notch signalling in the progress of disc degeneration, as 

Notch receptors and target genes were up-regulated in disc cells following 

treatment with pro-inflammatory cytokines [22].  

Nevertheless, further investigation into dysregulated processes in 

degenerative human disc is essential to provide more prospects for therapeutic 

targets. Large-scale assessment of molecular profiles enables us to 

comprehensively search for molecular markers and pathways associated with 

impaired cell functions in the human disc degenerative process. A genome-wide 

analysis of human AF samples was undertaken by Gruber et al. and focussed on 

the expression of genes associated with pain, neurotrophin and nerve regulation	
[23]. Significant changes in numerous genes related to these ontologies were 

found in more degenerated compared to less degenerated discs. In a similar 

study, microarray analysis was used to identify the expression patterns of genes 

related to mitochondrial function in human AF specimens, whereby the 

expression changes indicated mitochondrial dysfunction in degenerative AF	[24]. 
Furthermore, gene expression profiling was utilised to detect differences between 

notochordal and chondrocyte-like nucleus pulposus cells from non-

chondrodystrophic and chondrodystrophic dogs	[20]; interestingly, dysregulation 

of canonical Wnt signalling was associated with early disc degeneration in 

chondrodystrophic breeds. Recently, several differentially expressed long 
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noncoding RNAs were identified by microarray analysis of degenerative versus 

non-degenerative human NP samples, expanding our understanding of aberrant 

gene regulation in DDD	[25]. 
In this chapter, a new set of microarray data was generated and analysed 

from human non-degenerative and degenerative disc cells, with particular 

emphasis on the annulus fibrosus which is the principal source of discogenic 

symptoms. Following on from the single gene alterations, the focus was on 

perturbations in molecular and cellular functions and signalling pathways in the 

degenerative AF. As such the objectives of this study were (1) to highlight the 

most dysregulated molecular markers and cellular functions in the human 

degenerative annulus fibrosus and (2) to identify the activated catabolic 

pathway(s) through the involved dysregulated molecular markers. The outcomes 

of this study provide further insight into the cascade of events during disc 

degeneration in the AF. In particular, results indicate that the interferon-alpha 

(IFNA) signalling pathway may be involved in mediating degeneration in AF 

tissue. This pathway may therefore be targeted with a well-designed therapeutic 

agent in early stages of degeneration. 

2.2 Methods 

2.2.1 Collection and processing of human disc tissue samples 

Intervertebral disc tissue was obtained from McGill Scoliosis and Spine 

Group from human lumbar discs through organ donation program of Transplant 

Quebec in accordance with the local and institutional ethical guidelines. The 

study was approved by McGill University Institutional Review Board (IRB# 

A04-M53-08B). Consent was obtained from family members of the donors. The 

disc tissue was harvested from spinal segments from levels T12-L1 to L4-L5; NP 

and AF regions were carefully dissected and separated. AF samples were 

collected from 6 male and 6 female donors, aged between 21 and 82 years (Table 

2.1; samples ID 1–18) within a maximum of 12 hours after declaring brain death. 

X-rays were taken from the harvested spines, and the degree of degeneration was 

evaluated macroscopically by dissecting the discs from the vertebral bodies and 

examining the midsagital sections for features such as loss of regional  
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Figure 2.1. Schematic figure representing the project design in steps. 1. 

Extraction of cells from annulus fibrosus tissue of 8 non-degenerated and 16 

degenerated human discs. 2. Isolation of total RNA from annulus fibrosus cells. 

3. RNA conversion into cDNA and labelling with (B) which represents labels 

such as Cy5 or Cy3. 4. The microarray procedure. 5. The number of significant 

genes from the microarray after the biostatistical analysis. 6. The IPA ingenuity 

pathway analysis system used for analysis of the microarray data. 7. The number 

of genes with the cut off log2 fold ≥ ±1.5, p<0.05. 8. The qRT-PCR carried out to 

confirm the gene expression of IFN-α signalling molecules. 9. The 

immunohistochemistry for confirming the expression of the targets IFIT3 and 

IGFBP3 at the protein level. 
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demarcation and fissures according to Thompson grading [26] where grade I AF 

was consisted of fibrous lamellas, grade II AF contained mucinous material in 

between the lamellas, grade III AF and NP were undistinguishable, grade IV AF 

contained focal disruptions and grade V degenerated disc included extension of 

clefts and fissures through the nucleus and annulus. The grading was done by 

two independent observers; based on the grading, the discs from five donors 

were then assigned to the control/non-degenerative group having degeneration 

grades I–II, whereas the discs from seven donors were assigned to the 

degenerative group, having grades III–V. A cell isolation step was included 

before RNA extraction in order to obtain RNA of sufficient quality and quantity 

suitable for microarray profiling. Cells were isolated from the tissue using 

sequential Pronase (Roche) and type II collagenase (Worthington Biochemical) 

digestion. Briefly, AF was minced, treated with 0.2% Pronase for one hour, and 

then with 0.04% collagenase for six hours. After enzymatic isolation, cell 

suspensions were filtered through a 100 µm cell strainer, washed twice with 

Dulbecco’s modified Eagle’s medium (DMEM), and lysed in Trizol Reagent® 

(Life Technologies). Total RNA was isolated using a chloroform extraction 

method followed by purification through the SV Total RNA Isolation System 

(Promega). 

2.2.2 Microarray profiling and data analysis 

Nanodrop (Thermo Scientific) and Bioanalyzer (Agilent) measurements 

were used to assess the quantity and quality of the RNA samples (Table 2.1). 

Samples were processed and profiled using the Human GeneChip U133 Plus 2.0 

Affymetrix arrays as described in previous work [27]. For statistical comparison 

of degenerative (grade III-V) versus non-degenerative (grade I-II) samples, data 

generated during an earlier study were included (Table 2.1; donor ID 13–18; 

samples ID 19-24) [27], resulting in a total of 16 samples for the degenerative 

group and 8 samples for the non-degenerative control group. The statistical 

environment R (http://www.r-project.org) for Bioconductor 

(http://www.bioconductor.org) [28] and the MBNI probe set remapping [29] 

were used for data analysis. Samples were background corrected, log2- 

transformed, and quantile-normalized using the gcrma [30] and affy [31] 

Bioconductor packages. To overcome the batch effect, a Bayesian adjustment of 
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the expression matrix was carried out using the ComBat approach as 

implemented in the sva Bioconductor package for the R statistical environment. 

Prior to batch effect removal, the dataset was filtered to remove probe sets not 

expressed or expressed at very low levels in greater than 80% of samples. 

Expression differences between the groups were detected using the limma [32], 

package with multiple testing correction performed according to the method of 

Benjamini and Hochberg [33]. Genes with adjusted p < 0.05 were considered 

significant. Gene array data were uploaded on the Gene Expression Omnibus 

(GEO) database and are accessible under GSE70362. Microarray data were 

further analysed through the use of QIAGEN’s Ingenuity® Pathway Analysis 

software (IPA®, QIAGEN Redwood City, www.qiagen.com/ingenuity). The input 

data, composed of 238 significantly differentially expressed genes with their log2 

fold change and p-values (Appendices Table C1), were uploaded into IPA 

system for the purpose of mapping the genes onto networks, functions and 

pathways. The Ingenuity Pathway Analysis (IPA) is based on sample phenotype 

as well as on disease, cellular, molecular and sequence mechanisms. The analysis 

utilises specific tools to evaluate the data to produce networks and pathways 

based on molecular and cellular mechanisms after assigning certain cut offs for 

significance values.  

2.2.3 Gene expression by qRT-PCR 

Significantly dysregulated genes with at least ±1.5 log2 fold difference 

between non-degenerative and degenerative AF after microarray analysis were 

further quantified by real-time RT-PCR. mRNA samples from human AF cells of 

n=8 non-degenerative and n=10 degenerative discs (Table 2.1, column qRT-

PCR) were used for complementary DNA synthesis and processed by TaqMan 

Gene Expression Assays (Applied Biosystems), using the following primer/probe 

systems: IGFBP3-Hs00365742_g1, GREM1-Hs01879841_s1, PMAIP1-

Hs00560402_m1, GDF15-Hs00171132_m1, IFIT3-Hs01922752_s1, MGST1-

Hs00220393_m1, TFPI-Hs00196731_m1, IFIT1-Hs01911452_s1, IFIT2-

Hs01922738_s1, GBP1-Hs00977005_m1, IBSP-Hs00173720_m1, BANK1-

Hs01009378_m1. PCR was performed using TaqMan® Gene Expression Master 

Mix (Applied Biosystems) and standard thermal conditions (10 minutes at 95°C 

for polymerase activation, followed by 40 cycles of 95°C for 15 seconds and  
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Table 2.1. Details of AF cell donors and corresponding RNA samples used for 
microarray profiling and qRT-PCR analysis (samples 1-27); details of IVD 
donors and corresponding samples used for immunohistochemistry (samples 28-
36) [27]. 

Sample 
ID 

Donor 
ID 

Gender 
M/F 

Age 
(Y) 

  
Grade 
   (I-V) 

RNA abs  
260-280 

RNA abs  
260-230 

RIN 
 

QRT-PCR 
 

1 1 M 73 III 2.12 1.99 7.8 x 

2 1 M 73 IV 2.14 1.91 7.9 x 

3 2 M 79 III 2.14 1.31 7.6 x 

4 2 M 79 IV 2.14 1.68 7.8 

 5 3 M 67 IV 2.17 1.85 8.0 x 

6 3 M 67 V 2.19 2.04 7.9 x 

7 4 F 76 IV 2.18 2.02 7.6 x 

8 4 F 76 V 2.22 0.83 7.8 

 9 5 F 81 III 2.15 1.87 8.4 x 

10 5 F 81 IV 2.18 1.22 8.4 x 

11 6 F 44 I 2.19 2.05 6.9 x 

12 6 F 44 II 2.17 1.57 6.6 x 

13 7 M 75 V 2.17 1.08 8.0 x 

14 8 F 40 II 2.17 2.10 7.9 x 

15 9 M 82 V 2.15 1.99 4.3 x 

16 10 M 24 I 2.13 2.10 8.2 

 17 11 F 23 I-II 2.14 2.73 8.5 x 

18 12 F 21 I 2.12 0.84 8.5 x 

19 13 F 61 III 2.16 2.05 9.2 

 20 14 M 72 IV 2.14 2.12 8.7 

 21 15 F 81 III 2.11 2.11 9.1 

 22 16 M 25 I 2.11 2.08 8.1 

 23 17 M 56 III 2.13 1.77 7.8 

 24 18 M 32 I-II 2.14 2.05 8.5 

 25 19 F 20 I 2.16 1.73 nd x 

26 20 F 16 I 2.2 1.55 nd x 

27 21 F 20 I 2.17 2.05 nd x 

     Level    

28 22 M 25 II T12-L1    

29 23 F 47 III L2-L3    

30 24 F 42 II-III L4-L5    
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Sample 
ID 

Donor 
ID 

Gender 
M/F 

Age 
(Y) 

  
Grade 
   (I-V) 

RNA abs  
260-280 

RNA abs  
260-230 

RIN 
 

QRT-PCR 
 

31 25 F 10 I L4-L5    

32 26 F 34 II L5-S1    

33 27 M 13 I T11-T12    

34 27 M 13 I T12-L1    

35 27 M 13 I L4-L5    

36 28 F 47 III-IV T12-L1    
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60°C for 60 seconds). Expression of target genes was normalized to the average 

of the three endogenous controls glyceraldehyde phosphate dehydrogenase 

(GAPDH-Hs99999905_m1), hypoxanthine phosphoribosyltransferase 1 

(HPRT1-Hs99999909_m1) and glucuronidase beta (GUSB-Hs99999908_m1). 

Gene expression was calculated according to the ∆∆Ct method [34]. For the 

statistical analysis, relative expression data were log2 transformed, and multiple 

testing correction was performed according to the method of Benjamini and 

Hochberg	 [33]. The gene expression was analysed using T-test to show the 

differences in expressions between the genes from non-degenerated vs 

degenerated AF tissue with p<0.05 considered significant. 

2.2.4 Histology and immunohistochemistry 

Human intervertebral discs were collected and scored as outlined above 

(Table 2.1). Whole human discs were isolated according to the protocol of 

Gawrie et al [35] retaining cartilaginous endplates. The discs were then fixed in 

70% methanol for five days at 4 °C, sealed in dialysis bags (Spectr/Por 3, 3500 

kDa molecular weight cut-off dialysis membrane) and decalcified with 12.5% 

neutral ethylenediaminetetraacetic acid (EDTA) at 4 °C for 21 days with EDTA 

solution changed every third day. The decalcified discs were then dehydrated in 

an ascending ethanol gradient, and embedded in paraffin; sections of 6 um were 

cut by microtome. Sections were deparaffinised and stained with 0.1% Safranin-

O and 0.02% Fast Green to assess proteoglycan and collagen distribution. 

For immunohistochemistry deparaffinised sections were first treated with 0.3% 

hydrogen peroxide in methanol for 30 min. Antigen retrieval was performed by 

heating the sections (95 °C) in citrate buffer (pH 6.0) for 15 min. Then sections 

were blocked with 5% normal goat serum for 1 h and treated with anti-IGFBP3 

antibody (Acris Antibodies, cat. nr. AP14347PU-N; 6.25 µg/mL) or anti-IFIT3 

antibody (Aviva Systems, cat. nr. ARP46034_P050; 5 µg/mL) for 30 min at room 

temperature. Negative control sections were incubated with rabbit IgG isotype 

control (Vector Laboratories, Burlingame, USA) according to the manufacturer’s 

protocol. Biotinylated secondary antibody (Vectastain ABC Elite, Vector 

Laboratories) was applied at 1:200 dilution, followed by ABC complex, and 

chromogen was developed using diaminobenzidine (ImmPACT DAB, Vector 

Laboratories). Counterstaining was carried out using Mayer’s haematoxylin. 



Molecular markers and signalling pathways	

	
	

84	

2.3 Results 

2.3.1 Microarray comparison of degenerative versus non-degenerative 

human AF  

Degeneration of the AF often leads to protrusion and disc herniation. The 

present study therefore specifically analysed the phenotypic changes in 

degenerative AF cells. The goal is to elucidate AF degenerative pathways to 

ultimately develop regenerative strategies and improve AF repair. To compare 

the complete gene expression profiles between cells from degenerative and non-

degenerative human AF, Affymetrix® whole genome gene chip microarrays were 

used. Analysis of the data obtained from the microarray profiling led to the 

identification of 238 significantly differentially expressed genes in the 

degenerative human annulus fibrosus. Seventeen of the dysregulated molecular 

markers showed log2 fold change values above the cut off of ±1.5. Out of the 17 

molecular markers 10 were up-regulated, and 7 were down-regulated in AF cells 

of degenerative versus non-degenerative discs as shown in Table 2.2. Insulin-like 

growth factor binding protein 3 (IGFBP3) was identified as the most strongly up-

regulated gene in degenerative human AF, indicating a dysregulation of IGF 

function in degenerative IVD. 

2.3.2 Dysregulated molecular and cellular functions in the degenerative 

human AF  

Ingenuity® Pathway Analysis software system (IPA®, QIAGEN Redwood 

City) was used to identify dysregulations of molecular and cellular functions in 

degenerative human AF. Analysis of the microarray data by IPA system showed 

several dysregulated cellular and molecular functions, such as impaired cellular 

movement, cellular growth and proliferation, inflammatory response, and other 

disrupted cellular functions (Figure 2.2). Out of these main dysregulated cellular 

functions, the cellular growth and proliferation in correlation with the 

inflammatory response was analysed in more detail using IPA, as these functions 

are known as key determinants of human disc degeneration [6]. The analysis of 

the genes included in each function/bar graph with the IPA system, showed the 

interrelation of the inflammatory response via the cytokine interferon-alpha 

(IFNA) and its signalling pathway, which induces downstream genes such as 

interferon-induced protein with tetratricopeptide repeats 3 (IFIT3), with the cell 
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growth and proliferation through IFIT3 [36] and insulin-like growth factor 

binding protein 3 (IGFBP3); both IFIT3 and IGFBP3 negatively regulate the cell 

cycle and influence the cell growth and proliferation [37]. This suggests that 

diminished cell proliferation in degenerative AF might be mediated by interferon 

induced proteins and loss of IGF function. 

2.3.3 Significant molecules involved in the cell proliferation network of the 

degenerative human AF  

Based on the finding of dysregulated cellular growth and proliferation, 

this function was assessed specifically using the IPA system to comprehensively 

elucidate proliferation related genes altered in degenerative human AF.  Analysis 

of the microarray data by IPA system revealed 77 significantly differently 

expressed molecules involved in cellular proliferation (Figure 2.3), out of which 

8 were listed among the top dysregulated molecular markers (Table 2.2) and 

were illustrated in Figure 2.4. These data corroborate the role of the differentially 

expressed molecules in the regulation of cellular growth and proliferation. 

2.3.4 Dysregulated canonical pathways in the degenerative human AF  

To specifically investigate the signalling pathways that may lead to the 

up-regulation of IFIT genes (Table 2.2), the molecules involved in the canonical 

pathways were assessed by IPA. Analysis of the microarray data by IPA system 

showed several dysregulated canonical pathways (Figure 2.5), including 

interferon (IFN) signalling (3/34), followed by UDP-N-acetyl-D-galactosamine 

biosynthesis 1 (1/1), dermatan sulfate biosynthesis (3/43), Wnt/beta-catenin 

signalling (6/174), and xenobiotic metabolism signalling (8/294). Out of these 

impaired canonical pathways, the inflammatory cytokine interferon mediated 

signalling pathway was highlighted as the most dysregulated canonical pathway 

in the degenerated human AF. The results in Figure 2.5 were generated by IPA 

based on the number of significantly differentially expressed genes in relation to 

the total number of genes included in each pathway. Although the ratio of the 

significantly dysregulated molecules over the total number of dysregulated 

molecules involved in the UDP-N-acetyl-D-galactosamine biosynthesis 1 is 

higher (1/1), the genes involved in the IFN signalling pathway (3/34) are more 

significant (p = 7.07E-03) than UDP-N-acetyl-D-galactosamine biosynthesis 1 

(p = 1.16E-02), ranking the IFN signalling as the top dysregulated pathway.  
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Table 2.2.   Microarray gene expression in the annulus fibrosus. p<0.05, log2 
fold cut off  ≥ ±1.5 (degenerative (n=16) versus non-degenerative (n=8)). 

Symbol Description p-value Log2 fold  

IGFBP3 Insulin-like growth factor binding protein 3 0.003 2.85 

GREM1 Gremlin 1 0.002 2.54 

PMAIP1 Phorbol-12-myristate-13-acetate-induced protein 1 0.010 2.49 

GDF15 Growth differentiation factor 15 0.003 2.29 

IFIT3 Interferon-induced protein with tetratricopeptide repeats 3 0.004 2.03 

MGST1 Microsomal glutathione S-transferase 1 0.001 2.02 

TFPI Tissue factor pathway inhibitor 0.002 2.01 

IFIT1 Interferon-induced protein with tetratricopeptide repeats 1 0.013 1.96 

IFIT2 Interferon-induced protein with tetratricopeptide repeats 2 0.032 1.89 

GBP1 Guanylate binding protein 1, interferon inducible 0.006 1.86 

GPR64 G protein-coupled receptor 64 0.022 -1.59 

SOD3 Superoxide dismutase 3, extracellular 0.002 -1.64 

CHAD Chondroadherin 0.020 -1.80 

LOXL4 Lysyl oxidase-like 4 0.032 -1.83 

LYVE1 Lymphatic vessel endothelial hyaluronan receptor 1 0.011 -1.85 

BANK1 B-cell scaffold protein with ankyrin repeats 1 0.006 -2.09 

IBSP Integrin-binding sialoprotein 0.002 -3.46 
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Activation of IFN signalling may therefore play a substantial role in the 

degenerative human AF. 

2.3.5 QRT-PCR analysis of genes dysregulated in degenerative human AF  

Based on the above results and for the understanding the regulation of 

inflammatory interferon signalling, the difference in expression of selected genes 

was measured by qRT-PCR analysis. Expression differences were analysed from 

the most dysregulated genes involved in cellular growth and proliferation and the 

genes induced by the interferon signalling pathway. As shown in Figure 2.6, 

significant up-regulation in degenerative AF was confirmed for expression levels 

of IGFBP3 (5.53 ± 1.29 fold), IFIT3 (2.29 ± 0.53 fold), tissue factor pathway 

inhibitor (TFPI) (2.85 ± 0.88 fold), and IFIT2 (3.98 ± 1.05 fold). Furthermore, 

while mRNA up-regulation was also noted for growth differentiation factor 15 

(GDF15), Phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1), 

microsomal glutathione S-transferase 1 (MGST1) and IFIT1, the difference was 

not statistically significant (Figure 2.6); while no increases were found by qRT-

PCR for gremlin 1 (GREM1) and guanylate binding protein 1 (GBP1) gene 

expression levels. In addition, the mRNA expression of both integrin-binding 

sialoprotein (IBSP) (ratio degenerative vs. non-degenerative 0.062 ± 0.026; 

p < 0.01) and B-cell scaffold protein with ankyrin repeats 1 (BANK1) 

(0.370 ± 0.070; p < 0.05) were markedly decreased in degenerative AF. These 

results confirmed the substantial increases in gene expression levels of factors 

involved in cell proliferation and interferon signalling that were evident from 

microarray data analyses. 

2.3.6 Immunohistochemistry 

Safranin-O/Fast Green staining was used to qualitatively assess the 

degeneration of the disc, particularly the annulus fibrosus matrix. In the non-

degenerative discs of grade I, collagen fibers in the AF were intact and aligned in 

parallel, while fibers were disrupted with no clear arrangement in the 

degenerative discs. Representative sections from discs with reported 

immunostaining are shown in Figure 2.7. IGFBP3 as the most dysregulated 

molecular marker and IFIT3 as the most dysregulated interferon-induced protein 

(Table 2.2) were selected for immunohistochemical detection and localisation of 

the proteins in human annulus fibrosus. A strong cytoplasmic immunostaining for 
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IGFBP3 and IFIT3 was observed in severely degenerative areas of the human AF 

(Figure 2.8 a,d). In areas of only slight degenerative changes, cellular staining for 

IFIT3 was observed, though a considerable proportion of cells were negative for 

IFIT3. IGFBP3 immunolabelling was also detectable in cells of less degenerative 

AF regions, although the staining appeared weak. Furthermore, IGFBP3 positive 

cells were noted around the vessels occasionally seen in degenerative AF 

samples. In non-degenerative discs (Grade I), single cells that were positive for 

IGFBP3 were sporadically detected in the AF, although young AF tissue was 

mostly negative for IGFBP3 (Figure 2.8 c); IFIT3 positive cells were also 

observed in the AF of normal grade I discs (Figure 2.8 f), although 

immunostaining was weaker in non-degenerative compared to degenerative 

discs. 

2.3.7 The interferon signalling pathway is activated in the degenerative 

human AF 

The findings throughout the analysis of the current microarray data with 

IPA ingenuity software were summarized in a common scheme. Combined data 

indicate that interferon-alpha (IFNA) signalling pathway is activated in the 

human degenerative annulus fibrosus via induction of 3 IFITs and other genes 

such as IGFBP3; a respective schematic was adapted from the pathway 

illustration generated by the IPA system (Figure 2.9). 

2.4 Discussion  

Disc degenerative disease is a chronic disease that involves different 

factors leading to the decrease in the number of disc cells and eventually to ECM 

degradation, innervation and low back pain	 [38]. To identify the molecular 

markers that are altered in the degenerative AF due to induced catabolic 

pathways during disc degeneration, microarray data sets from cells of non-

degenerative and degenerative human AF tissues were investigated. To maximise 

the statistical power of analysis, non-degenerated samples (grades I-II) to 

degenerated samples (grades III-V) were compared. Individual grade categories 

lacked sufficient sample numbers to detect significant differences in gene 

expression. Microarray comparison revealed seventeen molecular markers with 

log2-fold change ≥±1.5, while 238 genes were significantly up-regulated or  
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Figure 2.2. Molecular and cellular functions in the human degenerative 

versus non-degenerative annulus fibrosus. The bar graph image obtained from 

IPA ingenuity pathway analysis system shows the 10 most dysregulated 

molecular and cellular functions identified from microarray data of human 

degenerative versus non-degenerative annulus fibrosus. n = 16 for degenerative; 

n = 8 for non-degenerative samples. 
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Figure 2.3. Cell proliferation network in the human degenerative versus 

non-degenerative annulus fibrosus. The scheme is the result of microarray data 

analysis by the IPA ingenuity pathway analysis system showing 77 significantly 

dysregulated genes that are involved in the cellular growth and proliferation 

network. Red represents up-regulation of genes, while green represents down-

regulation of genes. Light red or green represent slight up-regulation or down-

regulation. Different shapes have different designations as indicated under 

http://ingenuity.force.com/ipa/articles/Feature_Description/Legend.  
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Figure 2.4. Most dysregulated genes involved in cell proliferation in the 

human degenerative annulus fibrosus. The eight top dysregulated genes 

(p<0.05, log2 fold ≥ ±1.5) were identified within the 77 significantly differently 

expressed genes (p<0.05) involved in the cellular growth and proliferation. All 

the 6 genes up-regulated (red) and the 2 genes down-regulated (green) negatively 

affect cell proliferation. 
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A.  

 
B. 

 
Figure 2.5. Canonical pathways in the human degenerative annulus 

fibrosus. The bar graphs in A. (scaled according to the ratio) and B. (scaled 

according to the log (p-value), are representative of the results from IPA 

ingenuity pathway analysis of microarray data from human degenerative versus 

non degenerative annulus fibrosus, showing the 5 most dysregulated canonical 

pathways in the degenerative annulus fibrosus. The canonical pathways involve 

interferon signalling as the top disrupted canonical pathway, followed by UDP-

N-acetyl-D-galactosamine biosynthesis 1, dermatan sulfate biosynthesis, 

Wnt/beta-catenin signalling, and xenobiotic metabolism signalling. The bar 

graphs are generated according to the number of the significant genes 

participating in each pathway. The ratios (in yellow) in graph A represent the 

number of significantly expressed genes over the total number of genes involved 

in each canonical pathway.  
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Figure 2.6. Expression of genes up-regulated in the human degenerative 

versus non-degenerative annulus fibrosus. Real-time RT-PCR data confirm 

IGFBP3, IFIT3, TFPI and IFIT2 were significantly increased in degenerative 

annulus fibrosus cells, while PMAIP1, GDF15, MGST1 and IFIT1 were up-

regulated with no statistical significance. The data represent fold 

changes ± standard error. For statistical analysis, a two-tailed t-test was carried 

out on log2 transformed relative expression data and multiple testing correction 

was performed according to the method of Benjamini and Hochberg, with 10% 

false discovery rate considered significant. n = 10 for degenerative samples; n = 8 

for non-degenerative samples; *p < 0.05, **p < 0.01, #p < 0.1 degenerative 

versus non-degenerative. 
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Figure 2.7. Safranin-O/Fast Green stained sections: Annulus fibrosus tissue 

from a non-degenerative (a,c) and a degenerative (b,d) disc were stained with 

Safranin-O/Fast Green. Intact fibers with parallel arrangement are noted in the 

AF of a lumbar disc (degeneration Grade I) from a 13 year old male (c); while 

fibers are loose and arrangement is disrupted in the AF of a lumbar disc from a 

47 year old female with disc degeneration Grade III (d). Scale bars: 500 µm 

(a,b); 100 µm (c,d). 
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Figure 2.8. Immunohistochemical analysis of IFIT3 and IGFBP3 in human 

degenerative and non-degenerative annulus fibrosus. Immunohistochemical 

analysis of IGFBP3 (a–c) and IFIT3 (d–f) in sections of human degenerative (a, 

b, d, e) and non-degenerative (c, f) annulus fibrosus. Intense immunolabelling for 

IGFBP3 (a) and IFIT3 (d) was observed in degenerated regions of the annulus 

fibrosus of a lumbar disc from a 47 year old female with disc degeneration Grade 

III. Negative control sections for IGFBP3 (b) and IFIT3 (e) did not show any 

staining. IGFBP3 positive cells were absent (c), while IFIT3 positive cells were 

observed in the inner annulus fibrosus of a normal disc (f) (degeneration Grade I) 

from a 13 year old male. Scale bar: 50µm. 
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Figure 2.9. Interferon α (IFNα) signalling pathway in the human 

degenerative disc. The schematic generated is representative of the figure 

produced by IPA ingenuity pathway analysis system that shows the most 

dysregulated canonical pathway, the IFNα signalling pathway, identified by 

microarray data of human degenerative versus non-degenerative annulus 

fibrosus. Several genes found dysregulated in degenerative annulus fibrosus are 

induced or up-regulated through IFNα signalling pathway, such as interferon-

induced protein with tetratricopeptide repeats 1, 2 and 3 IFIT1, IFIT2, IFIT3, as 

well as IGF-binding protein 3 (IGFBP3) and are indicated in pink. Other genes 

included in IFNα signalling pathway are tyrosine kinase 2 TYK2, Janus Kinase 1 

JAK1, phosphorylated signal transducer and activator of transcription 1 P-

STAT1, phosphorylated signal transducer and activator of transcription 2 P-

STAT2 and interferon regulator factor 9 IRF9. 
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down-regulated in the human degenerative AF. Moreover, analysis of the major 

dysregulated functions in the human degenerative AF revealed several 

dysregulated cellular and molecular mechanisms. Of those dysregulated 

functions, the cellular growth and proliferation in combination with the 

inflammatory response were analysed by biostatistical tools to determine the 

interrelation of these functions. Importantly, out of the main dysregulated 

molecules in the human AF that are involved in the cell proliferation network, 

both IGFBP3 and IFIT3 can adversely affect cellular growth and proliferation. 

Previous work has shown that IFIT3 and IGFBP3 were involved in the regulation 

of cellular growth and proliferation, exerting anti-proliferative effects on many 

cell types [38-40]. In addition to the identification of the molecular markers and 

the cellular functions, the analysis by IPA system indicates that the IFN 

signalling pathway was activated, as IFN signalling was highlighted as the top 

dysregulated canonical pathway. Interferons are among the first cytokines 

discovered and have widely been investigated in research for interpretation of 

signalling pathways [41]. Originally, IFNs were identified by their antiviral 

activities; however, IFNs are nowadays better known for their distinct cellular 

functions including inhibition of proliferation and angiogenesis, induction of 

differentiation, and control of the immune system [42]. Because of IFNs anti-

proliferative effect, they were introduced as a treatment for different medical 

conditions including viral, tumour, and neurological disorders [43]. The binding 

of type I IFNs to the IFNA receptors initiates a signalling cascade, which leads to 

the induction of more than 300 IFN-stimulated genes (ISGs) [44]. Although the 

presence of the inflammatory cytokine interferon-gamma (IFNG) has been 

described in herniated disc samples	 [45], data about IFNA-related molecules in 

the context of IVD herniation or degeneration is scarce. According to the 

microarray data of the present study, several IFNA induced genes such as IFIT1, 

IFIT2, IFIT3 as well as IGFBP3 were up-regulated in the AF of the degenerative 

human discs. This might lead to AF cell growth arrest through the anti-

proliferative IFIT3 and to apoptosis via the pro-apoptotic IGFBP3, which 

negatively regulate the cell cycle and induce apoptosis of the cells directly or 

indirectly[46-49]. IGFBP3 is an important regulator of IGF bioavailability that 

interferes with IGF function and has recently also has been associated with the 

pathogenesis of osteoarthritis [50]. Besides, an IGFBP3 induced indirect effect is 
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to sensitise the cells to cytokine mediated apoptosis signalling via TNFA and 

IFNG signalling [37, 40].  

2.5 Conclusion 

In conclusion, this study indicates that among the degenerative processes 

in the disc, the IFN signalling pathway is a primary dysregulated and 

significantly activated pathway in the human degenerative annulus fibrosus. Up-

regulation of IFNA-induced IFIT3 as well as IGFBP3 are likely to negatively 

regulate the cell cycle, and hence decrease the disc cell number, eventually 

accelerating degeneration.  
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3.1 Introduction 

The focus of disc regenerative research has shifted recently towards 

identifying new inflammatory markers and signalling pathways to understand the 

disc degenerative disease and to enable targeting with effective therapeutics. In 

the previous chapter (Chapter 2), two molecular markers had been identified, 

interferon-induced protein with tetratricopeptide repeats 3 (IFIT3) and Insulin-

like growth factor-binding protein-3 (IGFBP3), which are implicated in the 

inflammatory cytokine interferon α (IFNα) signalling pathway in the human 

degenerated annulus fibrosus (AF) [1]. Recently, IFNα2β was reported as a pain 

biomarker in the serum of a patient cohort suffering from disc degenerative 

disease [2]. Previous studies have shown that IFIT3 and IGFBP3 lead to 

apoptosis in different cell types due to their anti-proliferative and pro-apoptotic 

roles [3-6]. IFNα can induce IGFBP3, which has IGF dependent and IGF 

independent pro-apoptotic properties [7, 8].  

Up-regulation of different pro-inflammatory cytokines in the disc may 

influence discogenic pain sensation [9-11]. It was reported that in herniated disc 

tissue, inflammatory cytokines such as interleukin 1 beta (IL-1β) and tumour 

necrosis factor alpha (TNFα) are produced [12, 13] which in turn leads to the 

production of matrix degrading enzymes, such as disintegrin and 

metalloproteinase with thrombospondin motif 4 (ADAMTS4), also known as 

aggrecanase 1 [14, 15].  

Hyaluronic acid (HA), which is a major non-sulfated glycosaminoglycan 

in the disc matrix, is composed of repeating disaccharide subunits of 1,4-

glucuronic acid (GlcUA) and 1,3-N-acetylglucosamine (GlcNAC). HA is 

synthesized by hyaluronan synthase isoforms (HAS1, HAS2, and HAS3) in 

humans and is well known for its anti-inflammatory properties [16]. It has also 

been shown that HA decreases both matrix metalloproteinases (MMPs) and 

ADAMTSs expression in osteoarthritic chondrocytes [17]. Recognising its anti-

inflammatory properties, hyaluronan has been utilised for the treatment of 

different inflammatory conditions such as osteoarthritis and rheumatoid arthritis 

[18, 19]. It has been shown that hyaluronan has both anti-inflammatory and 

analgesic effects by relieving the pain induced by prostaglandin or bradykinin in 

in vivo osteoarthritis models [20]. High molecular weight HA (HMWHA) 

(>1.0x106Da) has been reported to functional improvement and long-term anti-
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inflammatory and analgesic roles in osteoarthritic conditions in humans [21]. 

Furthermore, it has been shown that HA acts as an anti-inflammatory modulator 

of nucleus pulposus (NP) cells treated with IL-1β and HA also attenuates the 

neurotrophins secreted as a result of the IL-1β signalling pathway [22]. 

Hyaluronan has also been reported to modulate different cellular functions via 

interaction with its main extracellular receptor CD44 [23]; however, the 

mechanism through which it modulates these functions is still not clear. HA has 

been shown in previous studies to regenerate the NP [22, 24]; however, so far HA 

has not been shown to act as an anti-inflammatory modulator of the AF of the 

intervertebral disc. Bovine disc organ culture technique is used to test different 

biomaterials prior to preclinical studies because it is cheaper and it is easily 

accessible. Recently, some groups have utilised this technique to gain a better 

understanding of the disc degenerative disease	[25-30].  Therefore, in this bovine 

organ culture study it was hypothesised that a HMW HA hydrogel injected in 

IFNα2β treated bovine discs with an AF defect will play an anti-inflammatory 

role by down-regulating the key molecules that were induced by the IFNα2β 

signalling pathway. To test this hypothesis, the following objectives were tested: 

(1) To identify the effect of HMW HA on the expression of IFNα2β receptors and 

signalling molecules. (2) To assess the effect of HMW HA on the expression of 

the two pro-apoptotic and anti-proliferative targets IGFBP3 and IFIT3 that are 

induced downstream of the cytokine IFNα2β signalling pathway both at the gene 

and protein levels. (3) To elucidate the effect of HMWHA on the extracellular 

matrix of the annulus fibrosus. This chapter provides an insight into the anti-

inflammatory therapeutic effect of HMW HA on the IFNα2β induced pro-

apoptotic IGFBP3 and anti-proliferative IFIT3 pathways and the effect of HMW 

HA on the modulation of the extracellular matrix and the ultimate repair of the 

annulus fibrosus.  

3.2 Methods 

3.2.1 Bovine disc harvesting and culturing 

Intervertebral discs (IVDs) with 10.57 mm (± 1.96 mm) height and 16.77 

mm (± 2.57 mm) diameter were harvested as per Samantha et al [31] from eleven 

young calves (4-5 months old) that were collected from local slaughterhouses. 
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After washing the tail with 1% betadine solution, five discs were dissected from 

each tail and assigned to five different treatments for each experiment. The 

vertebrae were cut proximal and distal to the end plates with a band saw and the 

tissues surrounding the discs were removed; then IVDs were washed with 

phosphate buffered saline (PBS) and with 10% penicillin/streptomycin followed 

by another wash with PBS and 1% penicillin/streptomycin. Discs were then 

cultured for three days in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 

UK) with sufficiently high (4.5 g/L) D-glucose supplemented with 2% fetal calf 

serum (FCS) (Gibco, UK), 1% ITS (Biosciences, USA), 0.1% primocin 

(Invitrogen, USA), 1% penicillin/streptomycin (Gibco, UK), 5 mg/ml ascorbate-

2-phosphate (Sigma Aldrich, USA) and 1% non-essential amino acids (Gibco, 

UK), with or without 100U/ml IFNα2β (PBI interferon source, Switzerland). 

Organ culture experiments were based on previously published investigations 

where intact and defect samples as controls have been studied [25-30].  Defect 

samples were treated with 100U/ml IFNα2β in the culture medium to induce the 

inflammation triggered by IFNα2β for analysing the biological changes under this 

specific signaling pathway. Defect samples treated with 100U/ml IFNα2β in the 

culture medium were further treated with HMW HA cross-linked hydrogel, in 

order to test the anti-inflammatory effect of HMW HA particularly on the 

IFNα2β signaling pathway. All the HMW HA injected samples were sealed with 

a polyurethane (PU) membrane using EPIGLU® sterile tissue adhesive that 

contains 3g Ethyl-2-Cyanoacrylate (Meyer-Haake Medical Innovations, 

Wehrheim, Germany). The PU was synthesised using a one-step solution 

polycondensation [32]. The PU membrane was produced as described previously 

by pirvu et al [25]. Briefly, 15 g of PU was suspended in 150 mL of N,N-

dimethylformamide (DMF) (Fluka, Switzerland) under strong stirring conditions 

at room temperature (RT), overnight. Then, 150 mL of tetrahydrofuran (THF) 

(Fluka, Switzerland) and 80 mL of acetone (Fluka, Switzerland) were added to 

the mixture and stirred until the solution turned completely transparent. 60 mL of 

the obtained solution was then poured into glass petri-dishes which were retained 

on a flat table in a chemical fume-hood, and covered with a porous sheet of 

polypropylene and left to dry at room temperature for four days. The petri-dishes 

were washed three times with ethanol (99%, Fluka, Switzerland) and left to dry 

slowly in air for two days before being dried under vacuum for another two days.  
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3.2.2 High molecular weight hyaluronic acid crosslinked gel fabrication 

High molecular weight sodium hyaluronate (850KDa - 1.12MDa) 

(Lifecore, US) was used at 0.75% to fabricate the cross-linked hydrogel 

following the same steps described previously[22]. After cross-linking, 40µl of 

HMW HA was injected into each bovine AF defect by a pipette. 

3.2.3 Gene expression by qRT-PCR 

Annulus fibrosus from the intact (control/untreated) discs or discs treated 

with IFNα2β and HMWHA were harvested from the tissue next and opposite to 

the defect (Figure 1, section 4, part A and B) and minced, treated with 2mg/ml 

pronase for one hour at 37˚C, and homogenised in TRI Reagent® (Molecular 

Research Center, USA). Total RNA was isolated according to the manufacturer's 

protocol and was converted into cDNA using SuperScript® VILOTM cDNA 

Synthesis Kit (Invitrogen, Switzerland). PCR was performed to analyse the gene 

expression of molecules in the IFNα2β signalling pathway with TaqMan® Gene 

Expression Assays (Applied Biosystems), using the following primer/probe 

systems: IFNAR1 (Bt03215051_m1), IFNAR2 (Bt03215056_m1), STAT1 

(Bt03252664_m1), STAT2 (Bt04284638_m1), JAK1 (Bt04295576_m1), as well 

as IGFBP3 (Bt03223808_m1) and IFIT3 (Bt03245962_m1). Matrix genes were 

analysed using the primer/probe systems (Microsynth, Switzerland) as indicated 

in Table 1. qRT-PCR was performed using TaqMan® Gene Expression Master 

Mix (Applied Biosystems) and standard thermal conditions (2 minutes at 50°C, 

10 minutes at 95°C, followed by 45 cycles at 95°C for 15 seconds and 45 cycles 

at 60°C for 1 minute). The expression of target genes was normalised to the 

control glyceraldehyde phosphate dehydrogenase (GAPDH), primers and probes 

provided in Table 3.1. The gene expression data was represented relative to the 

intact samples of the same animal. 

3.2.4 Immunohistochemistry and immunofluorescence 

Whole discs including one endplate were snap frozen in liquid nitrogen, 

embedded in a cryo-compound, and transverse sections of 10 µm were cut by 

cryostat. The sections were fixed with 100% methanol after being thawed to 

room temperature and rinsed with PBS. Tissue was permeablised by PBS-T 

0.01%. Sections were blocked with normal goat serum for one hour and then  
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Table 3.1. Oligonucleotide primers and probes (bovine) used for real-time PCR 

Gene Primer/Probe Type Sequence 

COL1A2 Primer fw (5'-3') 

Primer rev (5'-3') 

Probe (5'FAM/3'TAMRA) 

TGC AGT AAC TTC GTG CCT AGC A 

CGC GTG GTC CTC TAT CTC CA 

CAT GCC AAT CCT TAC AAG AGG CAA CTG C 

ACAN  Primer fw (5'-3') 

Primer rev (5'-3') 

Probe (5'FAM/3'TAMRA) 

CCA ACG AAA CCT ATG ACG TGT ACT 

GCA CTC GTT GGC TGC CTC 

ATG TTG CAT AGA AGA CCT CGC CCT CCA T 

ADAMTS4 Primer fw (5'-3') 

Primer rev (5'-3') 

Probe (5'FAM/3'TAMRA) 

CCC CAT GTG CAA CGT CAA G 

AGT CTC CAC AAA TCT GCT CAG TGA 

AGC CCC CGA AGG GCT AAG CGC 

GAPDH Primer fw (5'-3') 

Primer rev (5'-3') 

Probe (5'FAM/3'TAMRA) 

GGC TGC TTT TAA TTC TGG CAA A 

AAT CAT ACT GGA ACA TGT AGA CCA TGT A 

TGG ACA TCG TCG CCA TCA ATG  ACC 
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treated with 1:50 anti-IGFBP3 antibody (Acris Antibodies, Switzerland), 1:50 

anti-IFIT3 antibody (Aviva Systems, Switzerland), 1:100 anti-collagen I (COLI) 

antibody (Abcam, Ireland) or 1:25 anti-aggrecan antibody (Biosciences, Ireland) 

for 60 minutes at room temperature, or with 1:50 anti-active caspase 3 antibody 

(Abcam, Ireland) overnight at 4oC. Negative control sections were incubated 

without the primary antibody. The secondary biotinylated anti-rabbit antibody 

(1:200, Vector Laboratories, US), and Alexa fluor® 488 and Alexa fluor® 594 

goat anti-rabbit (1:500, Molecular probes, Ireland) antibodies were applied, 

followed by staining the nuclei with DAPI anti-fade gold (Molecular probes, 

Ireland). 

3.2.5 Stereological quantification of fluorescent images 

Fluorescent images were taken next to the defect (Figure 1, section 4, part 

A). Three immunostaining sections from each of four different biological 

replicates were quantified using the percentage area fraction calculated using 

point and area counting methods. Point counting is processed by placing a point 

grid over a specific image and accordingly estimating the unbiased area fraction. 

This is calculated as the number of points (positive expression) hitting the 

allowed lines of the grid, divided by the number of intersection points of the grid 

including the whole field. The area method is processed by estimating the area of 

expression and dividing this area by the total area of the tissue using image 

analysis software (Image J). This method has been described previously by our 

group [33]. The percentage area fraction is represented as mean + SEM where p 

values <0.05 considered significant. 

3.2.6 Safranin-O/Fast Green staining 

The integrity of the tissue and the extracellular matrix was qualitatively 

assessed by Safranin-O/Fast Green staining. 10µm cut sections were fixed with 

100% methanol after being thawed to room temperature and rinsed with PBS. 

Disc tissue sections were stained with 0.1% Safranin-O and 0.02% Fast Green to 

show the proteoglycan and collagen composition of the disc. 

3.2.7 Statistical analysis 

GraphPad Prism® 6 statistical software was used to determine the 

significance of differences between the treatment groups.  
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Figure 3.1. Schematic figure representing the project design in steps. 1. 

Dissection of bovine calf tails. 2. Isolation of the discs. 3. Culturing the 

intact/control and defect induced discs with or without Interferon alpha and 

Hyaluronic acid treatments. 4. Tissue harvesting from sites A and B for RNA 

extraction. 5. Isolation of total RNA from annulus fibrosus cells and conversion 

into cDNA. 6. qRT-PCR for gene expression analysis. 7. Immunostaining for 

protein expression analysis (Images are taken from only A sites of the disc in 

step 4). 
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The qRT-PCR and protein expression quantification data was analysed by one-

way ANOVA with the Tukey–Kramer post-hoc test to assess the differences 

between treatment groups in the same time point (day three) with p<0.05 

considered significant. 

3.3 Results 

3.3.1 Hyaluronan down-regulates the gene expression of IFNAR1, IFNAR2, 

STAT1, STAT2 and JAK1.  

Bovine disc organ culture technique was utilised to assess whether the 

HMW HA hydrogel had an effect on the IFNα2β signalling pathway activated in 

the injured discs. IFNAR1 was found significantly up-regulated next to the defect 

in the defect treated with IFNα2β (D+IFNα) group (8.55 ± 2.35) compared to the 

intact group, the defect (D) group (1.70 ± 0.24) and the defect treated with HMW 

HA (D+HA) group  (1.00 ± 0.09). Up-regulation of IFNAR1 was significantly 

suppressed in the defect treated with IFNα2β which was further treated with 

HMW HA (D+IFNα+HA) group (1.09 ± 0.33) compared to the D+IFNα group 

(8.55 ± 2.35) (Figure 3.2A). On the opposite side of the defect, there was only a 

significant increase in the expression of the IFNα2β in the D+IFNα (4.32 ± 1.20) 

group compared to the intact (Figure 3.3A). 

Similarly, IFNAR2 was significantly up-regulated in the D+IFNα group 

in the tissue next to the defect (3.48 ± 1.40) compared to the intact group. Up-

regulation of IFNAR2 was significantly suppressed when treated with HA in the 

D+IFNα2β+HA group (1.05 ± 0.06) compared to the D+IFNα group (3.48 ± 

1.40) only (Figure 3.2B). Similarly, IFNAR2 was significantly up-regulated in 

the D+IFNα group opposite to the defect (4.59 ± 1.73) compared to the intact 

(Figure 3.3B). 

Gene expression analysis also showed that the IFNα2β signalling 

molecule STAT1 was significantly up-regulated in the D+IFNα group (6.22 ± 

1.63) next to the defect when compared to the intact group, the D group (1.78 ± 

0.10) and the D+HA group (1.01 ± 0.16). Up-regulation of STAT1 was 

significantly reduced in the D+IFNα+HA group (2.60 ± 0.86) when compared to 

the D+IFNα group (6.22 ± 1.63) (Figure 3.2C). STAT1 was significantly up-
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regulated in the D+IFNα group (3.47 ± 0.79) opposite to the defect when 

compared to the intact (Figure 3.3C). 

In a similar manner, STAT2 was found significantly up-regulated in the 

D+IFNα group (6.38 ± 2.01) next to the defect when compared to the intact and 

the D+HA (1.09 ± 0.37) group. Up-regulation of STAT2 was significantly 

reduced in the D+IFNα+HA group (0.60 ± 0.18) when compared to the D+IFNα 

group (6.38 ± 2.01) (Figure 3.2D). In addition to STAT1 and STAT2, JAK1 gene 

expression was quantified and found that it was significantly up-regulated in the 

D+IFNα group (2.99 ± 0.68) when compared to the intact group (Figure 3.2E). 

There was no significant difference in the gene expression of STAT1, STAT2 

and JAK1 between the treatment groups, opposite to the defect (Figure 3.3C, D 

and E). 

3.3.2 Hyaluronan down-regulates both the gene and protein expression of 

IFIT3 and IGFBP3. 

Enhanced IFIT3 and IGFBP3 gene and protein expression were identified 

in the human degenerated AF, which are expressed downstream of IFNα2β 

signalling [1]. Herein, whether IFIT3 and IGFBP3 were induced by IFNα2β 

signalling in the bovine AF and whether the HMW HA hydrogel has an effect on 

the attenuation of their expression was investigated. Figures 4A and 4B showed 

the gene expression of IFIT3 and IGFBP3 in four treatment groups when 

compared to the intact group at day three.  

The expression of IFIT3 was significantly up-regulated in the D+IFNα 

group (2.72 ± 0.48) next to the defect compared to the intact group and the 

D+HA (0.18 ± 0.06) group (Figure 3.4A). Also, IFIT3 was significantly up-

regulated in the D+IFNα group (8.22 ± 2.98) opposite to the defect compared to 

the intact group (Figure 3.4C). IFIT3 was found to be significantly down-

regulated in the D+IFNα+HA group (0.31 ± 0.15) compared to the D+IFNα 

group (2.72 ± 0.48) (Figure 3.4A). Similarly, IGFBP3 gene expression was 

significantly up-regulated in the D+IFNα group (5.69 ± 1.79) next to the defect 

compared to the intact group, the D (1.34 ± 0.63) group and the D+HA (0.62 ± 

0.22) group (Figure 3.4B). Also, IGFBP3 gene expression was significantly up-

regulated in the D+IFNα group (4.57 ± 1.57) opposite to the defect compared to 

the intact group (Figure 3.4D).  On the other hand, IGFBP3 gene expression was 
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found to be significantly lower in the D+IFNα+HA group (1.29 ± 0.50), 

remaining at the level of the intact control, when compared to the D+IFNα (5.69 

± 1.79) group, (Figure 3.4B).  

In a similar manner, the protein expression analysis data showed that HA 

significantly reduced the expression of IFIT3 and IGFBP3 upon treating the D 

group and the D+IFNα+HA (Figures 3.5A and B). These results correlated with 

quantified immunohistochemistry data validates that HA significantly reduced 

the IFNα2β inflammatory cytokine induced targets IFIT3 by 77.8% in the D+HA 

group (5.44 ± 0.76%) compared to the D group (24.49 ± 1.27%) (Figure 3.5C).  

HA significantly reduced the percentage area fraction of the inflammatory 

cytokine induced target IFIT3 in the D+IFNα+HA group (2.34 ± 0.70%) by 

90.4% compared to the D group (24.49 ± 1.27%) and by 93.8% compared to the 

D+IFNα group (38.08 ± 1.27%) (Figure 3.5C). Similarly HA significantly 

reduced the percent area fraction of the inflammatory cytokine induced target 

IGFBP3 in the D+HA group (3.32 ± 1.28%) by 91.9% compared to the D group 

(41.22 ± 2.58%) (Figure 3.5D). HA significantly reduced the inflammatory 

cytokine induced target IGFBP3 in the D+IFNα+HA group (2.85 ± 0.75%) by 

93.1% compared to the D group (41.22 ± 2.58%) and by 94.6% compared to the 

D+IFNα group (52.52 ± 3.83%) (Figure 3.5D). In combination with previously 

published insights correlating decreased levels of IGFBP3 with decreased 

apoptosis [34, 35], this data indirectly suggests that HA may act as anti-apoptotic 

biomolecule.  

3.3.3 Hyaluronan down-regulates the protein expression of the active 

caspase 3 fragment p17. 

To assess the pro-apoptotic effect induced under IFNα2β signalling, the 

protein expression of active caspase 3 fragment p17 was tested. Figure 3.6A 

shows immunofluorescent images of the caspase 3 labeling. Figure 3.6B shows 

that caspase 3 was significantly up-regulated in the defect group (61.77 ± 2.12%) 

and the D+IFNα group (63.98 ± 2.71%). However, the expression of caspase 3 

fragment p17 was significantly reduced by 67.9% upon treatment of the defect 

group with HA (19.81 ± 0.43%) compared to the defect group alone. The 

expression of caspase 3 fragment p17 was significantly reduced by 43.8% upon 

treatment of the D+IFNα group with HA compared to the defect alone. Similarly 
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the expression of caspase 3 fragment p17 was significantly reduced by 45.8% 

upon treatment of the D+IFNα group with HA compared to the D+IFNα group. 

This demonstrates that HA can modulate the apoptotic caspase 3 downstream of 

IFNα2β. 

3.3.4 Hyaluronan modulates the expression of aggrecan and collagen I in 

the annulus fibrosus. 

To ascertain whether the HMW HA hydrogel is able to modulate the 

intervertebral disc matrix, the gene expression of aggrecan (ACAN), Collagen I 

(COLI) and the major aggrecan-degrading enzyme ADAMTS4 (aggrecanase 1) 

was evaluated. PCR data confirmed that HA significantly up-regulated aggrecan 

in the D+HA group (9.23 ± 1.51) and the D+IFNα+HA group (6.66 ± 1.80) 

compared to the intact, D (1.06 ± 0.46) and the D+IFNα (0.55 ± 0.10) groups 

(Figure 3.7A). Because COLI is the major matrix protein component in the 

annulus fibrosus, the gene expression of COLI was assessed, which was 

significantly up-regulated by treatment of the defect with HA (2.11 ± 0.46) and 

D+IFNα+HA (2.01 ± 0.67) compared to the D group (0.49 ± 0.10) (Figure 3.7B). 

It was also found that HA plays a significant role in decreasing ADAMTS4 

expression in the D+IFNα+HA group (0.73 ± 0.39) compared to the D+IFNα 

group (3.37 ± 0.87) (Figure 3.7C). The gene expression of COLI, aggrecan and 

ADAMTS4 remained unchanged between the different treatment groups. 

To confirm the expression of the two important AF matrix proteins COLI 

and aggrecan, the immunofluorescent staining data was quantified, which 

demonstrated that COLI was significantly up-regulated by 101% in the D+HA 

group (43.42 ± 0.47%) compared to the D (21.60 ± 0.62%) group and by 94.2% 

in the D+IFNα+HA group (41.97 ± 0.62%) when compared to the D (21.60 ± 

0.62%) group. COLI was significantly up-regulated in the D+IFNα+HA group 

(41.97 ± 0.62%) by 668.8% compared to D+IFNα (5.45 ± 0.57%) group (Figure 

3.8C). Similarly, aggrecan was significantly up-regulated in the D+HA group 

(10.19 ± 0.64%) by 189.9% compared to D (3.52 ± 0.36%) group and in the 

D+IFNα+HA group (11.75 ± 0.74%) by 233.9% compared to the D (3.52 ± 

0.36%) and by 15567.8% compared to the D+IFNα group (0.07 ± 0.03%) (Figure 

3.8D).  
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Figure 3.2. The effect of hyaluronic acid on the gene expression of IFNα 

signaling molecules on the same side of the defect. A. IFNAR1, B. IFNAR2, 

C. STAT1, D. STAT2 and E. JAK1 expression in the intact, defect (D), defect 

and HA treated (D+HA), defect and IFNα2β challenged samples (D+IFNα), and 

defect IFNα2β challenged samples which are treated with HA (D+IFNα+HA). 

The data represents fold changes + SEM relative to intact. ≠D+IFNα vs intact, 

*** D+IFNα vs D, +++ D+IFNα vs D+HA, * D+IFNα+HA vs D+IFNα, n = 7, 

ANOVA, p<0.05. 
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Figure 3.3. The effect of hyaluronic acid on the gene expression of IFNα 

signalling molecules on the opposite side of the defect. A. IFNAR1, B. 

IFNAR2, C. STAT1, D. STAT2 and E. JAK1 expression in the intact, defect (D), 

defect and HA treated (D+HA), defect and IFNα2β challenged samples 

(D+IFNα), and defect IFNα2β challenged samples which are treated with HA 

(D+IFNα+HA). The data represents fold changes + SEM relative to intact. �

D+IFNα vs intact, n = 7, ANOVA, p<0.05.  
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Figure 3.4. The effect of hyaluronic acid on the gene expression of IGFBP3 

and IFIT3. Gene expression of (A) IFIT3 and (B) IGFBP3 from the site close to 

the defect of the disc, (C) IFIT3 and (D) IGFBP3 from the opposite side of the 

defect. The treatment groups are: intact, defect (D), defect and HA treated 

(D+HA), defect and IFNα2β challenged samples (D+IFNα), and defect IFNα2β 

challenged samples which are treated with HA (D+IFNα+HA). The data 

represents fold changes + SEM relative to intact. ≠D+IFNα vs intact, *** 

D+IFNα vs D, +++ D+IFNα vs D+HA, * D+IFNα+HA vs D+IFNα, n = 7, 

ANOVA, p<0.05.  
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Figure 3.5. The effect of hyaluronic acid on the protein expression of IFIT3 

and IGFBP3. A and B represent the immunohistochemistry images of IFIT3 and 

IGFBP3 in the intact, defect (D), defect and HA treated (D+HA), defect and 

IFNα2β challenged samples (D+IFNα), and defect IFNα2β challenged samples 

which are treated with HA (D+IFNα+HA). C and D represent the % area fraction 

quantification of IFIT3 and IGFBP3 in the different groups. Data represented as 

mean + SEM, **D vs intact, + D+HA vs D, �D+IFNα vs intact, *** D+IFNα vs 

D, +++ D+IFNα vs D+HA, * D+IFNα+HA vs D+IFNα, ÷ D+IFNα+HA vs D, n 

= 4, ANOVA, p<0.05. The scale bar is 100um. 
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Figure 3.6. The effect of hyaluronic acid on apoptosis. A represents the active 

caspase 3 fragment p17 expression fluorescent images of the intact, defect (D), 

defect and HA treated (D+HA), defect and IFNα2β challenged samples 

(D+IFNα), and defect IFNα2β challenged samples which are treated with HA 

(D+IFNα+HA). B represents the % area fraction quantification of the active 

caspase 3 fragment p17 in the different groups. The p17 expression data is 

represented in mean + SEM, ++ intact vs negative control, **D vs intact, + 

D+HA vs D, ≠D+IFNα vs intact, +++ D+IFNα vs D+HA, ∞ D+IFNα+HA vs 

intact, ÷ D+IFNα+HA vs D, * D+IFNα+HA vs D+IFNα, n = 4, ANOVA, 

p<0.05. The scale bar is 100um. Green fluorescence indicates the active caspase 

3 fragment p17 expression and the blue fluorescence indicates the nuclei. 
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Figure 3.7. The effect of hyaluronic acid on the matrix modulation. Gene 

expression analysis of (A) ACAN, (B) COLI, and (C) ADAMTS4 from the site 

close to the defect, (D) ACAN, (E) COLI, and (F) ADAMTS4 from the opposite 

side of the defect. The treatment groups are: intact, defect (D), defect and HA 

treated (D+HA), defect and IFNα2β challenged samples (D+IFNα), and defect 

with IFNα2β challenged samples which are treated with HA (D+IFNα+HA). The 

data represents fold changes + SEM, = D+HA vs intact, + D+HA vs D, �

D+IFNα vs intact, +++ D+IFNα vs D+HA, ∞D+IFNα+HA vs intact, ÷ 

D+IFNα+HA vs D, * D+IFNα+HA vs D+IFNα, n = 7, ANOVA, p<0.05. 
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Figure 3.8. The effect of hyaluronic acid on the collagen I and aggrecan 

protein expression. A represents the Collagen I expression fluorescent images 

of the intact, defect (D), defect and HA treated (D+HA), defect and IFNα2β 

challenged samples (D+IFNα), and defect with IFNα2β challenged samples 

which are treated with hyaluronan (D+IFNα+HA). B represents fluorescent 

images of Aggrecan expression fluorescent images of the intact, defect (D), 
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defect and HA treated (D+HA), defect and IFNα2β challenged samples 

(D+IFNα), and defect IFNα2β challenged samples which are treated with 

hyaluronan (D+IFNα+HA). C represents the % area fraction quantification of 

collagen I expression in the different treatment groups. D represents the % area 

fraction quantification of the aggrecan expression in the different treatment 

groups. Data is represented in mean + SEM, ++ Intact vs negative control, ++ 

intact vs negative control, ** D vs intact, = D+HA vs intact, + D+HA vs D, �

D+IFNα vs intact, *** D+IFNα vs D, +++ D+IFNα vs D+HA, ∞D+IFNα+HA vs 

intact, ÷ D+IFNα+HA vs D, * D+IFNα+HA vs D+IFNα, n = 4, ANOVA, 

p<0.05. The scale bar is 100um. Green fluorescence indicates collagen I 

expression, red fluorescence indicates aggrecan expression and the blue 

fluorescence indicates the nuclei. 
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Figure 3.9. The safranin O fast green staining of the different treatment 

groups of the disc. A. intact, B. defect (D), C. defect and HA treated (D+HA), 

D. defect and IFNα2β challenged samples (D+IFNα), and E. defect IFNα2β 

challenged samples which are treated with HA (D+IFNα+HA).  
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Figure 3.10. The proposed mechanism of the effect of hyaluronic acid on the 

IFNα signalling pathway in the intervertebral disc. A. Effect of IFNα2β on 

IFIT3 and IGFBP3 expression, apoptosis and matrix modulation: In figure A, 

binding of IFNα2β to its receptors induces the up-regulation of the gene 

expression of the receptors IFNAR1 and IFNAR2, signalling molecules STAT1, 

STAT2, JAK1, and also the IGFBP3 and IFIT3 which lead to apoptosis via an 

up-regulation in the gene expression of caspase 3 and also in the protein 

expression of the active caspase 3 fragment p17. As a result, ADAMTS4 mRNA 

expression is up-regulated while aggrecan and COLI protein expression is down-

regulated. B. The proposed effect of HA treatment on IFNα2β signalling, IFIT3 

and IGFBP3 expression, apoptosis and matrix modulation: In figure B, binding 

of IFNα2β to its receptors is masked by HA binding to CD44 causing a down-

regulation of the gene expression of the receptors, the signalling molecules 

STAT1, STAT2, JAK1, also IGFBP3 and IFIT3 which might down-regulate 

apoptosis by down-regulating the expression of active caspase 3 p17 protein. As 

a result, ADAMTS4 gene expression is down-regulated while aggrecan and 

COLI gene and protein expression are up-regulated. Pink arrows indicate 

increase, while green arrows indicate decrease. 
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3.4 Discussion 

Intervertebral disc degeneration is thought to be the main factor leading 

to discogenic low back pain that represents an extremely costly musculoskeletal 

disorder [36, 37]. Efforts to devise an effective therapy have been hindered by a 

lack of knowledge regarding the pathophysiological changes that trigger disc 

degeneration which lead to back pain. The initial source of the discogenic back 

pain has been discussed, and there is supporting evidence of a link between the 

discogenic back pain and the up-regulation of pro-inflammatory cytokines in the 

degenerated intervertebral disc [38, 39]. Indeed, the pro-inflammatory cytokines 

mediate pain sensation [10, 11], though it is still not clear whether one cytokine 

alone or a combination of cytokines causes the nociception under certain 

cascades. Thus there is little agreement on the optimal therapeutic approach to 

alleviate pain and induce regeneration.  

The IFNα canonical signalling pathway was identified in chapter 2 as the 

most dysregulated signalling pathway in the human degenerated annulus fibrosus 

[1]. IFNα2β was also reported as a pain biomarker in the serum of a cohort 

suffering from disc degenerative disease [2]. IFNα induces a pro-inflammatory 

signaling through the canonical IFNα pathway by activating IFNAR1 and 

IFNAR2 which in turn activate the STAT1 and STAT2 that dimerise and 

translocate to the nucleus leading to the transcription of different IFN induced 

genes (ISG)s [40]. 

Cross-linked HA has been shown to play an anti-inflammatory role 

through interaction with its main receptor CD44 [41] and it has also been shown 

to induce proliferation and increase cell viability after oxidative stress induced 

cell damage in chondrocytes [42]. In this chapter, the anti-inflammatory effect of 

crosslinked high molecular weight hyaluronic acid was tested on the pro-

inflammatory IFNα2β signalling pathway, which was found up-regulated in the 

degenerated annulus fibrosus of the human disc [1]. The effect of HA has been 

also verified on apoptosis signalling and matrix modulation. 

Gene expression levels of the IFNα2β receptors, signalling molecules, the 

pro-apoptotic IGFBP3, and the anti-proliferative IFIT3 were up-regulated in the 

D+IFNα group. By contrast, all genes that were induced by IFNα2β remained at 

the same level as the control upon treatment with HA in both the D group and the 

D+IFNα2β group (Figures 3.2A, B, C, D, E and 3.3 A, B). This data interlinked 
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with previous reports regarding HA acting as an anti-inflammatory molecule 

through binding to major HA binding receptors such as CD44	 [43-46] might 

indicate an interference with the IFNα2β signaling pathway as suggested in the 

schematic (Figure 3.10B). By assessing the protein expression of the two target 

molecules IFIT3 and IGFBP3 that are induced downstream of the IFNα2β 

signalling pathway, HA down-regulated the expression of these proteins in the 

injured and inflamed groups as indicated in (Figure 3.6) when compared to the 

HA untreated groups. It is worth noting that although there was no detectable 

significant up-regulation of the two target molecules IFIT3 and IGFBP3 in the 

defect group on the mRNA level, we could detect significant up-regulation of the 

two target molecules IFIT3 and IGFBP3 in the defect group on the protein level. 

This could be because mRNA expression quantified by qRT-PCR demonstrates a 

relative expression at a given time point rather than an absolute value. 

Differences in temporal expression patterns and mRNA stability may lead to 

variations between transcript and protein expression.  

Because the two target genes, the pro-apoptotic IGFBP3, and the anti-

proliferative IFIT3 [3, 6] are induced downstream of the IFNα2β signalling 

pathway, the anti-apoptotic role of HA on the expression of active caspase 3 

(p17) fragment that is indicative of apoptosis and cell death we assessed (Figure 

3.6A and B). The data in (Figure 3.6A) indicates up-regulation of the active 

caspase 3 (p17) fragment expression in the defect and defect group challenged 

with IFNα2β; on the other hand, the active caspase 3 (p17) fragment expression 

was only slightly enhanced in the injured groups treated with HA (Figure 3.6B). 

Based on previously published insights correlating decreased expression of 

IGFBP3 with decreased apoptosis, this data indirectly suggests that HA may act 

as anti-apoptotic biomolecule as reported previously [47, 48] which might 

promote regeneration of the AF tissue. 

Studies have shown that IFNα2β decreases the rate of collagen production 

[49] and supporting research shows that HA regulates and modulates matrix 

turnover [50]. More specifically, it has been demonstrated that HA has an effect 

in suppressing MMPs and ADAMTSs that are produced under inflammatory 

conditions in osteoarthritis [51]. Moreover, genomic studies have identified 

IGFBP3 in hip osteoarthritis, and knockdown of IGFBP3 led to a down-

regulation of aggrecan and Collagen I and up-regulation of MMP13[52]. Higher 
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molecular weight HA treatments are known to be more effective. Yatabe et al 

have shown that 2.5 mg/ml of HA with two different molecular masses, 

including 800 kDa (HA800) and 2700 kDa (HA2700) could significantly down-

regulate both the mRNA and protein expression of ADAMTS4 in human 

osteoarthritic chondrocytes [17]. HMW HA, which is widely used in the clinic in 

osteoarthritis, is well known for its anti-inflammatory, immunosuppressive and 

analgesic effects. These effects are ascribed to the potential of HA to bind to 

specific receptors such as CD44 and RHAMM on the surface of the cells that 

prevent inflammatory molecules and cells from interacting with certain receptors 

on the tissue, and also to its capability to build a large extracellular matrix which 

prevents the function of the inflammatory molecules [53, 54]. In light of this 

finding, the effectiveness of HA signalling to enhance matrix modulation was 

assessed. Therefore, the expression of aggrecan, ADAMTS4 and collagen I in 

the AF matrix was evaluated and found that both aggrecan and collagen I were 

down-regulated when the discs were subject to an AF defect and IFNα2β 

treatment, while ADAMTS4 was up-regulated; however, both groups when 

treated with HA, showed an increase in aggrecan and collagen I and a decrease in 

ADAMTS4 as indicated in (Figures 3.7 and 3.8). Hence it was concluded that 

HA has a matrix modulatory effect and can suppress ADAMTS4 in the inflamed 

bovine disc. Therefore, together with the previous findings, these results suggest 

that the HMW HA have an anti-inflammatory and matrix modulatory effect. 

Also, it has been noted that the defect samples that were not treated with HA lead 

to the hernia of NP as shown in (Figure 3.9B and D), while the HA treated ones 

kept the NP intact as shown in (Figure 3.9C and E). 

In conclusion, the effect of hyaluronan on the IFNα2β signalling pathway 

was assessed utilising a bovine disc organ culture model. It was demonstrated 

that HA acts as an anti-inflammatory molecule via down-regulating the IFNAR1 

and IFNAR2, the signaling molecules STAT1, STAT2, JAK1 and the downstream 

apoptotic targets IGFBP3 and IFIT3. The down-regulation of caspase 3 p17 

indicates that HA is effective in modulating the apoptotic environment towards a 

healthier microenvironment. Additionally, it was demonstrated that HA is able to 

modulate the disc matrix environment by increasing aggrecan and collagen I 

synthesis and down-regulating ADAMTS4 that degrades the matrix under 

inflammatory conditions. Therefore, it was concluded that HA acts as an anti-
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inflammatory molecule by shifting the disc environment towards a more anabolic 

state. Results from the organ culture studies suggest that HA has a therapeutic 

potential for AF repair or regeneration, which warrants further investigation in 

vivo. 

3.5 References 
1. Kazezian Z, Gawri R, Haglund L, Ouellet J, Mwale F, Tarrant F, O'Gaora 

P, Pandit A, Alini M, Grad S: Gene expression profiling identifies 

interferon signalling molecules and IGFBP3 in human degenerative 

annulus fibrosus. Scientific Reports 2015, 5:15662. 

2. Weber KT, Satoh S, Alipui DO, Virojanapa J, Levine M, Sison C, 

Quraishi S, Bloom O, Chahine NO: Exploratory study for identifying 

systemic biomarkers that correlate with pain response in patients with 

intervertebral disc disorders. Immunologic Research 2015, 63(1-3):170-

180. 

3. Lee HY, Chun KH, Liu B, Wiehle SA, Cristiano RJ, Hong WK, Cohen P, 

Kurie JM: Insulin-like growth factor binding protein-3 inhibits the growth 

of non-small cell lung cancer. Cancer Research 2002, 62(12):3530-3537. 

4. Fang P, Hwa V, Little BM, Rosenfeld RG: IGFBP-3 sensitizes prostate 

cancer cells to interferon-gamma-induced apoptosis. Growth Hormone & 

IGF Research 2008, 18(1):38-46. 

5. Spagnoli A, Hwa V, Horton WA, Lunstrum GP, Roberts CT Jr, Chiarelli 

F, Torello M, Rosenfeld RG: Antiproliferative effects of insulin-like 

growth factor-binding protein-3 in mesenchymal chondrogenic cell line 

RCJ3.1C5.18. relationship to differentiation stage. The Journal of 

Biological Chemistry 2001, 276(8):5533-5540. 

6.  Xiao S, Li D, Zhu HQ, Song MG, Pan XR, Jia PM, Peng LL, Dou AX, 

Chen GQ, Chen SJ, Chen Z, Tong JH: RIG-G as a key mediator of the 

antiproliferative activity of interferon-related pathways through 

enhancing p21 and p27 proteins. Proceedings of the National Academy of 

Sciences of the United States of America 2006, 103(44):16448-16453. 

7. Del Monte P, Laurino C, Arvigo M, Palermo C, Minuto F, Barreca A: 

Effects of alpha-interferon on insulin-like growth factor-I, insulin-like 

growth factor-II and insulin-like growth factor binding protein-3 secretion 



    Anti-inflammatory hyaluronic acid 

	
	

132	

by a human lung cancer cell line in vitro. Journal of Endocrinological 

Investigations 2005, 28(5):432-439. 

8. Kiepe D, Ulinski T, Powell DR, Durham SK, Mehls O, Tonshoff B: 

Differential effects of insulin-like growth factor binding proteins-1, -2, -3, 

and -6 on cultured growth plate chondrocytes. Kidney International 2002, 

62(5):1591-1600. 

9. Burke JG, Watson RW, McCormack D, Dowling FE, Walsh MG, 

Fitzpatrick JM: Intervertebral discs which cause low back pain secrete 

high levels of proinflammatory mediators. The Journal of Bone and Joint 

Surgery British Volume 2002, 84(2):196-201. 

10. De Jongh RF, Vissers KC, Meert TF, Booij LH, De Deyne CS, Heylen 

RJ: The role of interleukin-6 in nociception and pain. Anesthesia and 

Analgesia 2003, 96(4):1096-1103. 

11. Cunha FQ, Lorenzetti BB, Poole S, Ferreira SH: Interleukin-8 as a 

mediator of sympathetic pain. British Journal of Pharmacology 1991, 

104(3):765-767. 

12. Olmarker K, Larsson K: Tumor necrosis factor alpha and nucleus-

pulposus-induced nerve root injury. Spine 1998, 23(23):2538-2544. 

13. Takahashi H, Suguro T, Okazima Y, Motegi M, Okada Y, Kakiuchi T: 

Inflammatory cytokines in the herniated disc of the lumbar spine. Spine 

1996, 21(2):218-224. 

14. Tortorella MD, Malfait AM, Deccico C, Arner E: The role of ADAM-

TS4 (aggrecanase-1) and ADAM-TS5 (aggrecanase-2) in a model of 

cartilage degradation. Osteoarthritis Research Society 2001, 9(6):539-

552. 

15. Bau B, Gebhard PM, Haag J, Knorr T, Bartnik E, Aigner T: Relative 

messenger RNA expression profiling of collagenases and aggrecanases in 

human articular chondrocytes in vivo and in vitro. Arthritis and 

Rheumatism 2002, 46(10):2648-2657. 

16. Itano N, Sawai T, Yoshida M, Lenas P, Yamada Y, Imagawa M, 

Shinomura T, Hamaguchi M, Yoshida Y, Ohnuki Y, Miyauchi S, Spicer 

AP, McDonal JA, Kimata K: Three isoforms of mammalian hyaluronan 

synthases have distinct enzymatic properties. The Journal of Biological 

Chemistry 1999, 274(35):25085-25092. 



    Anti-inflammatory hyaluronic acid 

	
	

133	

17. Yatabe T, Mochizuki S, Takizawa M, Chijiiwa M, Okada A, Kimura T, 

Fujita Y, Matsumoto H, Toyama Y, Okada Y: Hyaluronan inhibits 

expression of ADAMTS4 (aggrecanase-1) in human osteoarthritic 

chondrocytes. Annals of Rheumatic Diseases 2009, 68(6):1051-1058. 

18. Matsuno H, Yudoh K, Kondo M, Goto M, Kimura T: Biochemical effect 

of intra-articular injections of high molecular weight hyaluronate in 

rheumatoid arthritis patients. Inflammation Research 1999, 48(3):154-

159. 

19. Goto M, Hanyu T, Yoshio T, Matsuno H, Shimizu M, Murata N, 

Shiozawa S, Matsubara T, Yamana S, Matsuda T: Intra-articular injection 

of hyaluronate (SI-6601D) improves joint pain and synovial fluid 

prostaglandin E2 levels in rheumatoid arthritis: a multicenter clinical trial. 

Clinical and Experimental Rheumatology 2001, 19(4):377-383. 

20. Gotoh S, Onaya J, Abe M, Miyazaki K, Hamai A, Horie K, Tokuyasu K: 

Effects of the molecular weight of hyaluronic acid and its action 

mechanisms on experimental joint pain in rats. Annals of the Rheumatic 

Diseases 1993, 52(11):817-822. 

21. Dougados M, Nguyen M, Listrat V, Amor B: High molecular weight 

sodium hyaluronate (hyalectin) in osteoarthritis of the knee: a 1 year 

placebo-controlled trial. Osteoarthritis Research Society 1993, 1(2):97-

103. 

22. Isa IL, Srivastava A, Tiernan D, Owens P, Rooney P, Dockery P, Pandit 

A: Hyaluronic acid based hydrogels attenuate inflammatory receptors and 

neurotrophins in interleukin-1beta induced inflammation model of 

nucleus pulposus cells. Biomacromolecules 2015, 16(6):1714-1725. 

23. Travis JA, Hughes MG, Wong JM, Wagner WD, Geary RL: Hyaluronan 

enhances contraction of collagen by smooth muscle cells and adventitial 

fibroblasts: role of CD44 and implications for constrictive remodeling. 

Circulation Research 2001, 88(1):77-83. 

24. Halloran DO, Grad S, Stoddart M, Dockery P, Alini M, Pandit AS: An 

injectable cross-linked scaffold for nucleus pulposus regeneration. 

Biomaterials 2008, 29(4):438-447. 



    Anti-inflammatory hyaluronic acid 

	
	

134	

25. Pirvu T, Blanquer SB, Benneker LM, Grijpma DW, Richards RG, Alini 

M, Eglin D, Grad S, Li Z: A combined biomaterial and cellular approach 

for annulus fibrosus rupture repair. Biomaterials 2015, 42:11-19. 

26. Pereira CL, Goncalves RM, Peroglio M, Pattappa G, D'Este M, Eglin D, 

Barbosa MA, Alini M Grad S: The effect of hyaluronan-based delivery of 

stromal cell-derived factor-1 on the recruitment of MSCs in degenerating 

intervertebral discs. Biomaterials 2014, 35(28):8144-8153. 

27. Li Z, Lang G, Chen X, Sacks H, Mantzur C, Tropp U, Mader KT, 

Smallwood TC, Sammon C, Richards RG, Alini M, Grad S: Polyurethane 

scaffold with in situ swelling capacity for nucleus pulposus replacement. 

Biomaterials 2016, 84:196-209. 

28. Li Z, Lezuo P, Pattappa G, Collin E, Alini M, Grad S, Peroglio M: 

Development of an ex vivo cavity model to study repair strategies in 

loaded intervertebral discs. European Spine Journal 2016, 25(9):2898-

2908. 

29. Likhitpanichkul M, Dreischarf M, Illien-Junger S, Walter BA, Nukaga T, 

Long RG, Sakai D, Hecht AC, Iatridis JC: Fibrin-genipin adhesive 

hydrogel for annulus fibrosus repair: performance evaluation with large 

animal organ culture, in situ biomechanics, and in vivo degradation tests. 

European Cells & Materials 2014, 28:25-37. 

30. Vergroesen PP, Bochyn Ska AI, Emanuel KS, Sharifi S, Kingma I, 

Grijpma DW, Smit TH: A biodegradable glue for annulus closure: 

evaluation of strength and endurance. Spine 2015, 40(9):622-628. 

31. Chan SC, Gantenbein-Ritter B: Preparation of intact bovine tail 

intervertebral discs for organ culture. Journal of Visiualized Experiments 

2012;(60). 

32. Gorna K, Gogolewski S: Biodegradable porous polyurethane scaffolds for 

tissue repair and regeneration. Journal of Biomedical Material Research 

Part A 2006, 79(1):128-138. 

33. Garcia Y, Breen A, Burugapalli K, Dockery P, Pandit A: Stereological 

methods to assess tissue response for tissue-engineered scaffolds. 

Biomaterials 2007, 28(2):175-186. 



    Anti-inflammatory hyaluronic acid 

	
	

135	

34. Nickerson T, Huynh H, Pollak M: Insulin-like growth factor binding 

protein-3 induces apoptosis in MCF7 breast cancer cells. Biochemical 

and Biophysical Research Communications 1997, 237(3):690-693. 

35. Rajah R, Valentinis B, Cohen P: Insulin-like growth factor (IGF)-binding 

protein-3 induces apoptosis and mediates the effects of transforming 

growth factor-beta1 on programmed cell death through a p53- and IGF-

independent mechanism. The Journal of Biological Chemistry 1997, 

272(18):12181-12188. 

36. Yelin E: Cost of musculoskeletal diseases: impact of work disability and 

functional decline. Journal of Rheumatology Supplement 2003, 68:8-11. 

37. Katz JN: Lumbar disc disorders and low-back pain: socioeconomic 

factors and consequences. Journal of Bone and  Joint Surgery American 

Volume 2006, 88(2):21-24. 

38. Bachmeier BE, Nerlich A, Mittermaier N, Weiler C, Lumenta C, Wuertz 

K, Boos N: Matrix metalloproteinase expression levels suggest distinct 

enzyme roles during lumbar disc herniation and degeneration. European 

Spine Journal 2009, 18(11):1573-1586. 

39. Le Maitre CL, Freemont AJ, Hoyland JA: The role of interleukin-1 in the 

pathogenesis of human intervertebral disc degeneration. Arthritis 

Research & Therapy 2005, 7(4):R732-745. 

40. Gough DJ, Messina NL, Clarke CJ, Johnstone RW, Levy DE: 

Constitutive type I interferon modulates homeostatic balance through 

tonic signaling. Immunity 2012, 36(2):166-174. 

41. Day AJ, de la Motte CA: Hyaluronan cross-linking: a protective 

mechanism in inflammation? Trends in Immunology 2005, 26(12):637-

643. 

42. Brun P, Panfilo S, Daga Gordini D, Cortivo R, Abatangelo G: The effect 

of hyaluronan on CD44-mediated survival of normal and hydroxyl 

radical-damaged chondrocytes. Osteoarthritis Research Society 2003, 

11(3):208-216. 

43. Misra S, Hascall VC, Markwald RR, Ghatak S: Interactions between 

hyaluronan and its receptors (CD44, RHAMM) regulate the activities of 

inflammation and cancer. Frontiers in Immunology 2015, 6:201. 



    Anti-inflammatory hyaluronic acid 

	
	

136	

44. Jiang D, Liang J, Noble PW: Hyaluronan as an immune regulator in 

human diseases. Physiological Reviews 2011, 91(1):221-264. 

45. Petrey AC, de la Motte CA: Hyaluronan, a crucial regulator of 

inflammation. Frontiers in Immunology 2014, 5:101. 

46. Jiang D, Liang J, Noble PW: Hyaluronan in tissue injury and repair. 

Annual Review of Cell and Developmental Biology 2007, 23:435-461. 

47. Neuman MG, Nanau RM, Oruna L, Coto G: In vitro anti-inflammatory 

effects of hyaluronic acid in ethanol-induced damage in skin cells. 

Journal of Pharmacy & Pharmaceutical Sciences 2011, 14(3):425-437. 

48. Pauloin T, Dutot M, Joly F, Warnet JM, Rat P: High molecular weight 

hyaluronan decreases UVB-induced apoptosis and inflammation in 

human epithelial corneal cells. Molecular Vision 2009, 15:577-583. 

49. Wang J, Chen H, Shankowsky HA, Scott PG, Tredget EE: Improved scar 

in postburn patients following interferon-alpha2b treatment is associated 

with decreased angiogenesis mediated by vascular endothelial cell growth 

factor. Journal of Interferon & Cytokine Research 2008, 28(7):423-434. 

50. Kastner S, Thomas GJ, Jenkins RH, Davies M, Steadman R: Hyaluronan 

induces the selective accumulation of matrix and cell-associated 

proteoglycans by mesangial cells. The American Journal of Pathology 

2007, 171(6):1811-1821. 

51. Masuko K, Murata M, Yudoh K, Kato T, Nakamura H: Anti-

inflammatory effects of hyaluronan in arthritis therapy: not just for 

viscosity. International Journal of General Medicine 2009, 2:77-81. 

52. Evans DS, Cailotto F, Parimi N, Valdes AM, Castano-Betancourt MC, 

Liu Y, Kaplan RC, Bidlingmaier M, Vasan RS, Teumer A, Tranah, GJ, 

Nevitt MC, Cummings SR, Orwoll ES, Barrett-Connor E, Renner JB, 

Jordan JM, Doherty M, Doherty SA, Uitterlinden AG, Van Meurs JB, 

Spector TD, Lories RJ, Lane NE: Genome-wide association and 

functional studies identify a role for IGFBP3 in hip osteoarthritis. Annals 

of Rheumatic Diseases 2015, 74(10):1861-1867. 

53. Toole BP: Hyaluronan: from extracellular glue to pericellular cue. Nature 

Reviews Cancer 2004, 4(7):528-539. 



    Anti-inflammatory hyaluronic acid 

	
	

137	

54. Bollyky PL, Bogdani M, Bollyky JB, Hull RL, Wight TN: The role of 

hyaluronan and the extracellular matrix in islet inflammation and immune 

regulation. Current Diabetes Reports 2012, 12(5):471-480. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	
	
	
	
	
	
	
	
	
	
	
	
	
	



	

	  

 

 

 

 

Chapter 4 
 

 

 

 

 

 

The Anti-inflammatory and Matrix 

Modulatory Effects of the Hyaluronic Acid 

Microgel on an Injured Rat Annulus Fibrosus  

 
 

 

 

 

 

 

 

Sections of this chapter are submitted: 
 

Z. Kazezian, D. Sakai, A. Pandit, The Anti-inflammatory and Matrix 
Modulatory Effects of the Hyaluronic Acid Microgel in the Rat Annulus 

Fibrosus. Advanced Healthcare Materials 2017



	

	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Hyaluronan in inflammation and matrix modulation 

	
	

140	

4.1 Introduction 

The main cause of the discogenic back pain has been discussed for a 

while, and there is an evident link between discogenic back pain and the up-

regulation of pro-inflammatory cytokines in the degenerated intervertebral disc 

[1, 2]. There are key pro-inflammatory cytokines that are identified in the disc 

such as IL-1β, TNFα, IL-8 and IL-6 [3-6] which mediate pain sensation [7, 8]. 

Moreover, IL-10, TGF-β, RANTES, IL-16, CCL2, CCL7, CXCL8 and substance 

P have been identified in the degenerated, and herniated discs from patients 

suffering from discogenic back pain	 [5, 9-11]. During the disc degenerative 

process, other inflammatory cytokines and catabolic mediators such as 

prostaglandin E2, nitric oxide, IL-6, IL-8, matrix metalloproteinases MMPs, a 

disintegrin and metalloproteinase with thrombospondin motifs ADAMTS4 and 

ADAMTS5 enzymes and the cell death-inducing ligand Fas (FasL) orchestrate 

apoptosis of native cells and degradation of the extracellular matrix (ECM) [2, 

11-13]. Attempts to identify new inflammatory cascades resulted in highlighting 

the IFNα signalling pathway in the human degenerated annulus fibrosus [14]. 

IFNα is well known for its pro-apoptotic effect in different cancer types [15-17]. 

It has also been reported that treatment with IFNα leads to the TNFα mediated 

apoptosis stimulating ligand (TRAIL), which in turn results in the apoptosis of 

myeloma cells [18]. Moreover, IFNα up-regulates the expression of apoptosis-

inducing Fas ligand (FasL) on natural killer (NK) cells [19].  

Proteoglycans (PG)s, which are composed of protein and glycan moieties, 

are important constituents of the articular cartilage and the intervertebral disc 

tissue, and are essential to the preservation of the cartilage tissue structure and 

function [20, 21]. Glycans are saccharides that are either free or anchored to a 

wide range of molecules through different specific enzymes in a process termed 

“glycosylation” to enhance their function in controlling different biological 

reactions in health and pathophysiological conditions	 [22-24]. Their structure is 

both tissue and cell-specific [20, 23], and their expression varies in healthy and 

pathological conditions [25]. Glycans which can be coupled to a cell membrane, 

intracellular proteins or lipids, and extracellular matrix (ECM), can mediate cell 

to cell or cell-to-ECM interaction [22] by the control of growth factors 

availability and interaction [26]. Besides, glycans can also activate receptors and 
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mediate [27] ECM protein interactions [28]. It has been reported that in disc and 

cartilage degeneration, chondroitin sulfate (CS) chains are down-regulated in 

size and quantity [29, 30]. 

Approaches including the use of different natural ECM-based scaffolds 

such as hyaluronic acid (HA), collagen, and fibrin [31, 32], gene therapy, growth 

factor injection [33, 34], cell-based therapies [35], and tissue engineering 

approaches are being developed to induce regeneration of the IVD [36]. For this 

reason, several in vivo studies have been undertaken to shed light on the 

biomechanical [37-40], and the biology of the intervertebral disc regeneration 

due to distinct treatments utilising different degeneration models [41-43].  

Rodent tails have been extensively used to study the disc degenerative 

process and for the testing of different biomaterial therapeutic approaches as the 

surgical procedure does not interfere with other normal physiological functions 

and there is only minimal interference with the surrounding tissue [44]. Different 

biomaterials have been used as a therapy for the disc degeneration including 

hyaluronan as a carrier/ scaffold for cells [41, 45-47].  

HMW HA is well known for its anti-inflammatory, anti-apoptotic, 

analgesic and matrix restoring capacity both in the intervertebral disc and 

cartilage [48-50]. Previous studies using HMW HA as an anti-inflammatory 

moiety in IL1-β induced nucleus pulposus (NP) cells have been shown to result 

in down-regulation of IL1-β receptors as well as NGF and BDNF [49]. 

Moreover, ex vivo bovine organ culture studies demonstrated the anti-

inflammatory effects of HA on the IFNα2β signalling pathway	 [51]. This 

promising preliminary data has provided the motivation for evaluation of the 

efficacy of HMW HA as an anti-inflammatory to regenerate the annulus fibrosus 

in an in vivo rat tail disc injury model. In this study it was hypothesised that HA 

can act as an anti-inflammatory molecule in the annulus fibrosus, by reducing the 

IFNα signalling and the expression of IGFBP3 thereby reducing apoptosis of 

annulus fibrosus cells by down-regulating active Caspase 3 fragment p17. It was 

also hypothesised that HA has a regenerative capacity by increasing the disc 

height index, and the expression of key matrix proteins while maintaining a 

healthy disc glyco-environment. Therefore, the objectives of this study were to 

assess the anti-inflammatory effect of HMW HA on the IFNα signalling pathway 
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in an in vivo rat-tail disc injury model and to evaluate the regenerative capacity 

of HMW HA on the IVD extracellular matrix and the glycosylation profile.  

4.2 Methods 

4.2.1 Surgeries, tissue collection and processing 
Skeletally mature, twelve week-old rat-tail coccygeal discs were operated 

on after identifying the C4-5, C5-6 and C6-7 (Figure 4.1A) radiographically and 

by physically detecting the two vertebral bodies between which the disc is 

located in the tail. C4-5 is the first disc, C5-6 is the second and C6-7 is the third 

counting from the base of the tail that was confirmed by the C-arm. Prior to 

surgery, the depth of anaesthesia was verified by the loss of the animal's pedal 

withdrawal (toe pinch) reflex. During the surgeries a rubber band was applied to 

the base of the tail just prior to surgery and thereafter identifying the discs to 

avoid tail necrosis due to the blockage of the blood flow. An incision was made 

in the skin and the connective tissue of the rat tail covering the C4-5, C5-6 and 

C6-7 intervertebral discs; the tendons were reflected, and the AF (ivory matter) 

was reached (Figure 4.1A 1). The defect was created by excising a small 1mm x 

1mm square of the AF tissue (Figure 4.1A 2). Discs that were just exposed with 

no operation were denoted as the sham group, the discs injured but not treated 

were denoted as the injury group and the discs that were injured and then treated 

with HMW HA microgel (5µl) were denoted as the HA treatment group. These 

surgeries were commenced after the individual (AE19125/I030) and the project 

(AE19125/P009) authorisations were approved by the Animal Care Research 

Ethics Committee (ACREC, Ireland) and Health Products Regulatory Authority 

(HPRA, Ireland).  

Whole	IVDs	(C4-5,	C5-6,	C6-7)	were	harvested	after	sacrificing	the	rats	

at	7,	28	and	56	days	post	operation.	Soft	tissues	surrounding	the	IVDs	(C4-5,	

C5-6,	 C6-7)	 including	 the	 cartilage,	muscles	 and	 ligaments	were	 removed.	

Subsequently,	 the	 NP	 was	 separated	 from	 the	 AF	 using	 a	 stereotaxic	

microscope,	 and	 the	 AF	 tissues	 were	 snap	 frozen	 for	 protein	 extraction.	

Whole	 discs	 with	 proximal	 and	 distal	 vertebra	 were	 fixed	 with	 4%	

paraformaldehyde	 for	 48	 hours	 which	 were	 then	 further	 decalcified	 with	

formic	acid.	Discs	were	washed	with	1X	phosphate	buffered	saline	(PBS;	pH	

7)	 three	 times;	 tissues	 were	 infiltrated	 overnight	 with	 30%	 sucrose	 and	



Hyaluronan in inflammation and matrix modulation 

	
	

143	

 
 

 

Figure 4.1. The schematic of the rat tail disc injury model and the high 

molecular weight hyaluronic acid used as a therapeutic. A. 1. Schematic of 

the caudal discs C4-5, C5-6, C6-7 used for different treatment groups (10 rats per 

treatment group). 2. Schematic of the first step of the surgery after incision made 

through the tissue surrounding the discs. 3. 1mm x 1mm square incision made in 

the AF in C4-5 and C6-7 one of which was left without treatment and the other 

which was treated with a 5ul cross-linked high molecular weight hyaluronic acid 

microgel sutured at the top of the injury created, while C5-6 was always left 

unchanged for sham/control group. C4-5 and C5-6 discs were interchangeably 

used for injury or injury plus treatment. B. The image represents 5µl hyaluronan 

microgels after being sterilised with PBS. Each microgel is approximately 2mm 

in diameter. 

 

 

 

 



Hyaluronan in inflammation and matrix modulation 

	
	

144	

cryopreserved with liquid nitrogen-cooled isopentane. 10µm frozen sections 

were cut on a LeicaTM CM 1850 cryostat (Laboratory Instruments & Supplies 

Ltd., Ireland). Tissue sections were collected on Superfrost® Plus slides (Fisher 

Scientific Inc., Dublin, Ireland) and stored at -20°C until use. NP and AF tissues 

were separated from the remaining IVD tissues were digested with proteinase K 

(0.5mg/mL) at 56°C overnight and stored at -20°C before being used for protein 

extraction. 

4.2.1 Cross-linked hyaluronic acid microgel 

4.2.1.1 Fabrication method 

0.75% of high molecular weight sodium hyaluronate (MW. 1.8MD) was 

dissolved in dH2O and vortexed until completely dissolved. 150mg of four arm 

peg amine 4-ARM-NH2 and 150mg of N-hydroxysuccinimide (NHS) was added 

to the HA solution and vortexed until a homogenous solution was obtained. This 

was followed by the addition of 100µl of N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide (EDC) into the solution which was mixed thoroughly by 

vortexing. The solution was pipetted and 5µl microgels  were formed (Figure 

4.1B) on TeflonTM tape coated glass slides which was allowed to solidify at 37oC 

overnight. 

4.2.1.2 Sterilisation method  

The microgels were transferred into a sterile tube, washed three times 

with 1X PBS, each for fifteen minutes. The microgels were then collected and 

resuspended in 70% ethanol for sixty minutes, the ethanol was changed every 

twenty minutes. The microgels were then washed again three times with sterile 

1X PBS, each for  fifteen minutes. Finally, the microgels were transfered to a 

sterile petridish and further sterilised under UV for one hour.  

4.2.2 Protein extraction 

After separation of the AF from the NP of each rat disc, tissues were snap 

frozen in liquid nitrogen and stored at -80oC until used. The whole rat AF was 

incubated in proteinase K (0.5mg/ml) at 56o C overnight until the tissue was 

completely digested. The next day, protein extraction was commenced by using a 

RIPA buffer with 1X protease inhibitor cocktail. After three twenty minutes 
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freeze thaw cycles to enhance the yield of protein extraction the mixture was 

centrifuged for thirty minutes at 12,000g at 4oC. Then the supernatant, which 

included the extracted protein, was collected. The protein concentration was 

measured using the BCATM kit according to the manufacturer’s protocol. 

4.2.3 Disc height index measurement 

Radiographs of all rat tails were taken under anaesthesia just before 

surgery and following the end of each time point before euthanasia. 

Radiographic images were taken with a General Electric (GETM) Healthcare 

OEC9800 C-arm scanner (46 kV, 0.56 mA, 2.5 ms, 50 µm/pixel). The scans 

were digitally saved by the CRSPCTM program. The same level of anaesthesia 

was maintained during radiography of each animal before and after surgery to 

achieve a similar degree of muscle relaxation since this variable can affect the 

disc height. The radiographs then were analysed by the ImPACTTM software for 

the disc height index. This was measured before the surgeries commenced on day 

0, 1 week post-operation (day 7), four weeks post-operation (day 28) and eight 

weeks post-operation (day 56) with a method described previously [52]. 

4.2.4 Enzyme-linked immunosorbent assay (ELISA) 

100µl of standard, blank, or sample was  incubated for two hours at 37°C 

in the ELISA plate wells. After the liquid was aspirated from each well, 100µl of 

detection reagent A was added, mixed and incubated for one hour at 37°C. Wells 

were washed three times with the washing buffer after aspirating the liquid. 

100µl of detection reagent B  was added to each well, covered with a new plate 

sealer, and incubated for 30 minutes at 37°C. The wells were washed five times 

with the washing buffer. 90µl of TMB substrate solution was added to each well, 

covered with a new plate sealer, and incubated for ten to twenty minutes at 37°C 

by protecting it from the  light. When the blue colour changed to yellow, 50µl of 

stop solution was added to each well. The optical density (OD value) of each 

well was read using a microplate reader set to a wavelength of 450 nm.  

4.2.5 Immunofluorescence 

After bringing the slides to room temperature for fifteen minutes, tissues 

were washed for five minutes with 1X PBS, followed by two washes of PBS-T 

(1X PBS, 0.03% tween) each for five minutes. The tissues were blocked with 
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1:20 normal goat serum in PBS for one hour at room temperature. This was 

followed by two washes for five minutes each with PBS-T. Tissues were 

incubated with the primary antibody (IGFBP3 and active Caspase 3 fragment 

1:50, aggrecan 1:25, and HAPLN1 1:100) all in 1:20 dilution of goat serum in 

PBS for one hour at room temperature. Negative controls were carried out in 

parallel where they were incubated with normal goat serum in PBS-T. This was 

followed by two washes for five minutes each with PBS-T. The washed tissues 

were further incubated with 1:500 dilution of secondary antibodies Alexa flour 

488 in PBS for one hour at room temperature. Tissues were washed three times 

for five minutes each with PBS-T, and then incubated with DAPI (1:2000 

dilution in PBS) for five minutes. This was followed by washing three times for 

five minutes each with PBS. Finally, tissues were mounted with ProLong 

antifade Gold® and the slides were cured at 4°C overnight before imaging the 

tissue.  

4.2.6 Lectin staining 

After bringing the slides to room temperature for fifteen minutes, tissues 

were washed three times for three minutes each with Tris buffer saline, pH 7.2 

(TBS; 20 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl2, 1 mM MgCl2) in which 

0.05% Tween 20 was added. The tissues were blocked with 2% periodate-treated 

BSA in TBS for one hour at room temperature. This was followed by three 

washes for three minutes each with TBS-T. Tissues were incubated with the 

fluorescently-labelled lectin in TBS for one hour. Inhibitory controls were 

carried out in parallel to verify that the lectin binding was glycan-mediated. The 

lectin was pre-incubated with 100 mM of the appropriate haptenic sugar for one 

hour at room temperature. Tissues were washed three times for five minutes each 

with TBS, and then incubated with DAPI (1:2000 dilution in TBS) for five 

minutes. Then the tissues were washed three times for three minutes each with 

TBS.  Finally tissues were mounted with ProLong antifade Gold® and the slide 

was cured at 4°C overnight before imaging the tissue.  

4.2.7 Area fraction quantification of fluorescent images 

Fluorescent images from three immunostaining sections from each of five 

different biological replicates were quantified using the percentage area fraction 
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calculated using point and area counting methods. Point counting was processed 

by placing a point grid over a specific image and estimating the unbiased area 

fraction. This was calculated as the number of points (positive expression) hitting 

the allowed lines of the grid, divided by the number of intersection points of the 

grid including the whole field. The area method was processed by estimating the 

area of expression and dividing the area of expression by the total area of the 

tissue using image analysis software (Image J). This method has been discussed 

previously [53]. The percentage area fraction was represented as the mean ± 

SEM where p values <0.05 were considered significant. 

4.2.8 Quantification of chondroitin sulfate by HPLC 

AF tissues digested by 100µl of the proteinase K at a protein content of 

500µg were filtered through a 3kDa molecular weight cut off (MWCO) 

centrifugal filter with 100µl HPLC-grade water according to the manufacturer’s 

instructions. Throughout this procedure, the water used was HPLC-grade water. 

Briefly, all filters were washed with 100µl of water before use. Then the protein 

was centrifuged through the columns where the eluate (lower molecular weight 

filtrate) was discarded and the retentate was eluted from the filter with 50µL of 

water. The eluents were checked to keep the protein concentrations similar 

between the different groups and the protein was then digested for three hours at 

37 °C with 390µl of digestion buffer (50mM Tris-HCl, 60mM sodium acetate, 

pH 8.0) and 10µl of chondroitinase ABC (ChABC, 100mU) with continuous 

agitation (300rpm). The digested mixture was filtered using a 3kDa MWCO spin 

filter as mentioned above and the eluate was dried in a vacuum centrifuge 

(overnight). The dried samples were stored at -20°C until analysis. To analyse 

the different chondroitin sulfate (CS) contents, the digested samples were 

dissolved in 100µl water. 50µl was injected on a VarianTM 2695 HPLC 

instrument (Waters, Dublin, Ireland). The content of the unsaturated 

disaccharides C0S, C4S and C6S was determined in the sample. Briefly, 

chromatographic separations were carried out on a SynergiTM column (150 x 

4.6mm, 4µm, 80 Å) (Phenomenex Inc., Torrance, CA, USA) at 25°C at a flow 

rate of 1.1ml/minute.  The eluate was monitored at an absorbance of 232nm on a 

WatersTM 2489 UV-Vis detector. The mobile phase consisted of (A) 1 or 2mM 

aqueous tetrabutylammonium bisulfate (TBAB) and (B) 1 or 2mM TBAB in 2:1 
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Table 4.1 Lectins with their binding specificity and the concentrations used. 

Lectin Abbreviation Binding 
Specificity 

Concentration 
(mg/ml) 

Inhibitory 
Glycan (100mM) 

Wheat-germ 
Agglutinin 

WGA N-acetyl 
neuraminic 

acid 

10 N-acetyl 
glucosamine 

 
 

Sambucus 
Nigra 
Agglutinin I 
 

SNA-I Neu-α-(2-6)-
GalNAc > Lac, 
GalNAc > Gal 

 

15 Lactose 

Maackia 
Amurensis 
Agglutinin 
 

MAA Neu-α-(2 3)-
GalNAc, Gal-

3S > Lac 
 

10 Lactose 

Concavalin A Con-A a-Man > a-Glc 
> a-GlcNAc, 

complex 
biantennary 
structures 

 

15 Mannose 

Peanut 
Agglutinin 

 
 

PNA Gal (Gal-β-(1 
3)-GalNAc (T-

antigen) > 
GalNAc > Lac 
> Gal, terminal 

β-Gal) 

20 Galactose 
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mixture of acetonitrile and water, with starting conditions of 80% A and 20% B. 

The gradient of 20-65% B was applied over seven minutes, held at 65% B for 

five minutes and returned to 20% B for twelve and a half minutes. The system 

was re-equilibrated at 20% B for ten minutes before injection of the next sample. 

The disaccharide content of each sample was identified by comparison with 

appropriate chromatographed standards under the same HPLC conditions as the 

sample and quantified by comparison with the appropriate standard curve 

generated by the injection of known concentrations of the standards.  

4.2.9 iTRAQ and IPA ingenuity pathway analysis 

iTRAQ analysis was done by a method reported by Erwin et al [54]. 

Briefly, tissue lysates from n=5 AF per treatment group were independently 

denatured, alkylated, digested with trypsin, and labeled with iTRAQ labels. The 

iTRAQ 8 plex set was grouped as follows: labels 113 and 114 Control/ uninjured 

samples, 115 label: Injury day 7, 116 label: Injury treated with HA at day 7, 117 

label: Injury at day 28, 118 label: Injury treated with HA at day 28, 119 label: 

Injury at day 56, 120 label: Injury treated with HA at day 56. A list of all the 

proteins identified in this study was generated by executing a search of the data 

from the iTRAQ run using ProteinPilot (v4.0) package using the rat database. 

Relative protein expression ratios above 1.3 with more than two peptides 

identified by iTRAQ were uploaded into the IPA system to map the proteins 

expressed onto functional networks and pathways. QIAGEN’s Ingenuity 

Pathway Analysis software (IPA®, QIAGEN Redwood City, 

www.qiagen.com/ingenuity) was used to analyse the mass spectrophotometry 

data composed of the relative ratio of the proteins obtained by iTRAQ analysis. 

IPA software correlates this data to specific diseases, and cellular, molecular and 

sequence mechanisms. The analysis utilizes specific tools to generate networks 

and pathways out of the data uploaded based on molecular and cellular 

mechanisms after assigning certain cut offs for expression values.  

4.2.10 Clustering and heat map 

For clustering and heat map generation, the data normalized to the sham 

for each time point was uploaded in the Cluster 3.0 using the C Cluster library 

version 1.5 (University of Tokyo, Japan). 
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4.2.11 Statistical analysis 

Protein analysis data was represented as the mean ± SEM. The data of 

each time point was analysed by one-way ANOVA with the Tukey–Kramer post-

hoc test to assess the effects of the treatment groups against the control/sham in 

each time point separately with p<0.05 being considered significant. Correlation 

analysis was also used to analyse the results. Pearson’s coefficient (r) was 

calculated to understand the nature of correlation between the different treatment 

groups. Results were considered correlated when r= -1 and +1. 

4.3 Results 

4.3.1 Interferon alpha protein expression 

The results of protein expression analysis of IFNA in the annulus fibrosus 

tissues from the sham, injury, and injury treated with hyaluronan results showed 

that there was a significant up-regulation of IFNA protein expression in the 

injured group by 5.7 fold at day 28 (311.6 pg ± 17.4) compared to the sham (54.7 

pg ± 15.4) and by 74.0% at day 56 (162.9 pg ± 18.4) compared to the sham  

(93.6 pg ± 10.3). On the other hand, we found that there was a significant down-

regulation of IFNA protein expression in the HA treated discs compared to the 

injured ones by 83.6% at day 28 (51.1 pg ± 18.1) and day by 32.7% at day 56 

(109.5 pg ± 13.2) compared to the injury group at the same time points (Figure 

4.2). 

4.3.2 IGFBP3 protein expression analysis 

IGFBP3, which is characterised by its role in apoptosis via IGF 

dependent and independent pathways, was analysed in the annulus fibrosus 

tissues of the rat discs. As shown in (Figure 4.3B), the protein expression 

analysis of IGFBP3 indicates that at the seven day time point there was a 

significant up-regulation by 5 folds in the injury (19.8  ± 1.9) compared to the 

sham (4.0 ± 2.3). IGFBP3 was found to be significantly down-regulated by 

76.8% in the HA treated group (4.6 ± 1.2) compared to the injury group. 

Similarly, the 28 day time point showed a significant up-regulation by 3.8 fold of 

IGFBP3 in the injury group (24.9 ± 2.9) compared to the sham group (6.6 ± 1.7) 

and IGFBP3 was found to be significantly down-regulated by 68.7% in the 

injured group treated with HA (7.8  ± 0.7) compared to the untreated injury 
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group. A similar pattern was observed at day 56, where expression of IGFBP3 in 

the annulus fibrosus was significantly up-regulated by 4.6 folds in the injury 

group (20.8  ± 5.9) compared to the sham group (4.5 ± 1.8), but this expression 

was significantly down-regulated by 61.6% upon treatment with HA (8.1 ± 2.5) 

compared to the injury (20.8  ± 5.9). 

4.3.3 Detection of apoptosis hallmark active caspase 3 fragment (p17)  

The protein expression of active Caspase 3 fragment which is an 

indication of apoptosis in cells was analysed. At day seven, p17 was significantly 

up-regulated by 6.3 fold in the annulus fibrosus tissue in the injury group (20.2 ± 

0.7) compared to the sham group (3.2 ± 0.8), which was significantly down-

regulated by 81.7% when the injured tissue was treated with HA (3.7 ± 0.6). 

Similarly, at day 28, p17 was significantly up-regulation by 5.1 fold in the injury 

group (37.5 ± 0.6) compared to the sham group (7.3 ± 1.2) that was significantly 

down-regulated by 57.1% when the injured tissue was treated with HA (16.1 ± 

1.0). At day 56, a similar pattern of p17 expression was observed, where p17 was 

significantly up-regulated by 4.9 fold in the injury group (19.4 ± 1.2) compared 

to the sham group (4.0 ± 0.3) which was significantly down-regulated by 44.8% 

upon treatment with HA (10.7 ± 0.4) (Figure 4.4B). 

4.3.4 Measurement of disc height index  

The pre and post-surgery scans of the C4-5, C5-6, C6-7 discs at the three 

time points 7, 28 and 56 days from ten randomly chosen rat tails per group were 

analysed. A significant decrease in the percent disc height index in the injured 

discs over the three time points by 15.6% at day seven (78.8 ± 3.2), by 25.4% at 

day 28 (67.8 ± 2.7) and by 16.8% at day 56 (76.1 ± 0.9) was observed relative to 

the sham at the same time points day seven (93.4 ± 1.8), day 28 (90.9 ± 2.6) and 

day 56 (91.5 ± 0.9). By contrast, a significant increase in the percentage disc 

height index in the HA treated groups compared to the injured groups was 

observed at all three time points by 29.1% at day seven (101.7 ± 4.9), by 42.2% 

at day 28 (96.4 ± 4.1) and by 22.5% at day 56 (93.2 ± 1.4) (Figure 4.5). 

4.3.5 Variations in the sulfation of chondroitin   

Chondroitin sulfates are important components of the disc matrix which 

play a key role in disc hydration and integrity. Therefore, the content of the 
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chondroitin sulfates in the rat tail disc was measured in the sham, injury and HA 

treatment groups at three time points: day 7, day 28 and day 56. A significant 

decrease in chondroitin 0 sulfate (C0S) was observed in the HA treatment group  

by 19.6% (4.5 ± 0.2) compared to the sham (5.6 ± 0.2) and by 23.7% compared 

to the injury (5.9 ± 0.1) groups at day seven. A significant increase in C0S was 

observed in the injury group by 5.3% (4.2 ± 0.2) compared to the sham (3.1 ± 

0.0) group. A further significant increase in C0S was observed in the HA 

treatment group by 70.9% (5.3 ± 0.0) compared to the sham (3.1 ± 0.0) and by 

26.2% compared to the injury (4.2 ± 0.2) groups at day 28 (Figure 4.6A). 

Concerning chondroitin 4 sulfate (C4S), A significant decrease in chondroitin 4 

sulfate (C4S) was observed in the injury group (6.3 ± 0.3) compared to the sham 

(10.3 ± 0.3) group at day seven. A significant increase in C4S was observed in 

the HA treated group by 25.4% (7.9 ± 0.1) compared to the injury group (6.3 ± 

0.3) at day seven (Figure 4.6B). However, no significant differences in C4S were 

observed in the treatment groups at days 28 and 56. However in the HA group 

there was a trend towards an increase in C4S at day 28 similar to that observed at 

day seven. No significant differences were observed in chondroitin 6 sulfate 

(C6S) between the different treatment groups at the three time points at days 7, 

28 and 56 (Figure 4.6C). 

4.3.6 Aggrecan and HAPLN1 expression  

Aggrecan and HAPLN1 were the proteins which were observed to be 

modulated by HA in the iTRAQ analysis by IPA (Figure 4.7 and 4.10). To 

further validate their expression, immunofluorescence experiments were 

conducted to identify differences in the treatment groups at the three time points. 

From quantifying the immunofluorescence images of aggrecan (Figure 4.8), it 

was observed that aggrecan was significantly down-regulated in the injury group 

by 51.4% at day 7  (22.7 ± 1.7) compared to the sham group (46.7 ± 2.1), while 

aggrecan was significantly up-regulated by 2.5 fold in the HA treated group 

(57.8 ± 2.1) compared to the injury and the sham groups at the same time point. 

Similarly, aggrecan was significantly down-regulated by 53.2% in the injury 

group at day 28 (19.6 ± 1.1) compared to the sham group (41.9 ± 2.4), while 

aggrecan was significantly up-regulated by 87.8% in the HA treated group (36.8 

± 1.0) compared to the injury group. Also, aggrecan was significantly down-
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regulated by 68.6% in the injury group (8.8 ± 1.3) at day 56 compared to the 

sham group (28.0 ± 1.7), while aggrecan was significantly up-regulated by 5.5 

fold in the HA treated group (48.2 ± 2.4) compared to the injury group at the 

same time point (Figure 4.8B). Regarding HAPLN1, HAPLN1 was significantly 

down-regulated by 50.6% in the injury group (24.3 ± 1.6) at day seven compared 

to the sham group (49.2 ± 2.7), while HAPLN1 was significantly up-regulated by 

2.3 fold in the HA treated group (56.5 ± 4.5) compared to the injury group at day 

seven. Similarly, HAPLN1, was significantly down-regulated by 52.2% in the 

injury group at day 28 (24.5 ± 1.0) compared to the sham group (51.3 ± 1.8), 

while HAPLN1 was significantly up-regulated by 2.2 fold in the HA treated 

group (54.8 ± 2.1) compared to the injury group at day 28. At day 56, a 

significant drop of 76.6% was observed in the expression of HAPLN1 in the 

injury group (7.4 ± 0.7) compared to the sham group (31.6 ± 2.4). On the other 

hand, HAPLN1 was significantly up-regulated by 5.2 fold in the HA treated 

group (38.7 ± 1.0) compared to the injury and the sham groups at the same time 

point (Figure 4.9B). 

4.3.7 Glycosylation of the annulus fibrosus 

4.3.6.1 Sialylation of the annulus fibrosus, WGA, SNA-I and MAA lectin 
binding 

Sialic acids are nine carbon sugars that are negatively charged. They are 

extensively expressed on both the cellular surface and in the ECM of all tissues. 

Sialic acids are involved in biological processes such as inflammation [25, 55], 

and cellular proliferation [56]. The differences in the linkage of the sialic acids 

play a critical role in such biological events. Lectins such as SNA-I and MAA 

can differentiate between two types of sialic acid linkages, α-(2,6)- or α-(2,3)-

linked sialic acids, respectively [57]. Staining with WGA lectin which binds to 

sialic acid showed a significant increase in binding to the injured groups by 18.6 

fold at day 7 (67.4 ± 8.1), and by 5.3 fold at day 28 (22.3 ± 5.0) compared to the 

sham at the same time points (3.61 ± 1.0), (4.2 ± 0.8) respectively. Also a 

significant decrease in the binding of WGA lectin in the HA treated group was 

observed by 88.4% at day 7 (7.84 ± 2.5), by 99.8% at day 28 (0.05 ± 0.01), and 

by 99.7% by day 56 (0.05 ± 0.01), compared to the injury groups at the same 

time points day 7 (67.4 ± 8.1), day 28 (22.3 ± 5.0), and day 56 (16.3 ± 3.2) 
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(Figure 4.11). Similarly, SNA-I lectin which binds to α-(2,6)- sialic acid linkages  

showed a significant increase in binding to the injured groups by 33.3 fold at day 

7 (43.0 ± 6.4), and by 111.5 fold by day 28 (22.3 ± 4.9) compared to the sham 

group at  day 7 (1.29 ± 0.4), and day 28 (0.2 ± 0.1) respectively (Figure 4.12). A 

significant decrease in the binding of SNA-I lectin to the sialic acid in the HA 

treated group by 96.5% at day 7 (1.51 ± 0.2), by 99.8% at day 28 (0.05 ± 0.0), 

and 99.7% at day 56 (0.05 ± 0.0), compared to the injury group at the same time 

points day 7 (43.0 ± 6.4), day 28 (22.3 ± 4.9), and day 56 (16.2 ± 0.0) (Figure 

4.11). Staining with MAA lectin which binds to α-(2,3)- sialic acid linkages was 

also carried out. Results showed a significant increase in MAA binding to the 

injured groups by 64.8% at day 7 (11.7 ± 1.5) and by 2.1 fold at day 28 (15.5 ± 

1.9) compared to the sham group at day 7 (7.1 ± 0.6) and day 28 (7.4 ± 1.0) 

respectively. A significant decrease in binding of MAA lectin was observed for 

the HA treated group by 78.6% at day 7 (2.5 ± 0.7), and by 90.3% at day 28 (1.5 

± 0.3) compared to the injury groups at the same time points day 7 (11.7 ± 1.5), 

day 28 (15.5 ± 1.9), and day 56 (1.5 ± 0.6) (Figure 4.13). 

4.3.8 Mannose binding motifs, Con-A lectin binding 

To further elucidate the glycosylation pattern of the annulus fibrosus in 

the injury and HA treatment groups Con-A staining which binds to mannose 

motifs was conducted. The stainings showed that Con-A binding to the injured 

tissue was significantly increased by 10.4 fold at day 7 (61.6 ± 4.0) compared to 

the sham group at day 7 (5.9 ± 0.5). Con-A binding was significantly decreased 

in the HA treated group by 68% at day 7 (19.7 ± 1.1) compared to the injury 

group at day 7 (61.6 ± 4.0). Con-A did not bind to any of the treatment groups at 

day 56 (Figure 4.14). 

4.3.9 Galactose binding motifs, PNA lectin binding 

PNA identifies the Gal-β-(1→3)-GalNAc motif which is also known as 

T-antigen, while the PNA lectin binds only to the non-sialylated motif. 

Therefore, galactose motifs were stained with the PNA lectin. A significant 

decrease in the binding of PNA lectin to the injured tissue by 66.5% at day 7 (6.1 

± 1.4) was observed compared to the sham group (18.2 ± 1.4). A significant 

increase was observed in the binding of PNA lectin to the HA treated group by 
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5.3 fold at day 7 (32.5 ± 3.5) and by 78.3% at day 28 (41.9 ± 2.4) compared to 

the injury at day 7 (6.1 ± 1.4) and day 28 (23.5 ± 0.5) respectively (Figure 4.15). 

4.4 Discussion 

Analysing the anti-inflammatory and extracellular matrix modulatory 

effects of hyaluronan on the injured rat annulus fibrosus was the focus of this 

phase. In this study, an acute inflammation was induced to evaluate the 

therapeutic efficacy of HMW HA in a rat tail annulus fibrosus injury model. It 

was hypothesised that HMW HA will  act as an anti-inflammatory on the IFNα 

signalling pathway which was previously identified as a biomarker of pain in the 

systemic circulation [58], and in the human degenerated annulus fibrosus [14]. 

Also, it was hypothesised that HMW HA will modulate the matrix by up-

regulating the disc matrix major components and protein production. To test 

these hypotheses, the anti-inflammatory effect of HMW HA  was tested on the 

IFNA and IGFBP3 which had previously been identified as a pro-apoptotic 

marker in human degenerated annulus fibrosus. Also, the  HMW HA  was 

assessed for its ability to produce key extracellular matrix proteins in the annulus 

fibrosus.  

The results showed that HMW HA significantly down-regulates the 

expression of IFNA on day 28 and day 56 by 83.6% and 32.7% respectively in 

the treated groups compared to the injury alone group. Correlation analysis also 

confirmed that there is a correlation between injury and HA treated groups on 

day 28 and 56. The source of IFNA could be the AF cells as well as microphages 

involved in the inflammatory process though this was not further investigated. 

However, since there was no signs of immune cells involved in the 

immunohistochemistry images this indicates that there might be a more robust 

inflammatory condittion in an earlier time point that we might have missed by 

day seven. The results also showed a significant down-regulation of the IGFBP3 

and caspase 3 fragment p17. The expression of IGFBP3 was down-regulated by 

76.8% on day 7, by 68.7% on day 28 and by 61.1% day 56. In this case higher 

expression of IGFBP3 in the injury group at days 7, 28 and 56 were strongly 

correlated with lower IGFBP3 expression in the HA treated group. The 

expression of caspase 3 was down-regulated by 81.7% on day 7, 57.1% on day 

28 and by 44.8% on day 56. Moreover, HMW HA significantly down-regulated  
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Figure 4.2. Representative bars of IFNA concentration in the disc (pg/ml). 

The bar graph represents the IFNα concentration in the sham, injury and injury 

treated with hyaluronan (HA) groups over the three time points: 7, 28 and 56 

days.  Data represented as mean ± SD (n=5). * Injury vs sham, + HA vs Injury, 

p<0.05 signifies significant differences between the different groups. 
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Figure 4.3. A. Representative fluorescent images of IGFBP3 expression in 

the rat tail disc annulus fibrosus: negative control (sham), injury and injury 

treated with hyaluronan groups at three time points: 7, 28 and 56 days. IGFBP3 

protein and nuclei are stained in red and blue, respectively. Scale bar = 100µm. 

B. Area fraction quantification of IGFBP3 expression. Data represented as 

mean ± SD (n=5). * injury vs sham, + injury + HA vs injury p<0.05 signifies 

significant differences between the different groups. 
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Figure 4.4. A. Representative fluorescent images of active caspase-3 

fragment p17 expression in the rat tail disc annulus fibrosus. Negative 

control (sham), injury and injury treated with hyaluronan at three time points: 7, 

28 and 56 days. P17 protein and nuclei are stained in green and blue, 

respectively. Scale bar = 100µm. B. Area fraction quantification of active 

caspase-3 fragment p17 expression. Data represented as mean ± SD (n=5). * 

injury vs sham, + injury + HA vs injury p<0.05 signifies significant differences 

between the different groups. 
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Figure 4.5. Percent disc height index. The bar graph represents the percent disc 

height index changes between the sham, injury and injury treated with 

hyaluronan groups over the three time points: 7, 28 and 56 days.  Data 

represented as mean ± SD (n=10). * Injury vs sham, + HA vs Injury, p<0.05 

signifies significant differences between the different groups. 
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Figure 4.6. Amount of disaccharides C0S, C4S and C6S in the annulus 

fibrosus in sham, injury and injury treated with HA.  A. Concentrations of 

C0S at Days 7, 28 and 56. B. Concentrations of C4S at Days 7, 28 and 56 C. 

Concentrations of C6S at Days 7, 28 and 56. Data is represented as mean ± SEM 

(n=5). * Injury vs Sham, + Injury + HA vs Injury, ÷ HA vs Sham p<0.05 

signifies significant differences between the different groups. 
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Table 4.2 Mass spectrometry analysis of differential protein expression in 
annulus fibrosus of rat tail discs. After applying a cut off of greater than 1.3 for 
up-regulated proteins and less than 0.77 for down-regulated proteins to the 
iTRAQ ratios, seventeen molecular markers were identified as being 
differentially expressed in the rat annulus fibrosus. 

Protein ID Injury  
D7 

Injury+HA 
D7 

Injury  
D28 

Injury+HA 
D28 

Injury  
D56 

Injury+HA 
D56 

COL1α1 0.67 0.35 0.42 0.98 1.09 0.89 

COL1α2 1.26 1.8 0.97 1.42 1.26 1.46 

ALB 4.74 2.31 4.41 3.87 3.91 4.21 

COMP 2.38 0.83 2.42 2.51 3.34 2.99 

COL2α1 2.33 2.00 1.89 1.37 2.31 2.49 

FBN1 0.79 0.62 1.1 0.82 0.92 0.96 

ACAN 1.06 1.31 0.97 2.00 1.17 1.42 

PRELP 0.6 0.92 0.77 0.55 0.83 0.58 

COL6α2 0.97 0.99 1.16 1.03 1.28 1.26 

COL3α1 0.92 1.27 0.33 0.79 0.14 1.01 

HAPLN1 1.16 1.37 1.25 1.49 0.71 1.37 

ONECUT3 0.82 0.43 0.88 1.34 1.01 0.82 

COL5α4 0.82 0.96 0.67 0.68 0.87 0.79 

TSPAN13 0.86 0.80 0.62 0.85 0.67 0.82 

DCN 0.89 1.00 0.84 1.04 0.85 1.11 

COL8α1 0.95 1.13 1.09 0.96 0.79 0.99 

COL11α1 1.27 1.22 0.95 0.90 1.24 1.1 
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Figure 4.7. IPA analysis of the proteins identified by the mas spectrometry 

analysis. A. The most dysregulated proteins in the injury and the injury treated 

with HA at the three time points: day 7, 28 and 56. B. The most dysregulated 

molecular and cellular functions in the injury group. C. The biomarkers 

participating in the cartilage/ disc degeneration and repair. Data was normalized 

to the control/sham group. Gray color indicates average, while red color indicates 

up-regulation. 
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Figure 4.8. A. Representative fluorescent images of aggrecan expression in 

the rat tail disc annulus fibrosus negative control, sham, injury and injury 

treated with hyaluronan at three time points 7, 28 and 56 days. Aggrecan 

protein and nuclei are stained in green and blue, respectively. Scale bar = 100µm. 

B. Area fraction quantification of aggrecan expression. Data represented as 

mean ± SD (n=5). * Injury vs Sham, + Injury + HA vs Injury, ÷ HA vs Sham 

p<0.05 signifies significant differences between the different groups. 

 



Hyaluronan in inflammation and matrix modulation 

	
	

164	

 
Figure 4.9. A. Representative fluorescent images of HAPLN1 expression in 

the rat tail disc annulus fibrosus negative control (sham), injury and injury 

treated with hyaluronan at three time points 7, 28 and 56 days. HAPLN1 

protein and nuclei are stained in green and blue, respectively. Scale bar = 100µm. 

B. Area fraction quantification of HAPLN1 expression. Data represented as 

mean ± SD (n=5). * Injury vs Sham, + Injury + HA vs Injury, ÷ HA vs Sham 

p<0.05 signifies significant differences between the different groups.  
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Figure 4.10. Clustering analysis of proteins identified by mass spectrometry 

analysis. Data was normalized to the sham/control group. Rows denote protein 

abbreviations, while columns denote treatment groups at a certain time point. 

The colour key for the proteins is presented as follows: red represents the highest 

expression across all the samples, black represents mean expression and green 

represents lowest expression across the groups. 
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Figure 4.11. A. Representation of the sialic acid detected by FITC- labelled 

WGA lectin. B. Representative fluorescent images of the sialylated motifs 

detected by WGA in the rat tail disc annulus fibrosus. Negative control 

(sham), injury and injury treated with hyaluronan at three time points: 7, 28 and 

56 days. Sialylated motifs and nuclei are stained in green and blue, respectively. 

Scale bar = 100µm. C. Area fraction quantification of lectin binding intensity. 

Data represented as mean ± SEM, (n=5). * Injury vs sham, + Injury + HA vs 

Injury, p<0.05 signifies significant differences between the different groups. 
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Figure 4.12. A. Representation of the structure of α-(2�6)- sialylated N- 

acetylgalactosamine detected by FITC-labelled SNA-I lectin. B. 

Representative fluorescent images of the sialylated motifs detected by SNA-I 

in the rat tail disc annulus fibrosus. Negative control (sham), injury and injury 

treated with hyaluronan at three time points: 7, 28 and 56 days. Sialylated motifs 

and nuclei are stained in green and blue, respectively. Scale bar = 100µm. C. 

Area fraction quantification of lectin binding intensity. Data represented as 

mean ± SEM (n=5). * Injury vs sham, + Injury + HA vs Injury, p<0.05 signifies 

significant differences between the different groups. 
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Figure 4.13. A. Representation of the structure of α-(2�3)- sialylated N- 

acetylgalactosamine detected by FITC-labelled MAA lectin. B. 

Representative fluorescent images of sialylated motifs detected by MAA in 

the rat tail disc annulus fibrosus. Negative control (sham), injury and injury 

treated with hyaluronan at three time points: 7, 28 and 56 days. Sialylated motifs 

and nuclei are stained in green and blue, respectively. Scale bar = 100µm. C. 

Area fraction quantification of lectin binding intensity. Data represented as 

mean ± SEM (n=5). * Injury vs sham, + Injury + HA vs Injury p<0.05 signifies 

significant differences between the different groups. 
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Figure 4.14. A. Representation of the structures (α-Mannose, α-Glucose and 

α-N- acetylglucosamine) N-glycan motifs detected by FITC-labeled Con-A 

lectin. B. Representative fluorescent images of the motifs detected by Con-A 

in the rat tail disc annulus fibrosus.  Negative control (sham), injury and injury 

treated with hyaluronan at three time points: 7, 28 and 56 days. N-Glycan motifs 

and nuclei are stained in green and blue, respectively. Scale bar = 100µm. C. 

Area fraction quantification of lectin binding intensity. Data represented as 

mean ± SEM (n=5). * Injury vs sham, + Injury + HA vs injury p<0.05 signifies 

significant differences between the different groups. 
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Figure 4.15. A. Representation of non-sialylated T-antigen structures 

detected by FITC-labeled PNA lectin. B. Representative fluorescent images 

of motifs detected by PNA lectin in the rat tail disc annulus fibrosus. 

Negative control (sham), injury and injury treated with hyaluronan at three time 

points: 7, 28 and 56 days. PNA lectin binds to non sialylated Gal-β-(1 3)- 

GalNAc (T-antigen) motifs. T-antigen motifs and nuclei are stained in green and 

blue, respectively. Scale bar = 100µm. C. Quantification of lectin binding 

intensity. Data represented as mean ± standard error of the mean (n=5). * Injury 

vs Sham, + Injury + HA vs Injury p<0.05 signifies significant differences 

between the different groups.  
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Figure 4.16.  Representative scheme of the proposed mechanism of action of 

high molecular weight hyaluronan (HA) microgel. A. Intact disc. B. Injured 

disc. C. High molecular weight hyaluronan treated disc. D. The mechanism of 

action of HA. The treatment of the injured annulus fibrosus with HA, down-

regulated IFNA and the expression of the pro-apoptotic IGFBP3 as well as the 

apoptosis marker caspase 3. Also, HA up-regulated HAPLN1 and aggrecan 

expression in the extracellular matrix. The HA microgel significantly decreased 

the binding of SNA-I to α-(2,6)- sialic acid linkages, MAA to α-(2,3)- sialic acid 

linkages and WGA to (N-acetylneuraminic) Sialic acid, as well as Con-A 

binding to α-mannose, α-glucose or α-N-acetylglucosamine motifs, and 

significantly increased PNA lectin binding to non-sialylated the T-antigen. 
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both sialilation linkages, α-(2,6)- and α-(2,3)-, which are indicative of 

inflammation, in the injured AF following treatment with  HA compared to the 

injured AF group on day 7, day 28 and day 56. Correlating these results with 

previously published reports which showed that HMW HA acts as an anti-

inflammatory [59-61], HMW HA acts as an anti-apoptotic protein [62], this 

study demonstrates that HMW HA modulates inflammation by downregulating 

IFNα and reducing cell death by reducing IGFBP3 and caspase 3 fragment p17 

expression  at  day 7, day 28 and day 56. The impact of HMW HA on the disc 

height index was also studied.  It was demonstrated that HMW HA increased the 

disc height index by 29.1% on day 7 , by 42.2% on day 28 and by 22.5% on day 

56 in the HA treated group compared to the injury alone. Further analysis of 

these results showed that there is correlation between the HA treated group and 

the injury groups on days 28 and 56. The  effect of HMW HA on CS 

proteoglycans which are major components of the matrix that contribute to disc 

hydration and integrity were studied. It was demonstrated that  C0S and C4S was 

significantly up-regulated by 23.7% at day 28 and by 25.4% at day seven 

respectively in the HA treated group compared to the injury only. C4S is 

essential for repelling the nerve growth [63, 64]. Results at day 7 indicate that 

there might be a correlation between the increase of the C4S and aggrecan with 

nerve ingrowth inhibition in the HA treated group based on a previously 

published study [65]. However, the amount of the C6S in the different treatment 

groups at the three different time points did not appear to change.  

 Proteomic analysis was conducted to map the proteins dysregulated in all 

groups. It was demonstrated that HMW HA up-regulated a number of matrix 

proteins including COL1α2, Aggrecan and proteoglycan link protein 1 

(HAPLN1) proteins which are absolutely essential to the disc extracellular 

matrix structure and composition of the annulus fibrosus. Hyaluronan and 

HAPLN1 are important structural proteins in the extracellular matrix of cartilage 

that anchors aggrecan and chondroitin sulfate through hyaluronic acid chains 

resulting in their stabilisation [66]. Previously, depletion of HAPLN1 was 

correlated with degenerative diseases of the cartilage [67] and the disc [54, 68]. 

In previous studies, it has been shown that HAPLN1 is downstream of the 

connexin43 (Cx43) an important gap junction protein, that leads to Cx43-

dependent cell proliferation and cell to cell comunication in cartilage and the 
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skeleton [69, 70]. Validating the proteomic results of aggrecan and HAPLN1 by 

immunostaining, it was demonstrated that HAPLN1 was significantly down-

regulated in the injury group by 50.6% at day 7, 52.2% at day 28 and 76.6% at 

day 56 which was confirmed with correlation analysis showing correlation 

between the injury and HA treated groups specifically at days 7 and 28. Similarly 

aggrecan was significantly down-regulated by 51.4% at day 7, 53.2% at day 28 

and 68.6% at day 56; however, the expression of both proteins were found to be 

up-regulated upon treatment with HA by 2.2 fold at day 28 and 5.2 fold at day 56 

for HAPLN1 and by 2.5 fold at day 7, 87.8% at day 28 and 5.5 fold at day 56 for 

aggrecan. Correlation analysis of the HA treated group showed there is negative 

correlation between the injury and HA treated groups specifically on day 7 and 

56 regarding HAPLN, also there was a similar scenario for aggrecan on days 28 

and 56 between injury and HA treated groups. Hence, this study validates that 

HAPLN1 and aggrecan are structurally important constituent of the matrix of the 

disc. 

 In contrast, lectin stainings were conducted to identify the effect of HMW 

HA on the glycosylation pattern of the matrix. Sialilation is a glycosylation 

hallmark of inflammation [25, 55]. Since sialic acid expression has been 

correlated with inflammation, for this reason, the effect of HA on the 

glycoenvironment was studied. Previously, sialylation was studied in the context 

of the intervertebral disc using SNA-I and MAA lectins which differentiates 

between α-(2,6)- and α-(2,3)- linked sialic acids in the immature and mature 

ovine tissues [71]. SNA-I bound motifs are present in all tissue types at the cell 

and ECM levels. However, the binding intensity differs between tissue type and 

maturation. In the ovine discs, AF ECM showed a higher binding of SNAI to α-

(2,6)-linked sialic acid in the ECM of the mature ovine compared with the ECM 

of the immature ovine. Similarly, there was higher binding of MAA lectin in the 

AF ECM in the mature ovine than that seen in the AF of immature animals [65]. 

Lectin staining quantification demonstrated that WGA, SNAI and MAA binding 

were all down-regulated upon treatment with HA compared to the injured group 

at all the three study time points: day 7, day 28 and day 56. Moreover, 

correlation analysis showed that there is strong correlation between the injury 

and HA treated groups on days 7, 28 and 56 for WGA and day 7 for SNA-I and 

day 7 and 28 for MAA binding. Hence it was concluded that HMW HA shifts the 
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glyco environment of the disc towards the healthy status. On the other hand, 

PNA bound to the sham and HA treated groups was more highly expressed than 

the injury group which is consistent with the SNA-I, MAA binding to the injured 

group more than the uninjured or HA treated group.  

  
4.5 Conclusion 

 In conclusion, HMW HA was demonstrated to play an important role as 

an anti-inflammatory which down-regulated IFNα. In addition, HMW HA 

modulated the expression of the pro-apoptotic IGFBP3 and the apoptosis marker 

caspase 3. HMW HA also increased the production of two key proteins, aggrecan 

and HAPLN1. Overall, HMW HA induced the synthesis of the extracellular 

matrix in the injured discs that were treated with HA, an effect that was not 

detected following injury alone. 
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5.1 Introduction 

Low back pain is frequently correlated with disc degenerative disease 

(DDD), and is one of the key causes of disability with significant socio-economic 

consequences. Current treatments of DDD do not lead to a full recovery but to 

loss of spine mobility in most cases. Tissue engineering approaches have the 

potential to be utilised to treat IVD degeneration, to enhance regeneration and 

eventually to maintain IVD integrity. Disc degeneration is characterized by 

chronic inflammation which includes many inflammatory cytokines and 

signalling cascades. However, the way by which these inflammatory cascades 

lead to the DDD is not yet fully understood. A better understanding of disc 

degenerative disease is therefore needed by identifying new dysregulated 

inflammatory markers and signalling pathways to design a therapy that enhances 

a healthier microenvironment for IVD regeneration; an environment that will be 

compatible with the diseased disc and will enhance the deposition of ECM to 

help regeneration. The ultimate goal of this project was to identify new 

dysregulated inflammatory markers and signalling pathways to aid the design of 

a biomaterials-based therapy for regeneration of the IVD. 

5.2 Summary 

Phase I- Identifying IFIT3 and IGFBP3 targets under IFNα signalling  

 The objective of this phase (chapter 2) was to identify the most 

dysregulated molecular markers and cellular functions in the human degenerating 

annulus fibrosus and also the activated catabolic pathway(s) through the involved 

dysregulated molecular markers. For this, a microarray data study was completed 

from human healthy and degenerated annulus fibrosus tissue. A total sixteen disc 

samples from the degenerative group and eight disc samples from the non-

degenerative control group contributed to the microarray data analysis. Analysis 

of the microarray data led to the identification of 238 significantly differentially 

expressed genes in the degenerative human annulus fibrosus. Using the Ingenuity 

Pathway Analysis (IPA) software and having a cut-off of ±1.5 for Log2 fold 

change and p<0.05 for the p values, seventeen differentially dysregulated genes 

were identified. Out of the seventeen genes, ten were up-regulated and seven 

were down-regulated. Analysis of the dysregulated cellular functions enabled 
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identification of the dysregulated cellular growth and proliferation functions that 

included eight genes out of which six were up-regulated and two which were 

down-regulated. From those eight up-regulated genes, targets were identified 

such as the pro-apoptotic IGFBP3 and the anti-proliferative IFIT3 due to their 

higher expression and significance.  

From the top dysregulated canonical pathways, the interferon-alpha 

(IFNA) (3/4) was the most significantly dysregulated due to the most 

significantly differentially dysregulated genes identified downstream. IPA 

software also showed some other dysregulated canonical pathways (Figure 2.5), 

including UDP-N-acetyl-D-galactosamine biosynthesis 1 (1/1), dermatan sulfate 

biosynthesis (3/43), Wnt/beta-catenin signalling (6/174), and xenobiotic 

metabolism signalling (8/294). The pro-apoptotic IGFBP3 and the anti-

proliferative IFIT3 were identified as being induced downstream of IFNA 

signalling. The expression of both target genes was further verified by qRT-PCR 

and immunostaining in human disc samples. In particular, results indicated that 

the interferon-alpha (IFNA) signalling pathway is likely to be involved in 

enhancing the degeneration in AF tissue through apoptosis/anti-proliferation 

mediated by IGFBP3 and IFIT3. This pathway may therefore be targeted with a 

well-designed therapeutic agent in early stages (stage III) of degeneration. 

The outcomes of the study provide an insight into the cascade of events that 

occur during disc degeneration in the AF. 

5.2.1 Phase II- HA as an anti-inflammatory for IFNα signalling in the 

bovine organ culture 

 High molecular weight hyaluronan (HMW HA) is widely recognised as 

an anti-inflammatory molecule having been tested previously in different 

inflammatory conditions such as osteoarthritis and rheumatoid arthritis. Having 

tested the anti-inflammatory effect of HA on the IL1-B signalling pathway in NP 

cells previously, there was further motivation to demonstrate the anti-

inflammatory effect of HA specifically on the IFNα signalling in the annulus of 

the disc utilising a bovine organ culture system.  

In this phase II (chapter 3), the objectives were to investigate the anti-

inflammatory effect of hyaluronan on the IFNα signalling pathway, the anti-
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apoptotic effect on the expression of apoptotic IGFBP3 and IFIT3 and the matrix 

modulatory effect of HA on the ECM regeneration.  

Using bovine intervertebral discs (IVDs) with 10.57 mm ± 1.96 mm 

height and 16.77 mm ± 2.57 mm diameter from eleven young calves (4-5 months 

old), the experiments were conducted over three days. Five different treatment 

groups were used in this study including intact, defect (where annulotomy was 

performed by a biopsy punch with 3mm diameter and 7mm depth), defect 

samples injected with the HMW HA hydrogel, defect samples treated with 

100U/ml IFNα2β in the culture medium, and defect samples treated with 

100U/ml IFNα2β in the culture medium and injected with HMW HA cross-linked 

hydrogel. Seven biological replicates were used to conduct qRT-PCR 

experiments and four other biological replicates were used to conduct the 

immunostaining experiments. 

QRT-PCR results showed that IFNAR1, IFNAR2, STAT1, STAT2 also 

IFIT3 and IGFBP3 were down-regulated in the IFNα2β and HA treated group 

compared to only IFNα2β treatment group. In addition, ACAN and COLI were 

up-regulated upon treatment of the defect group and IFNα2β treated groups with 

HA. Protein expression analysis by immunostaining also confirmed that HA was 

able to down-regulate the expression of the apoptotic IGFBP3 and IFIT3 which 

were induced downstream of the IFNα signalling pathway that was identified 

(chapter 2). Furthermore, results showed that HA treatment was able to reduce 

the caspase 3 fragment p17, which is indicative of apoptosis. As a result of HA 

treatment, it was noted that the matrix regeneration was enhanced by up-

regulation of the two matrix proteins Collagen 1 and Aggrecan.  

 It was concluded that HA might be able to act as an anti-inflammatory, 

and apoptosis and matrix modulatory molecule which enhances the regeneration 

of IVD. At this stage, it was critical to test the anti-inflammatory effect of HA in 

an in vivo model with further time points to better understand the anti-

inflammatory effect of HA in the presence of immune cells. 

5.2.2 Phase III- HA as an anti-inflammatory and matrix modulatory in the 

rat tail disc injury model 

The objectives of Phase III (chapter 4) were to investigate the anti-

inflammatory effect of HA in an in vivo rat tail disc injury model particularly on 
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IFNA signalling and downstream IGFBP3, and the effect on apoptosis. 

Additionally investigation of the matrix modulatory effect of HA enhancing a 

healthy extracellular matrix needed to be studied. 

In this phase, Sprague Dawley rats were used, and the three coccygeal 

discs from the base of the tail C4-5, C5-6 and C6-7 were operated. The treatment 

groups included sham group (no injury-control), injury which was created with a 

1mm x1mm window excision in the posterior AF tissue, and also a group which 

included an injury disc which was treated by implantation of an HA microgel on 

the injured AF tissue. These treatments were studied over three time points: 7, 28 

and 56 days. 

The results showed that HA significantly down-regulated the IFNA 

concentration upon the treatment of the injured AF with HA on days 28 and 56. 

Furthermore, pro-apoptotic IGFBP3 was significantly down-regulated in the HA 

treated group at the three time points compared to the injured group only. 

Likewise, caspase 3 which is a hallmark of apoptosis was found down-regulated in 

the HA treated group at the three time points compared to the injured group. On 

the other hand, HA significantly up-regulated the disc height index in the HA 

treated discs compared to the injured alone over the three time points. Likewise, 

HA is likely to increase the concentration of C4S and C6S on day seven in the 

treated discs compared to the injured group. Moreover, it increased the production 

of matrix proteins ACAN and Hapln1 over the three time points. Additionally, 

glycobiology studies through staining of lectins showed that HA was able to 

down-regulate the sialylation of the matrix which is a hallmark of inflammation, 

by down-regulation the binding of WGA, SNA-I and MAA to the injured tissue. 

From these results it can be concluded that HA effectively acted as an 

anti-inflammatory and anti-apoptotic molecule. Moreover, HA was able to 

modulate the matrix towards regenerative state by increasing matrix protein 

production in the injured AF. 

5.3 Limitations 

5.3.1 Phase I 

Although the study in Phase I (chapter 2) was capped by highly 

significant results by studying and comparing human degenerative with non-
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degenerative disc tissue gene expression, this study had many limitations which 

include: (1) difficulties in distinguishing between diseased degenerative discs 

and normal aged discs due to the lack of identical grouping of the discs 

according to the age of the donors and the level of degeneration; (2) lack of 

differentiation between symptomatic and asymptomatic degenerated discs due to 

an absence of cadaveric sample history. (3) Moreover, although previous studies 

in rat, canine and human species did not reveal major differences in disc marker 

gene expression patterns between RNA extracted from isolated cells and RNA 

extracted directly from the tissues [1-4], enzymatic cell isolation might have 

reduced or masked some degeneration related expression changes of certain 

genes. (4) Furthermore, the analysis and the conclusions of phase I were limited 

to the significance of results and ratios resulting from the contribution of certain 

dysregulated genes in certain signalling pathways. However, the analysis has 

gone further to include other signalling pathways that can have as strong an 

impact as the IFNA signalling with lower ratio of dysregulated genes. 

Nevertheless, to overcome some of the limitations of this chapter, the microarray 

data need to be further analysed to include the other canonical pathways 

identified (chapter 2) and to study the crosstalk between the pathways identified 

in vitro using human healthy and degenerated tissues and cells. 

5.3.2 Phase II 

The disc organ culture technique is used to test different biomaterials 

prior to preclinical studies because it is cheaper and is easily accessible. 

Recently, this technique has been used to gain a better understanding of disc 

degenerative disease [5-10]. However, there is a problem with organ culture 

studies in that they do not account for all the inflammatory cytokines and the 

signalling pathways involved in the injured disc versus treated discs due to the 

absence of the immune cells that produce certain inflammatory cytokines. One of 

the limitations of the Phase II is that the anti-inflammatory effect of HA was only 

tested on a single dose of IFNα2β (100U/ml) and at one time point that is three 

days time point. The bovine disc organ culture is a well-established model for 

testing different treatments prior to further use in pre-clinical studies; however, 

the isolation of the disc organ from the immune system limits the complete 

understating of the effect of immune cells on the response to the specific 
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treatment in disc injury models. Another limitation was that the disc organ 

culture system was a free swelling system without any mechanical loading that 

mimics the physiological loading to ensure the stability of the treatment in the 

defect site. To address these limitations, HA should be further characterized 

under dynamic loading to ensure its stability in the disc. The effect of the long-

term degradation products of HA is still not clear for this model; therefore, to 

address these limitations, the effect of HA need to be tested in an in vivo rat-tail 

disc injury model with longer time points of 7, 28 and 56 days to observe 

whether there are adverse changes on the disc tissue. 

5.3.3 Phase III 

The limitations of phase III (chapter 4) involves the use of an in vivo 

disc injury model. Small animal models as rodents are widely used because of 

their ease of accessibility and low cost; however, these models do not mimic the 

same pattern of aetiology as that of humans. The induction of inflammation in 

this model is based on stab/injury that causes acute inflammation unlike that in 

humans where the disc degenerative disease is characterized by a chronic state. 

The rat tail disc injury model is attractive because of the accessibility of the tail 

discs where negligible damage is caused to the adjacent tissues, and minimal 

interference with the physiological events [11]. Nevertheless, there are 

limitations of the experimental model of rat tail disc injury. The difference is that 

the discs of rats include notochordal cells surrounded by gelatinous material, 

while the human discs contain chondrocyte-like cells surrounded by 

fibrocartilaginous matrix. In humans, the notochordal cells exist in small 

numbers up to the age of ten years, while in rodents these cells remain 

throughout life [12]. Moreover, this model has a distinct drawback as the rat tail 

discs used for the annulus fibrosus injury were the coccygeal discs C4-5, C5-6 

and C6-7 which are not similar to the lumbar discs in terms of biomechanics and 

composition that normally degenerate in humans causing low back pain. 

Furthermore, the tail disc has been considered to have lesser loading, and the 

anatomy and dimensions are not comparable with those of humans [11]. 

However, it should be recognised that this tail injury model enables 

simple, useful, inexpensive, and multiple therapeutic evaluation before clinical 

studies are conducted [13]. Furthermore, IFNA was found elevated at days 28 
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and 56; however, the source of the IFNA was not identified whether it was the 

AF cells or immune cells involved in the inflammatory process. Moreover, 

immunostaining images did not show any immune cells involved in the process, 

this is perhaps more robust immune response was initiated on earlier time points 

which was not detectable in the time points used in the study. 

In conclusion, though there are disadvantages in the use of the rat tail disc 

injury model, this model can still be considered as an attractive method to further 

narrow down potential treatments for the disc degenerative conditions. Future 

directions 

Considering the outcomes and limitations of this thesis, several future 

studies can be proposed. 

5.3.4 Canonical pathway analysis of the degenerated human AF 

In this thesis, the outcomes of the microarray data (Chapter 2), the 

dysregulated IFNA signalling pathway and the downstream IGFBP3 and IFIT3 

were validated at the gene and the protein levels using ex vivo and in vivo 

experiments without further analysis of the crosstalk between IFNA and the other 

dysregulated canonical pathways shown by IPA. Analysis of the microarray data 

revealed a list of dysregulated canonical pathways (Chapter 2, Figure 2.5) 

including IFNA signalling (3/4), UDP-N-acetyl-D-galactosamine biosynthesis 1 

(1/1), dermatan sulfate biosynthesis (3/43), Wnt/ β-catenin signalling (6/174), 

and xenobiotic metabolism signalling (8/294). From these pathways, the focus 

was only on the most significantly dysregulated pathway that is the IFNA 

signalling pathway. However, the Wnt/ β-catenin canonical pathway was also 

one of the canonical pathways that were dysregulated. It has been reported earlier 

that Wnt signalling causes cell senescence in the NP via crosstalk with other 

signalling pathways [14]. LiCl, which is an inhibitor of the GSK3B and an 

activator of Wnt signalling, was noted causing an up-regulation of β-catenin in 

NP; concurrently, impeding cell proliferation via inhibiting c-Myc and cyclin-D1 

by Smads was also reported (Figure 5.1 A) [15]. To study the involvement of the 

Wnt/ β-catenin canonical pathway in disc degeneration, further investigations 

need to be conducted on cells derived from human AF tissue to understand the 

involvement of the Wnt/β-catenin pathway in the low cellularity of the AF 
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during the disc degeneration (Figure 5.1). Moreover, Wnt/β-catenin signalling 

activation leads to perichondrial bone formation and angiogenesis, and growth 

plate closure that is stimulated postnatally. These outcomes indicate that Wnt/β-

catenin signalling need to be strictly controlled for normal cartilage development 

and unnecessary activation of this signalling can lead to skeletal disorders. By 

studying the human annulus fibrosus microarray data again and focusing on the 

Wnt/β-catenin signalling, new targets can be identified which might be key in 

studying the crosstalk of both IFNA signalling and Wnt/β-catenin signalling. 

Identifying the type of Wnt ligand (up-stream regulator) can improve the 

understanding of the downstream pathway and the nature of influences the 

crosstalk with other pathways. From the targets available in the microarray data 

there may be an ultimate regulatory ligand such as the one identified (Chapter 1) 

as IFNA. In the literature, there is evidence that Wnt signalling can induce the 

innate immunity by triggering type I interferon signalling as defence mechanism 

towards viral infection [16]. This mechanism is activated as a result of β-catenin. 

Further in vitro studies by stimulating human AF cells with ligands activating 

Wnt signalling pathway might lead to a better understanding whether it acts by 

itself or through activation of the IFNA signalling pathway resulting in the 

apoptotic or anti-proliferative targets leading to disc degeneration. These type of 

studies can be confirmed by treatment with ligands activating Wnt signalling 

pathway such as LiCl over several time points, after which multiple techniques 

such as qRT-PCR and Western blot analysis can be conducted to validate the 

expression of β-catenin, IFNA and the possible anti-proliferative and anti-

apoptotic targets such as IFIT3, IGFBP3, IFIT1 and IFIT2 (Chapter 1). 

Blocking β-catenin and checking for the downstream targets will reveal if there 

is any crosstalk between the pathways. 

5.3.5 In vitro analysis of the crosstalk between IFNa and apoptosis inducing 

pathways via IGFBP3 signalling 

In (Chapter 2), the pro-apoptotic IGFBP3 was identified as the up-

regulated gene under the IFNA signalling pathway. This up-regulation of 

IGFBP3 was also verified in the bovine organ culture system (Chapter 3). 

IGFBP3 was up-regulated in the discs treated with IFNα2β. Furthermore, the up-  
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Figure 5.1. The proposed Wnt signalling IFNA crosstalk in the annulus 

fibrosus.  A. Wnt signalling induces cell proliferation in cells through Wnt 

responsive avian myelocytomatosis viral oncogene homolog (C-Myc) by nuclear 

translocation of β-catenin (β-cat). B. β-catenin stimulates type I interferon and its 

downstream stimulated genes. In A, adenomatosis polyposis coli (APC), axin 

(Axin), glycogen synthase kinase 3β (GSK3β), and lipoprotein receptor-related 

protein 5/6 (LRP-5/6). 
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up-regulation of caspase 3 fragment p17 was seen both in in vivo and ex vivo 

(Chapter 3 & 4) studies. 

IGFBP3 is an important regulator of IGF bioavailability that interferes 

with IGF function and has also recently been associated with the pathogenesis of 

osteoarthritis [17]. IGFBP3 is a well-known pro-apoptotic protein induced under 

IFN signalling which can lead to IGF dependent and independent apoptosis [18, 

19]. IGFBP3 induced direct apoptotic effect via IGF dependent functions, while 

IGFBP3 indirect apoptotic effects are evident in sensitising the cells to cytokine 

mediated apoptosis signalling via TNFα and IFNγ signalling [20, 21]. Knowing 

that TNFα is a well-reported cytokine in disc degenerative disease [22-24], it is  

unclear whether a combination of TNFα and IFNα mediate their effect through 

the pro-apoptotic IGFBP3. 

To answer this question, in vitro experiments need to be conducted 

preferably using human healthy and degenerated AF cells. Human healthy AF 

cells can be treated by a combination of IFNα and TNFα after optimization of the 

doses of both cytokines taking into consideration the doses of both cytokines 

previously reported in the literature. IGFBP3 expression needs to be confirmed, 

as well as apoptosis, by the TUNEL test. In parallel, TNFα can be blocked by 

siRNA and checked for apoptosis (Figure 5.2-B1). If apoptosis is negative in this 

case, it should be further checked by blocking the activity of the IGFBP3 with in 

parallel TNFα treatment (Figure 5.2-A2). If the apoptosis in this case is negative; 

therefore, it means that there is a link between IFNα and TNFα through IGFBP3. 

On the other hand, if blocking of IGFBP3 does not affect apoptosis; the 

signalling pathway might be mediated via an IFN induced protein which needs to 

be further investigated. At the same time, Brdu assay can be used to differentiate 

between apoptosis and anti-proliferation. Additionally, it has been reported that 

there is crosstalk between IFNα and IFNγ via STAT1 [25]. IFNγ has been 

previously reported in the disc [26, 27]. In (Chapter 3), STAT1 was identified 

when the bovine disc organs were treated with IFNα2β.  

A similar question can be restated here, as following: is a combined effect 

of IFNα and IFNγ mediated through the pro-apoptotic IGFBP3 or STAT1? As 

stated previously, treatment of the human annulus fibrosus with the combination 

of IFNα and IFNγ can further dissect the pathway leading to apoptosis by  
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Figure 5.2. The crosstalk between the inflammatory signalling pathways A. 

IFNα, B. TNFα and C. IFNγ can lead to apoptosis in the annulus fibrosus. 

The three inflammatory cytokines interferon alpha (IFNα), tumer necrosis factor 

alpha (TNFα) and interferon gamma (IFNγ) were identified in the annulus 

fibrosus. A. IFNα signalling stimulates the pro-apoptotic IGF-binding protein 3 

(IGFBP3) which in turn can sensitise the IVD cells to B. TNFα mediated 

apoptosis and/or C. IFNγ mediated apoptosis. 
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blocking a factor at a time as illustrated in the case of TNFα (Figure 5.2- C3, 

A4). The above concept will allow for better understanding of the low cellularity 

in the disc under certain inflammatory cascades and the results will aid in 

designing new therapeutics. 

5.3.6 Utilising the bioreactor for assessing the stability of HA in the injured 

disc 

The disc organ-culture system is considered an alternative to the large animal 

model because of its ease of accessibility, reasonable cost, and the possibility of 

controlling the disc environment via restricted culture, and the used to study the 

effects of different possibility of applying the mechanical stresses similar to 

those of human by been utilising bioreactors (Chapter 3). Numerous studies 

have been based on this technique to reveal the biological environment of the 

disc[28] and this tool has mechanical loading conditions [29, 30]  as well as 

evaluating different therapies [31]. 

The use of an organ culture system can replicate an in vivo-like 

environment to determine the suitability of certain therapeutic strategies in 

slowing down the degeneration of the IVD. Testing the HA hydrogel within this 

system (Chapter 2) ensured its incorporation and compatibility with the AF 

tissue, to reveal the anti-inflammatory effect of HA in the IFNα2β inflamed discs 

and the potential of the HA hydrogel to induce regeneration by modulating the 

expression of major AF matrix proteins. 

However, this system did not provide all the responses required to 

evaluate the anti-inflammatory potential of the HA hydrogel for a therapeutic 

application. This was because the organ culture system is devoid of immune cells 

and this impedes further understanding as to whether certain therapeutics are 

suitable to the disc environment or how the immune system will respond to the 

treatment and the therapeutic. Furthermore, the bioreactor system was not 

incorporated to show if the HA hydrogel was stable in the defect created in the 

bovine disc under certain physiological mechanical loadings. Moreover, to better 

mimic the physiological conditions, incorporation of activated immune cells such 

as macrophages will help determine the success of the HA treatment. To address 

the limitation of (Chapter 3) two future studies need to be further carried out: 
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First, to evaluate the response of the immune cells towards the injected HA in the 

bovine annulus fibrosus. Second, to assess the stability of the injected HA in the 

disc for the future implementation in humans by applying physiological loads to 

the bovine discs injected with HA. 

For the first study, bovine intact, defect and defect treated with HA discs 

(Chapter 3), can be co-cultured with 106 macrophages per ml in 2 ml serum-free 

Opti-MEM (Invitrogen) enhanced with penicillin and streptomycin mixed 

solution in a 6-well cell culture plate and incubated with 5% CO2 at 37°C [32]. 

This is the same free swelling system utilised in (Chapter 3). For these cultures, 

time points of 24, 36 and up to 72 hours will be needed to keep it consistent with 

the time points of the previous study (Chapter 3).  Supernatants from the culture 

medium can be collected and preserved at -80°C after 0, 6, 12, 24, 36 and 72 

hours of incubation. Cytokine levels such as TNFa, IL-1, IL-6, IL-8, and IFNA 

can be determined using ELISA from the supernatants of IVD and macrophage 

coculture media. The cultures need to be repeated at least n=3 with three 

different biological replicates. The data produced can be compared to the 0 hour 

and to the control itself which is the intact sample. IVDs cryosectioned 5um 

thick can be stained by immunohistochemical staining to identify the localization 

of CD68+ macrophages in IVDs. Further studies can be conducted to identify the 

cytokines expressed inside the tissue after collection of the tissue at the end of 

the time points by PCR for gene expression analysis and western blot for the 

protein expression analysis. 

The stability of the HA to evaluate its suitability for future 

implementation in humans, bovine intact, defect and defect treated with HA discs 

can undergo different protocols of physiological loading (0.1-0.6 MPa). It has 

been shown previously that “physiological” loading of the IVD is vital to keep 

the disc matrix components and the constant nutrient and minerals’ exchange. 

Therefore, numerous research groups depicted different physiological loading 

(0.1-0.6 MPa) protocols to better understand the disc degenerative disease and to 

test different therapeutic materials [33-37]. The next step is to test HA via 

injection in bovine disc samples benefiting from the protocols tested earlier by 

different groups which are available in the literature [5, 33-37]. Further analysis 

can be conducted on the disc tissues to understand the effect of HA utilising 
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different techniques ranging from simple H&E staining to specific tests to 

identify certain specific protein expression by ELISA or Western blot. 

Thus, the use of the bioreactor system to evaluate the HA hydrogel 

stability in the disc environment is essential to determine the suitability of HA 

hydrogel for a therapeutic application. Also, the presence of the immune cells in 

the bovine culture will give a better understanding of how immune cells in the 

body can react towards the HA hydrogel when injected into the disc.  

5.3.7 An in vivo injection of therapeutic combination of mesenchymal 

stromal cells combined with hyaluronan 

In the previous chapters, (Chapter 3 & 4), HA was identified as an anti-

inflammatory molecule affecting the IFNα2β signalling pathway. However, it is 

still not known if HA is sufficient to restore the healthy environment of the disc 

at the mid and later stages of disc degeneration where there is low cellularity 

[38]. Mitochondrial dysfunction as well as oxidative stress damage are 

characteristics of aged cells which lead to compromised responses to tissue 

injury [39, 40]. The low cellularity during disc degeneration is recognized as the 

limiting factor in the regeneration process [41, 42]. Cells are critical in producing 

enzymes, growth factors and matrix components all of which help in the 

regeneration process. Hence, providing autologous or stem cells might facilitate 

the regenerative process. Differentiated annulus fibrosus cells have been tested 

using a tissue engineering strategy [43] although the accessibility to efficient 

autologous annulus fibrosus cells is extremely restricted. Mesenchymal stromal 

cells (MSC)s supplementation thus represents a potential alternative [5].  

Taking into consideration the importance of HA as an anti-inflammatory 

therapeutic, the next step is the development of an injectable HA hydrogel 

functionalised with stem cells for a dual regenerative approach (figure 5.3). 

Therefore, human MSCs can be trypsinised, washed and then added to the HA 

hydrogel at a cell density of 0.2x106 to 2x106 per ml. The HA microgels of 2-5µl 

can be formed and incubated at 37oC for gellification. Experiments such as cell 

viability and phenotype assessments need to be conducted to confirm the 

integrity of the delivered MSCs as described [44]. Such suggested MSC loaded 

HA microgels can be used as therapeutic approach for disc degeneration in 

studies utilising disc organ cultures or in in vivo studies.  
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However, the ultimate goal of this designed platform is to be used as an 

injectable gel in mid and later stages of disc degeneration accompanied by 

inflammation and low cellularity. Consequently, this model raises some concerns 

on the future studies that aim to inject HA using the needle as means to provide 

the therapy into the disc that might eventually lead to further degeneration of the 

disc due to the needle puncture [45]. These concerns were raised from the 

outcome of some clinical studies that have already shown that needle puncture in 

the disc might be a factor leading to the progression of disc degeneration [46, 

47]. 

5.3.8 Identifying the mechanism through which hyaluronan acts as an anti-

inflammatory 

Hyaluronan is a large extracellular matrix proteoglycan that is widely 

used in the clinic as an anti-inflammatory biomolecule [48-50]. One of the 

missing links in the ex vivo and in vivo projects (Chapter 3 & 4) is the pathway 

through which HA induces its anti-inflammatory effect. In the ex vivo organ 

culture studies (Chapter 3) HA was identified as influencing the inflammatory 

signalling pathway of IFNα2β that was further verified in the rat-tail disc injury 

model. Though the anti-inflammatory effect of HA was identified, the 

mechanism by which HA induces its anti-inflammatory effect was not 

elucidated. In the literature, there is well-supported evidence that HA binds to its 

major receptors such as CD44, RAHAMM and ICAM-1 on the surface of the 

cells that prevent inflammatory molecules and cells from interacting with their 

receptors on the tissue, and also builds a large extracellular matrix that prevents 

the functioning of the inflammatory molecules [51-54]. It was hypothesised that 

to exert such an effect in the disc environment, HA builds large networks by 

interacting with its major receptors and masking inflammatory receptors up-

regulated on the disc cells, thereby, blocking the interaction of the inflammatory 

cytokines with their receptors and eventually aborting the signalling pathways 

(Figure 5.4). To better understand the mechanism by which HA can act as an 

anti-inflammatory, there should be co-precipitation or double 

immunofluorescence experiments to discover the receptors to which HA binds.  

Using the tissue sections that are available from the ex-vivo (Chapter 3) 

and in vivo (Chapter 4), experiments exploiting the double immunostaining  
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Figure 5.3. An injectable hyaluronic acid functionalised with MSCs for 

annulus fibrosus repair.  Hyaluronic acid is functionalized with MSCs to target 

the low cellularity of the annulus fibrosus. 
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technique can be carried out using antibodies to label HA and CD44 (Figure 

5.4A) or RAHHAM (Figure 5.4B) to show whether there is individual 

florescence or overlapped with HA florescence. If there is no positive double 

staining with the receptors suggested, further investigations need to be carried 

out for further analysis on the interaction of HA with specific receptors (ICAM 

or LYVE1). 

On the other hand, using the protein extracts from (Chapter 4) or 

separate experiments that can be carried out to obtain protein extracts from 

culturing AF cells with HA after treating with IFNα2β pro-inflammatory 

cytokine. 

The protein extracts can be studied by labelling HA which is complexed with one 

of the receptors of interest such as CD44 (Figure 5.4A) or RAHHAM (Figure 

5.4B). After this step sepharose beads can be used to precipitate the protein 

complex that can be centrifuged and washed. The precipitated complex can be 

further analysed by western blot technique to identify which receptor is 

complexed to the HA molecule by specific antibodies for the specific receptor. 

These suggestions might widen the understating of the anti-inflammatory 

mechanism through which HA modulates the inflammatory signalling pathways 

in the disc. 

5.3.9 A large animal model 

One of the limitations of the in vivo study was the particular model used 

(Chapter 4), the rat-tail disc model. The studies conducted utilising the rodents 

(small animal models) are appropriate for disc research as these enable the 

assessment of several treatments with reasonable cost. However, the rodent 

models are not ideal because rodent discs differ significantly from human discs 

and because of the difficulties encountered in using such models (Chapter 5 

section 5.3.3). 

Similar to humans as they age, biochemical changes including distorted 

metabolism and PG synthesis are evident in the discs of the sheep and rabbits 

[55, 56]. One of the appropriate models to study intervertebral disc degeneration 

is the ovine model [57]. As in humans, sheep also suffer from the disappearance 

of the notochordal cells in early adulthood, initiating intervertebral disc  
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Figure 5.4. The mechanism through which hyaluronic acid acts as an anti-

inflammatory.  Hyaluronic acid plays an anti-inflammatory role in the annulus 

fibrosus through binding to its main receptors A. CD44 and B. RAHAMM, 

hence preventing the inflammatory cytokines such as TNFα, IFNα and IL1β 

from binding to their receptors. 
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degeneration [58]. The ovine spine has been used as a disc degenerative model 

[59, 60] to study different implants and cellular therapy [61-63] for disc 

degeneration intervention. Even though differences exist between human and 

ovine discs such as in cells and ECM components [57], this model is a better 

choice than the rodent model because of some of the similarities in IVD size, 

construction and mechanical loading to those of human IVD [11, 64-66]. Sheep 

are also known to have the strength to endure surgical interventions, a factor that 

makes them a good model by which to study the disc degenerative disease. 

The goat model is another suitable one to use in investigating disc 

degeneration. Goats have been used in disc degeneration studies [67] because  

they are strong enough to withstand surgery [68]. Also, the similarities that exist 

between goats and humans with respect to disc size and shape, mechanical load 

[69] and loss of notochordal cells [58] renders them suitable as models.  

Here the question raised is: Can a spontaneous degeneration model be 

used in a large animal model or can degeneration be induced by stab or 

enzymatic digestion? The induced degeneration models using stab method [60, 

70] or enzymatic digestion [71] offer rapid degeneration of the discs. 

Nevertheless, the stab or enzymatic digestion models do not induce a relevant 

degenerative state and both can be reversible in nature [11]. Therefore, a 

spontaneous disc degeneration model relevant to the pathological conditions of 

the human degenerated disc that is considered more relevant to the research 

question asked is desirable. Consequently, further investigations need to be 

carried on before utilising any large animal model such as sheep or goat to 

investigate whether they develop spontaneous disc degeneration to avoid using 

the stab injury or the enzymatic digestion as a method for inducing inflammation 

mediated degeneration. Pilot studies can be done in sheep or goat that have disc 

degeneration confirmed with MRI. These kind of studies need to include 

injecting high molecular weight hyaluronic acid with or without MSCs as 

described in (Chapter 3 & 5 section 5.4.4) as an anti-inflammatory and cell 

restorative in degenerated annulus fibrosus with or without sealing the injected 

area by adhesives to test different treatment methods. These studies need to be 

followed up over one, two and three months and compared to the control or sham 
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which is a non-operated disc. To evaluate such studies, techniques such as MRI 

imaging can be used to investigate the degeneration stage or if there is any 

improvement after surgery. Also, different histological stainings such as 

haematoxylin and eosin, safranin o/fast green can be used to evaluate the tissue 

morphology of the annulus fibrosus. 

5.5 Conclusions 
The studies conducted in this thesis can be concluded as follows: 

5.5.1  Phase I 

The principal objective of this phase was to identify dysregulated 

inflammatory pathways and markers by comparing a microarray data from 

human degenerated and healthy disc samples for better understanding of the disc 

degenerative disease. 

Conclusions: Analysis of the microarray data resulted in:  

• Identification of seventeen dysregulated molecules, ten of which were up-

regulated and seven of which were down-regulated. 

•  Classification of the cellular death and proliferation as the most 

significantly disrupted cellular function. 

• Labelling of the pro-inflammatory interferon alpha (IFNA) signalling as 

the most significantly dysregulated pathway. 

• Identifying the pro-apoptotic IGFBP3 and the anti-proliferative IFIT3 as 

the two targets downstream IFNA that might lead to low cellularity in the 

annulus fibrosus of the disc. 

5.5.2  Phase II   

The principal objectives of this phase were: to evaluate the anti-

inflammatory effect of HA on the IFNα2β signalling pathway and the matrix 

modulatory effect of HA utilising the bovine organ culture system. 

Conclusions:  The bovine organ culture studies showed that: 

• HA acts as an anti-inflammatory molecule by significantly down-

regulating the expression of IFNα2β signalling molecules IFNAR1, 
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IFNAR2, STAT1, STAT2 in the IFNα2β and HA treated group compared 

to the IFNα2β treated group. 

• HA acts as an anti-apoptotic molecule by significantly down-regulating 

the expression of IFIT3 and IGFBP3 in the IFNα2β and HA treated group 

compared to the IFNα2β treated group.  

• HA acts as a matrix modulatory molecule by significantly up-regulating 

the expression of the major annulus fibrosus matrix proteins aggrecan and 

collagen I. 

5.5.3  Phase III 

The principal objective of the last phase was to ascertain the suitability of 

HA as an anti-inflammatory and matrix modulatory therapeutic using an in vivo 

rat-tail AF injury model. 

Conclusions: In vivo implantation of HA showed that: 

• HA can act as an anti-inflammatory by significantly down-regulating the 

expression of IFNA at days 28 and 56 in the HA treatment group 

compared to the injury. 

• HA can act as an anti-apoptotic by significantly down-regulating the 

expression of IGFBP3 and caspase 3 active fragment p17 at days 7, 28 

and 56 in the HA treatment group compared to the injury.  

• HA can act as a matrix modulatory molecule by significantly increasing 

the disc height index in the HA treatment group compared to the injury 

through the three time points. This is due to the potential of HA in up-

regulating the expression of key matrix proteins of the AF such as 

aggrecan and Hapln1 at days 7, 28 and 56 in the HA treated group 

compared to the injury.  

• HA is able to significantly up-regulate the concentration of the C0S and 

C4S at day seven in the HA treated group compared to the injury. 

• HA is able to modulate the glyco-environment of the AF by down-

regulating the sialylation which was evident by a decrease in the binding 

of SNA-I and MAA to the HA treated tissue. Moreover, HA is able to 

switch off mannose motifs detected by Con-A and switch on galactose 

motifs detected by PNA. 
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A. List of materials and reagents 

Material Supplier 

4 arm PEG amine, HCL salt MW 5000 JenKem Technology, Allen, USA 

Sodium Hyaluronate Lifecore Biomedical, Chaska, USA  

N-Hydroxysuccinimide (NHS)  

Sigma Aldrich®, Dublin, Ireland 

 
N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide (EDC) 

Proteinase K 

Chondroitinase ABC 

HBSS 

DMEM 

Sodium Chloride (NaCl) 

RIPA Buffer 

Triton X-100 

Dapi, Dilactate 

D-(+)-Mannose from Wood, ≥99% 

D-(+)-Galactose ≥99% GO750 

D-Lactose Monohydrate BioUltra, ≥99.5% 

61339 

L-(-)-Fucose,>=99% F2252-5G 

N-Acetyl-D-glucosamine ≥99% A8625 

PBS Tablets 

Eukitt® Mounting Medium 
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Material Supplier 

Sodium hydrogen carbonate (NaHCO3)  

Magnesium Chloride MgCl2 

Calcium Chloride CaCl2 

TWEEN®20 

Ethanol 

Methanol 

Sodium Pyruvate 

1-Bromo-3-chloropropane (BCP) 

Isopropanol 

Chondroitinase ABC 

Ethylenediaminetetraacetic Acid (EDTA) 

Safranin-O Fast Green 

Fast Green 

Pronase  Roche, Zurich, Switzerland 

Insulin Transferrin and Sodium Selenite 

(ITS) 

Biosciences, San Diego, CA, USA 

EPIGLU® Meyer-Haake Medical Innovations, 

Wehrheim, Germany 

N,N-dimethylformamide (DMF)  Fluka, Zurich, Switzerland 

 
Tetrahydrofuran (THF) 

Acetone 

WGA, SNA-I, MAA, Con-A, PNA-lectins Patricell, Nottingham, UK 

Alexa Fluor® 488 Goat Anti-mouse A10667 Molecular Probes® Dublin, Ireland 
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Material Supplier 

Alexa Fluor® 594 Goat Anti-rabbit A11012 Molecular Probes® Dublin, Ireland 

ProLong®
 
Gold antifade Life ScienceTM, Dublin, Ireland 

Complete Protease Inhibitor Cocktail Tablets Life Science, Dublin, Ireland 

Ascorbate-2-phosphate Sigma Aldrich, St. Louis, USA 

DMEM GibcoTM, Paisley, UK 

Penicillin 

Streptomycin 

FCS 

PrimocinTM Invitrogen, San Diego, CA, USA 

Primer/probe Systems  Microsynth, Zurich, Switzerland 

TaqMan® Gene Expression Assays Applied Biosystems, Zurich, 

Switzerland 
TaqMan® Gene Expression Master Mix 

Centrifugal Filter Columns (3kDa) Ultra-4 

Ultracell  

Thermo Fisher Scientific, Dublin, 

Ireland 

SynergiTM column (150 x 4.6mm, 4µm, 80 Å)  Phenomenex Inc., Torrance, USA 

Anti-IFIT3 Antibody ASB-ARP46034-P050 Enzo Life Sciences Dublin, Ireland 

Anti-IGFBP3 Antibody ab75988 Abcam Dublin, Ireland 

Anti-HAPLN1 Antibody ab181997 

Anti-Collagen1 Antibody ab6308 

Anti-active Caspase-3 pAb Promega®, Madison, USA 
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Material Supplier 

Biotinylated Secondary Antibody Vectastain ABC Elite (Vectors 

laboratory, Burlingame, USA) 
ImmPACT DAB 

Biotinylated Anti-Rabbit BA-1000 

VECTASTAIN Elite ABC Kit (Standard) 

PK-6100 

DAB Peroxidase Substrate kit SK-4100 

Rat IFNA / Interferon Alpha ELISA Kit 

(Sandwich ELISA) - LS-F4130 

Source BioScience, Dublin, Ireland 

Anti-ACAN / Aggrecan Antibody (aa350-

400) LS-C359243 

Ethicon® 8871H Prolene Suture Ethicon, Dublin, Ireland 

NIST Certified Acrylic Radiopaque Ruler, 

50mm 

Supertech®, Elkhart, USA 

Human Interferon Alpha 2b PBI Interferon Sources, 

Piscataway, USA 

(BCA)TM Protein Assay Kit  Pierce® Biotechnology, Dublin, 

Ireland 

TRI® Reagent Life Technologies, Zurich, 

Switzerland 

Pulsavac® Wound Debridement System  Zimmer, Ohio, USA 
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B. Human intervertebral cell isolation 

1. Nucleus pulposus NP and annulus fibrosus AF are separated and stored in 

sterile PBS. 

2. Tissues are chopped into small pieces and transferred into a 50 ml pre-

weighted tubes containing sterile PBS. The weight of the tubes including the 

tissues is recorded also. 

3. Tissues are washed three times with sterile PBS. 

4. The tubes are centrifuged at 500G to settle the tissue. 

5. 30ml of DMEM including0.2% pronase is added to the tubes. 

6. Tubes are shaken on an orbital shaker on slow speed of one hour at 37oC in a 

humid atmosphere. 

7. Tissues are washed three times with sterile PBS. 

8. The tubes are centrifuged at 500G to settle the tissue. 

9. 30ml of DMEM with 0.05% collagenase is added to the tubes. 

10. Tubes are shaken on an orbital shaker on slow speed of three to four hours at 

37oC in a humid atmosphere. 

11. Cell suspensions are filtered through a 70 um cell strainer into a sterile 50 ml 

tubes, the cells then are washed three times with fresh DMEM and counted 

with haemocytometer. 

C. IPA ingenuity pathway analysis 

1. QIAGEN’s Ingenuity® Pathway Analysis software (IPA®, QIAGEN 

Redwood City, www.qiagen.com/ingenuity) was used.  

2. The input data, composed of significantly differently expressed 

genes/proteins with their log2 fold change and p-values/relative expression 

ratios, were uploaded into the IPA system for the purpose of mapping the 

genes onto networks, functions and pathways. 

3. The Ingenuity Pathway Analysis (IPA) is based on sample phenotype as well 

as on disease, cellular, molecular and sequence mechanisms.  

4. The analysis utilises specific tools to evaluate the data to produce networks 

and pathways based on molecular and cellular mechanisms after assigning 

certain cut offs for significant values.  
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Table C1. Significantly differently expressed genes with p<0.05 from microarray data.  
Data are expressed relative to the non-degenerative samples (control group) 
	

Probe Symbol Description Log2 fold Change p-value 

26230_at TIAM2 
T-cell lymphoma invasion and metastasis 
2 -0.86 5.86E-04 

196_at AHR Aryl hydrocarbon receptor 1.4 5.86E-04 
29094_at LGALSL Lectin, galactoside-binding-like -1.04 6.65E-04 
4257_at MGST1 Microsomal glutathione S-transferase 1 2.02 0.001 

9448_at MAP4K4 
Mitogen-activated protein kinase kinase 
kinase kinase 4 0.91 0.002 

2295_at FOXF2 Forkhead box F2 -1.38 0.002 
29028_at ATAD2 ATPase family, AAA domain containing 2 0.77 0.002 
6649_at SOD3 Superoxide dismutase 3, extracellular -1.64 0.002 
3381_at IBSP Integrin-binding sialoprotein -3.46 0.002 
29941_at PKN3 Protein kinase N3 -1.45 0.002 

7035_at TFPI 

Tissue factor pathway inhibitor 
(lipoprotein-associated coagulation 
inhibitor) 2.01 0.002 

26585_at GREM1 Gremlin 1 2.54 0.002 
9530_at BAG4 BCL2-associated athanogene 4 0.53 0.002 

3486_at IGFBP3 
Insulin-like growth factor binding protein 
3 2.85 0.003 

9518_at GDF15 Growth differentiation factor 15 2.29 0.003 
51114_at ZDHHC9 Zinc finger, DHHC-type containing 9 -0.47 0.003 

6480_at 
ST6GAL
1 

ST6 beta-galactosamide alpha-2,6-
sialyltranferase 1 -0.88 0.003 

64221_at ROBO3 
Roundabout, axon guidance receptor, 
homolog 3 (Drosophila) -0.96 0.003 

257240_at KLHL34 Kelch-like 34 (Drosophila) -1.08 0.004 

23070_at FTSJD2 
FtsJ methyltransferase domain containing 
2 -0.6 0.004 

3437_at IFIT3 
Interferon-induced protein with 
tetratricopeptide repeats 3 2.03 0.004 

374378_at 
GALNTL
4 

UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
acetylgalactosaminyltransferase-like 4 -0.97 0.004 

10730_at YME1L1 YME1-like 1 (S. cerevisiae) 0.36 0.004 

55435_at AP1AR 
Adaptor-related protein complex 1 
associated regulatory protein 0.97 0.005 

139065_at SLITRK4 SLIT and NTRK-like family, member 4 1.34 0.005 
114294_at LACTB Lactamase, beta 0.83 0.005 
5911_at RAP2A RAP2A, member of RAS oncogene family 0.83 0.005 

5793_at PTPRG 
Protein tyrosine phosphatase, receptor 
type, G -1.28 0.005 

10654_at PMVK Phosphomevalonate kinase -0.82 0.005 
51752_at ERAP1 Endoplasmic reticulum aminopeptidase 1 0.68 0.005 

10106_at CTDSP2 

CTD (carboxy-terminal domain, RNA 
polymerase II, polypeptide A) small 
Phosphatase 2 -0.88 0.005 

9403_at Sep-15 15 kDa selenoprotein 0.44 0.005 
439921_at MXRA7 Matrix-remodelling associated 7 -1.05 0.005 

2633_at GBP1 
Guanylate binding protein 1, interferon-
inducible 1.86 0.006 

55024_at BANK1 
B-cell scaffold protein with ankyrin 
repeats 1 -2.09 0.006 

10265_at IRX5 Iroquois homeobox 5 1.36 0.006 
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3977_at LIFR Leukemia inhibitory factor receptor alpha 1.06 0.006 
444_at ASPH Aspartate beta-hydroxylase 0.9 0.007 
79624_at C6orf211 Chromosome 6 open reading frame 211 0.59 0.007 
3902_at LAG3 Lymphocyte-activation gene 3 -1.23 0.007 

9517_at SPTLC2 
Serine palmitoyltransferase, long chain 
base subunit 2 -0.73 0.007 

23324_at MAN2B2 Mannosidase, alpha, class 2B, member 2 -0.88 0.007 
9306_at SOCS6 Suppressor of cytokine signaling 6 0.63 0.007 

27286_at SRPX2 
Sushi-repeat containing protein, X-linked 
2 -1.29 0.007 

114908_at 
TMEM12
3 Transmembrane protein 123 0.74 0.007 

10973_at ASCC3 
Activating signal cointegrator 1 complex 
subunit 3 0.53 0.008 

64393_at ZMAT3 Zinc finger, matrin-type 3 0.69 0.008 
7060_at THBS4 Thrombospondin 4 -1.16 0.008 
10171_at RCL1 RNA terminal phosphate cyclase-like 1 -0.78 0.008 
30837_at SOCS7 Suppressor of cytokine signaling 7 -0.36 0.008 

26127_at 
FGFR1O
P2 FGFR1 oncogene partner 2 0.5 0.009 

57761_at TRIB3 Tribbles homolog 3 (Drosophila) 1.14 0.009 
2664_at GDI1 GDP dissociation inhibitor 1 -0.51 0.01 

5366_at PMAIP1 
phorbol-12-myristate-13-acetate-induced 
protein 1 2.49 0.01 

8722_at CTSF Cathepsin F -1.06 0.011 

10894_at LYVE1 
Lymphatic vessel endothelial hyaluronan 
receptor 1 -1.85 0.011 

51131_at PHF11 PHD finger protein 11 -0.67 0.011 
79959_at CEP76 Centrosomal protein 76kDa 0.76 0.011 

79609_at 
METTL2
1D Methyltransferase like 21D 0.65 0.011 

10440_at 
TIMM17
A 

Translocase of inner mitochondrial 
membrane 17 homolog A (yeast) 0.62 0.011 

8534_at CHST1 
Carbohydrate (keratan sulfate Gal-6) 
sulfotransferase 1 -1.03 0.011 

8673_at VAMP8 
Vesicle-associated membrane protein 8 
(endobrevin) -1.23 0.011 

1292_at COL6A2 collagen, type VI, alpha 2 -1.22 0.011 

548645_at 
DNAJC2
5 

DnaJ (Hsp40) homolog, subfamily C , 
member 25 0.86 0.012 

10123_at ARL4C ADP-ribosylation factor-like 4C 1.39 0.012 
51569_at UFM1 Ubiquitin-fold modifier 1 0.6 0.013 
23186_at RCOR1 REST corepressor 1 0.48 0.013 
3659_at IRF1 Interferon regulatory factor 1 0.94 0.013 

3434_at IFIT1 
Interferon-induced protein with 
tetratricopeptide repeats 1 1.96 0.013 

23492_at CBX7 Chromobox homolog 7 -0.74 0.013 
8935_at SKAP2 Src kinase associated phosphoprotein 2 0.62 0.013 
2582_at GALE UDP-galactose-4-epimerase -0.74 0.013 
858_at CAV2 Caveolin 2 0.46 0.013 
9902_at MRC2 Mannose receptor, C type 2 -0.91 0.014 
706_at TSPO Translocator protein (18kDa) -0.77 0.014 
595_at CCND1 Cyclin D1 1.22 0.014 
6322_at SCML1 Sex comb on midleg-like 1 (Drosophila) 0.44 0.014 
9371_at KIF3B Kinesin family member 3B -0.4 0.015 

27339_at PRPF19 
PRP19/PSO4 pre-mRNA processing factor 
19 homolog (S. cerevisiae) -0.6 0.016 

5998_at RGS3 Regulator of G-protein signaling 3 -0.68 0.016 
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582_at BBS1 Bardet-Biedl syndrome 1 -0.4 0.016 
57683_at ZDBF2 Zinc finger, DBF-type containing 2 0.93 0.016 
4595_at MUTYH MutY homolog (E. coli) -0.55 0.017 

3987_at LIMS1 
LIM and senescent cell antigen-like 
domains 1 0.41 0.018 

51309_at ARMCX1 Armadillo repeat containing, X-linked 1 0.5 0.018 
288_at ANK3 Ankyrin 3, node of Ranvier (ankyrin G) -0.74 0.018 
340719_at NANOS1 Nanos homolog 1 (Drosophila) 1.45 0.019 
283208_at P4HA3 Prolyl 4-hydroxylase, alpha polypeptide III -1.13 0.019 

55623_at 
THUMP
D1 THUMP domain containing 1 0.44 0.019 

629_at CFB Complement factor B -1.24 0.019 

642273_at 
FAM110
C 

Family with sequence similarity 110, 
member C 1.16 0.02 

114785_at MBD6 Methyl-CpG binding domain protein 6 -0.39 0.02 
203069_at R3HCC1 R3H domain and coiled-coil containing 1 -0.57 0.02 
8648_at NCOA1 Nuclear receptor coactivator 1 -0.68 0.02 
284361_at EMC10 ER membrane protein complex subunit 10 -0.7 0.02 
9532_at BAG2 BCL2-associated athanogene 2 0.82 0.02 
1101_at CHAD Chondroadherin -1.8 0.02 

738_at VPS51 
Vacuolar protein sorting 51 homolog (S. 
cerevisiae) -0.73 0.02 

7738_at ZNF184 zinc finger protein 184 0.78 0.02 
4023_at LPL lipoprotein lipase -1.32 0.02 
4628_at MYH10 myosin, heavy chain 10, non-muscle -0.71 0.02 
6646_at SOAT1 sterol O-acyltransferase 1 0.93 0.02 

643911_at CRNDE 
colorectal neoplasia differentially 
expressed (non-protein coding) 0.46 0.02 

643641_at ZNF862 Zinc finger protein 862 -0.45 0.02 
89891_at WDR34 WD repeat domain 34 -0.8 0.02 

4189_at DNAJB9 
DnaJ (Hsp40) homolog, subfamily B, 
member 9 0.75 0.02 

435_at ASL Argininosuccinate lyase -0.88 0.02 

2788_at GNG7 
Guanine nucleotide binding protein (G 
protein), gamma 7 -0.45 0.02 

9486_at CHST10 Carbohydrate sulfotransferase 10 -1.29 0.021 
2487_at FRZB Frizzled-related protein 1.32 0.021 
26097_at CHTOP Chromatin target of PRMT1 -0.32 0.021 
26225_at ARL5A ADP-ribosylation factor-like 5A 0.46 0.022 

81035_at 
COLEC1
2 Collectin sub-family member 12 -1.19 0.022 

10149_at GPR64 G protein-coupled receptor 64 -1.59 0.022 
203_at AK1 Adenylate kinase 1 -0.57 0.022 
10286_at BCAS2 Breast carcinoma amplified sequence 2 0.43 0.022 
8241_at RBM10 RNA binding motif protein 10 -0.58 0.022 
221178_at SPATA13 Spermatogenesis associated 13 -0.55 0.022 
55556_at ENOSF1 Enolase superfamily member 1 -0.74 0.022 

360023_at ZBTB41 
Zinc finger and BTB domain containing 
41 0.81 0.022 

5446_at PON3 Paraoxonase 3 -1.14 0.022 
56180_at MOSPD1 Motile sperm domain containing 1 0.55 0.022 

54994_at GID8 
GID complex subunit 8 homolog (S. 
cerevisiae) -0.44 0.023 

28513_at CDH19 Cadherin 19, type 2 0.74 0.023 
3037_at HAS2 Hyaluronan synthase 2 -1.15 0.023 
130814_at PQLC3 PQ loop repeat containing 3 -0.97 0.024 
124936_at CYB5D2 Cytochrome b5 domain containing 2 -0.65 0.024 
282809_at POC1B POC1 centriolar protein homolog B 0.77 0.024 
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(Chlamydomonas) 

79667_at 
FLJ1319
7 Uncharacterized FLJ13197 -1.44 0.024 

205327_at C2orf69 Chromosome 2 open reading frame 69 0.43 0.024 
29952_at DPP7 Dipeptidyl-peptidase 7 -0.58 0.024 
80264_at ZNF430 Zinc finger protein 430 0.73 0.024 
22928_at SEPHS2 Selenophosphate synthetase 2 0.67 0.024 

10656_at 
KHDRBS
3 

KH domain containing, RNA binding, 
signal transduction associated 3 0.89 0.025 

55070_at DET1 De-etiolated homolog 1 (Arabidopsis) -0.81 0.025 

26258_at 
BLOC1S
6 

Biogenesis of lysosomal organelles 
complex-1, subunit 6, pallidin 0.44 0.026 

22809_at ATF5 Activating transcription factor 5 0.82 0.026 
85027_at C5orf62 Chromosome 5 open reading frame 62 1.53 0.026 

214_at ALCAM 
Activated leukocyte cell adhesion 
molecule 1.31 0.026 

5965_at RECQL RecQ protein-like (DNA helicase Q1-like) 0.41 0.028 
3916_at LAMP1 Lysosomal-associated membrane protein 1 -0.25 0.028 
7321_at UBE2D1 Ubiquitin-conjugating enzyme E2D 1 0.75 0.028 
51065_at RPS27L Ribosomal protein S27-like 0.7 0.028 
339324_at ZNF260 Zinc finger protein 260 0.74 0.028 
26275_at HIBCH 3-hydroxyisobutyryl-CoA hydrolase 0.68 0.028 
9818_at NUPL1 Nucleoporin like 1 0.85 0.028 

151126_at 
ZNF385
B Zinc finger protein 385B 1.2 0.028 

64759_at TNS3 Tensin 3 -0.77 0.028 
29940_at DSE Dermatan sulfate epimerase 0.79 0.029 

4358_at MPV17 
MpV17 mitochondrial inner membrane 
protein -0.86 0.029 

768_at CA9 Carbonic anhydrase IX -1.48 0.029 

7803_at PTP4A1 
Protein tyrosine phosphatase type IVA, 
member 1 0.4 0.029 

6659_at SOX4 SRY (sex determining region Y)-box 4 1.41 0.029 
51299_at NRN1 Neuritin 1 1.02 0.029 
79971_at WLS Wntless homolog (Drosophila) -0.71 0.029 

51014_at TMED7 
Transmembrane emp24 protein transport 
domain containing 7 0.54 0.03 

347862_at PDDC1 Parkinson disease 7 domain containing 1 -0.46 0.03 

51310_at 
SLC22A1
7 Solute carrier family 22, member 17 -0.67 0.031 

1891_at ECH1 Enoyl CoA hydratase 1, peroxisomal -0.4 0.031 
7277_at TUBA4A Tubulin, alpha 4a 0.79 0.031 

80760_at ITIH5 
Inter-alpha-trypsin inhibitor heavy chain 
family, member 5 -0.77 0.031 

9358_at ITGBL1 
Integrin, beta-like 1 (with EGF-like repeat 
domains) 1.17 0.032 

84171_at LOXL4 Lysyl oxidase-like 4 -1.83 0.032 
6662_at SOX9 SRY (sex determining region Y)-box 9 -0.38 0.032 

9935_at MAFB 
V-maf musculoaponeurotic fibrosarcoma 
oncogene homolog B (avian) 1.39 0.032 

7341_at SUMO1 
SMT3 suppressor of mif two 3 homolog 1 
(S. cerevisiae) 0.64 0.032 

5298_at PI4KB 
Phosphatidylinositol 4-kinase, catalytic, 
beta -0.36 0.032 

11221_at DUSP10 Dual specificity phosphatase 10 0.84 0.032 

3433_at IFIT2 
Interferon-induced protein with 
tetratricopeptide repeats 2 1.89 0.032 

23764_at MAFF V-maf musculoaponeurotic fibrosarcoma 0.47 0.033 
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oncogene homolog F (avian) 
10540_at DCTN2 dynactin 2 (p50) -0.42 0.033 

8738_at CRADD 
CASP2 and RIPK1 domain containing 
adaptor with death domain -0.64 0.033 

26205_at GMEB2 
Glucocorticoid modulatory element 
binding protein 2 -0.45 0.033 

109_at ADCY3 Adenylate cyclase 3 -0.65 0.034 

5265_at 
SERPIN
A1 

Serpin peptidase inhibitor, clade A (alpha-
1 antiproteinase, antitrypsin), member 1 -0.92 0.034 

57600_at FNIP2 Folliculin interacting protein 2 0.49 0.035 
2810_at SFN Stratifin -1.39 0.035 
1203_at CLN5 Ceroid-lipofuscinosis, neuronal 5 0.42 0.035 

55041_at 
PLEKHB
2 

Pleckstrin homology domain containing, 
family B (evectins) member 2 0.64 0.035 

3216_at HOXB6 Homeobox B6 -0.61 0.035 

522_at ATP5J 
ATP synthase, H+ transporting, 
mitochondrial Fo complex, subunit F6 0.57 0.035 

10920_at COPS8 
COP9 constitutive photomorphogenic 
homolog subunit 8 (Arabidopsis) 0.33 0.035 

11186_at RASSF1 
Ras association (RalGDS/AF-6) domain 
family member 1 -0.66 0.035 

1030_at CDKN2B 
Cyclin-dependent kinase inhibitor 2B 
(p15, inhibits CDK4) 0.67 0.035 

677_at ZFP36L1 Zinc finger protein 36, C3H type-like 1 1.19 0.035 
390_at RND3 Rho family GTPase 3 0.71 0.035 
55854_at ZC3H15 Zinc finger CCCH-type containing 15 0.25 0.035 
23534_at TNPO3 Transportin 3 -0.4 0.035 
4350_at MPG N-methylpurine-DNA glycosylase -0.59 0.036 

51191_at HERC5 
HECT and RLD domain containing E3 
ubiquitin protein ligase 5 1.01 0.036 

7205_at TRIP6 Thyroid hormone receptor interactor 6 -0.44 0.037 

84190_at 
METTL2
5 Methyltransferase like 25 -0.59 0.037 

10959_at TMED2 
Transmembrane emp24 domain trafficking 
protein 2 0.6 0.037 

22822_at PHLDA1 
Pleckstrin homology-like domain, family 
A, member 1 0.77 0.039 

3073_at HEXA Hexosaminidase A (alpha polypeptide) -0.62 0.039 
10051_at SMC4 Structural maintenance of chromosomes 4 0.62 0.039 
146198_at ZFP90 Zinc finger protein 90 homolog (mouse) -0.48 0.04 

79003_at MIS12 
MIS12, MIND kinetochore complex 
component, homolog (S. pombe) 0.65 0.04 

6541_at SLC7A1 
Solute carrier family 7 (cationic amino 
acid transporter, y+ system), member 1 -0.39 0.04 

5277_at PIGA 
Phosphatidylinositol glycan anchor 
biosynthesis, class A 0.54 0.041 

85463_at 
ZC3H12
C Zinc finger CCCH-type containing 12C 0.89 0.041 

8780_at RIOK3 RIO kinase 3 (yeast) 0.28 0.041 
10914_at PAPOLA Poly(A) polymerase alpha 0.38 0.042 
727_at C5 Complement component 5 -0.7 0.042 
81618_at ITM2C Integral membrane protein 2C -0.71 0.042 

55332_at DRAM1 
DNA-damage regulated autophagy 
modulator 1 0.49 0.042 

83737_at ITCH Itchy E3 ubiquitin protein ligase 0.38 0.042 

80194_at 
TMEM13
4 Transmembrane protein 134 -0.64 0.042 

1856_at DVL2 Dishevelled, dsh homolog 2 (Drosophila) -0.32 0.042 
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10529_at NEBL Nebulette -0.47 0.043 
84061_at MAGT1 Magnesium transporter 1 0.37 0.043 
285362_at SUMF1 Sulfatase modifying factor 1 -0.79 0.044 
26053_at AUTS2 Autism susceptibility candidate 2 -0.46 0.044 

57580_at PREX1 
Phosphatidylinositol-3,4,5-trisphosphate-
dependent Rac exchange factor 1 -0.61 0.044 

79780_at CCDC82 Coiled-coil domain containing 82 0.45 0.044 
2297_at FOXD1 Forkhead box D1 0.55 0.044 

8639_at AOC3 
Amine oxidase, copper containing 3 
(vascular adhesion protein 1) -0.86 0.044 

168451_at THAP5 THAP domain containing 5 0.63 0.044 
154_at ADRB2 Adrenoceptor beta 2, surface -0.97 0.044 

25816_at TNFAIP8 
Tmor necrosis factor, alpha-induced 
protein 8 1.34 0.044 

7469_at WHSC2 Wolf-Hirschhorn syndrome candidate 2 -0.29 0.044 

163732_at CITED4 
Cbp/p300-interacting transactivator, with 
Glu/Asp-rich carboxy-terminal domain, 4 -0.64 0.045 

4863_at NPAT Nuclear protein, ataxia-telangiectasia locus 0.46 0.046 
29080_at CCDC59 Coiled-coil domain containing 59 0.43 0.046 
55638_at SYBU Syntabulin (syntaxin-interacting) -0.72 0.046 
79191_at IRX3 Iroquois homeobox 3 1.45 0.046 
22943_at DKK1 Dickkopf 1 homolog (Xenopus laevis) -1.25 0.046 

84302_at 
TMEM24
6 Transmembrane protein 246 -0.67 0.046 

4330_at MN1 
Meningioma (disrupted in balanced 
translocation) 1 -1.01 0.047 

285381_at DPH3 DPH3, KTI11 homolog (S. cerevisiae) 0.57 0.048 
79600_at TCTN1 Tectonic family member 1 -0.54 0.048 
4129_at MAOB Monoamine oxidase B -0.92 0.048 
4817_at NIT1 Nitrilase 1 -0.39 0.049 

23531_at MMD 
Monocyte to macrophage differentiation-
associated 0.96 0.049 

100506311_
at 

HOTAIR
M1 

HOXA transcript antisense RNA, myeloid-
specific 1 1.25 0.05 

51430_at SUCO SUN domain containing ossification factor 0.44 0.05 
54102_at CLIC6 Chloride intracellular channel 6 -0.52 0.05 
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D. Bovine IVD dissection procedures  

1. Prepare fresh PBS+1% P/S 7 mL/disc, PBS+10% P/S 25 mL/disc (4˚C, 1 

week). 

2. Prepare a basin and dilute 1:100 Betadine® solution with tap water. (100 mL 

Betadine® + 10 L tap water). 

3. Rinse whole tail with tap water. 

4. Immerse the whole tail in the basin containing 1% Betadine® solution for 5 

minutes. 

5. Dry the tail with sterilized gauze and place it on sterile workstation. 

6. During dissection of the discs, cover the other tails with gauze soaked with 

ringer solution to prevent dehydration. 

7. Use a scalpel (no. 20) to remove the soft tissue from the caudal spine as 

much as possible to ensure easy localization of the intervertebral discs to be 

dissected. Select discs of the desired diameter. For small chamber, use discs 

with a diameter of less than 16 mm (small chamber inner diameter 18 mm). 

For large chamber, use discs with diameter less than 20 mm (diameter of 

sinter plates in big chambers is 23 mm). 

8. Cut through the middle of each IVD with bone removal pliers to obtain 

individual motion segments. 

9. Cut discs with band saw. Clean the band saw with 70% ethanol and ensure 

that the blade of the band saw will be cooled with ringer solution while 

cutting the vertebrae.  

10. Mount a motion segment in the band saw. Ensure the endplates of the disc 

are parallel to each other. Localize the exact disc endplate surface by using 

the blunt side of a scalpel-blade to dent the tissue to distinguish between the 

endplate and the disc without damaging the tissue. 

11. Place the blade of the endplate against the localized interface; allow a safety 

margin of approximately 0.5 mm towards the vertebral body side of the 

interface. Start sawing the interface that is clasped by the three screws. 

Repeat these steps for the other disc endplate interfaces. 

12. Wrap isolated IVD with sterile gauze moistened with ringer solution. The 

gauze should be moistened but not too wet so as to prevent swelling of discs.  
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13. Use scalpel blade to scrape off the growth plate (white cartilage), leave the 

endplate (yellow), try to make the two surfaces flat and parallel (important 

for loading experiments).     

14. Store the discs in a petri dish and cover with gauze moistened with ringer 

solution. The gauze should be moistened and not too wet, to prevent swelling 

of discs.  

15. Measure the height and the diameter of each disc. If the two surfaces of disc 

are not parallel, try to scrape the endplates again and measure.  

16. Wash the endplates with the Pulsavac® wound debridement system for a 

thorough removal of blood resting from capillaries approximately 30 seconds 

per endplate. 

17. Under sterile conditions, wash discs in PBS+10% P/S for 15 minutes on a 

shaking machine, each disc 25 mL PBS+10% P/S in 50 mL falcon tube.  

18. Wash discs in PBS+1% P/S in 6-well plate for 1minute. 

19. Culture discs in 6-well plate in culture medium. 

A) Cleaning after dissection 

1. Rinse Pulsavac® with Milli-Q water only, allow to dry, pack with cloth for 

gas sterilization. 

2. Wash instruments with soap to remove adhering blood and tissue. 

3. Clean hood and working area with 70% ethanol and germicidal. 

 

 
Figure D1. Bovine discs that were used in the treatments. A. An intact disc, 

B. Injured disc with a 3mm punch through the annulus fibrosus, C. Injured disc 

and injected with crosslinked high molecular weight hyaluronic acid then sealed 

with a polyurethane membrane. 
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E. Culture medium and buffer recipe 

A) DMEM HG (Dulbecco’s Modified Eagle Medium High Glucose) + 1% 

P/S 

DMEM is a culture medium powdered in a pack for 5 L. These media are well 

suited to supporting the growth of a broad spectrum of mammalian cell lines. 

Contains L-Glutamine, 4500 mg/l D-glucose, without Sodium Pyruvate and 

Sodium Bicarbonate. 

For 1 L of media add: 

Sodiumhydrogencarbonate (NaHCO3)                                              3.7    g/L 

Sodiumpyruvate                                                                                0.11  g/L 

Powdered medium                                                                            13.38     g/L  

Penicillin/Streptomycin                                                              10 mL/L 

HEPES buffer 1M                                                                             25   mL/L 

Sterilized using 0.2 µm nylon filter and stored at 2-8°C in the refrigerator for 

maximum 1 month after preparation. 

Long- standing media have a predisposition to form precipitates. 

 

B) PBS (Phosphate Buffered Saline) 

Dissolve 1 PBS tablet in 200 ml water, sterile filter (0.2 µm pore size), store at 

4°C for up to one month. 

IVD culture medium (4°C for up to 1 week, prepare the amount needed in 1 

week) 

 

                                                                                     500 mL 

DMEM HG + 1% P/S                                                 480 mL                        

5 mg/mL ascorbate 2 phosphate (100× stock)               5 mL     

(final concentration in medium 50 µg/mL) 

1% ITS                                                                         5 mL 

2% FCS         10 mL  

0.1% PrimocinTM                                                                                0.5 mL   

 

C) Ascorbate 2 phosphate (100×, 5 mg/ml) 



Appendices	
	

	
	

232	

Add 5 mg ascorbate 2 phosphate per 1 ml DMEM HG, sterilize filter (0.2 µm 

pore size), aliquot 1 ml per tube and store at -20 °C. 

F. RNA extraction of bovine tissue samples using digestion and tissue 

pulverizing followed by isolation with TRI® reagent 

A) Tissue extraction  

     Tissue should be fresh for this process, but extra tissue can be stored in RNA    

Later (Sigma) as a backup. 

1. Prepare and label 2mL eppendorf tubes for all three tissue samples from each 

disc. Fill each tube with 1mL of DMEM. Weigh the tubes and record weights 

for calculating sample amounts later.  

2. Using a scalpel, remove the endplates from both sides of the disc. Take care 

not to remove too much tissue with the endplates. 

3. Punch out the NP tissue using a 4 or 5 mm punch. Place tissue in DMEM to 

prevent drying and weigh tissue in tube. Extract approximately 100-150 mg 

of tissue and chop into small pieces approximately 2-3mm in size and keep in 

DMEM. If necessary, cut out the remaining NP tissue with a scalpel.  

4. Using scalpel, extract 100-150 mg of AF. Place tissue in DMEM to prevent 

drying and weigh tissues in tubes. Chop tissue into small pieces 

approximately 2-3mm in size and keep in DMEM.  

5. Using scalpel, extract 100-150 mg of AF. Outermost tissue layer of disc 

should be removed prior to AF extraction. Place tissue in DMEM to prevent 

drying and weigh tissues in tubes. Chop tissue into small pieces 

approximately 2-3mm in size and keep in DMEM.  

6. Any additional remaining tissue can be discarded or chopped into small 

pieces and stored in RNA later.  

7. Repeat process for every disc.  

B) Digestion 

1. Tissues will be digested in 2mg/mL pronase using 15mL falcon tubes. For 

every 20mg of tissue, 1mL of DMEM+ pronase will be used.  

 

 100 mg tissue = 5mL of DMEM needed for this sample. 

                             20 mg/mL 
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      100 mg total tissue * 2mg/mL = 200 mg pronase powder to be mixed in 5mL 

DMEM 

2. Calculate total amount of DMEM and pronase needed for all tissue samples. 

3. Measure out pronase powder using scale and combine with necessary amount 

of DMEM in an erlenmeyer flask.  

4. Filter pronase + DMEM solution. 

5. Prepare and label 15mL Falcon tubes for each tissue sample.  

6. Place tissue samples in Falcon tubes with corresponding amount of DMEM + 

pronase for digestion. 

7. Place the tubes on the orbital shaker in the 37°C room for exactly 1 hour. 

Make sure the falcon tubes are tightly closed so no leakage occurs and that 

they are taped to the shaker.  

8. After one hour, stop the digestion process by adding approximately 1mL of 

FBS for every 10mL of DMEM to each tube.  

9. Centrifuge tubes and wash tissue twice with PBS. Aspirate all PBS prior to 

tissue homogenization step.  

C) Tissue homogenization 

      100 mg tissue: 1 mL TRI® reagent + 100mg tissue in 2 mL eppendorf tube 

1. Bring liquid nitrogen from the tank downstairs into the RNA lab (having 

cleaned first the working area). 

2. Prepare 1 mL TRI® reagent in 2 mL eppendorf tube for each sample.  

3. The hammering device for homogenization should be placed on aluminium 

foil and pre-cooled by pouring the liquid nitrogen onto the device. A metal 

tube can be inserted into the device and more liquid nitrogen poured into tube 

prior to sample addition.  

4. Using forceps, place tissue within tube and pour additional liquid nitrogen 

over it to freeze tissue. Insert the piston and hammer the sample several 

times. Remove the piston, turn the tube around, re-insert the piston and 

hammer once more from the other side.  

5. After hammering cycles, collect tissue with a sterile blade from the piston 

and put it into 2 mL eppendorf tube with TRI® reagent. The tube should now 

be placed on ice until all tubes are completed.  

6. Continue until all samples are done. 
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7. After this step, samples can be frozen at -80°C prior to RNA Isolation, or 

RNA Isolation can be done immediately.  

G. RNA isolation using TRI® reagent 

1. Add 8 mm metal balls (stainless steel) to 2 mL eppendorf tube with samples.  

2. Use the tissue lyser to break tissue completely in TRI® reagent. Run the 

machine at 25 Hz for 8 minutes. It is important that tissue is broken into 

smaller pieces; if it is not, continue for a few more minutes. 

3. Centrifuge for two minutes at 12000 G, 4°C (The centrifuge needs to be pre-

cooled to 4°C). 

4. Prepare and label fresh 1.5 mL eppendorf tubes. 

5. Transfer the clear supernatant to the fresh 1.5mL tube (try not to transfer 

tissue pieces). If there is too much tissue, then supernatant can be divided 

evenly into two tubes and 500 mL TRI® reagent added on top of both tubes.  

6. Samples can be stored at -80oC for at least one month at this point or phase 

separation can be continued as described below.  

A) Phase separation 

1. Add 100 µL 1-Bromo-3-chloropropane (BCP) per 1 mL of TRI® reagent 

added to sample after hammering.  

2. Shake or vortex vigorously for 15 seconds and place tubes on an orbital 

shaker at room temperature for 10 minutes.  

3. Centrifuge the samples at 12000 G for 15 minutes at 4°C. 

4. Prepare and label fresh 1.5 mL tubes for each sample for precipitation.  

B) RNA precipitation 

1. Transfer the aqueous phase from each sample to fresh tubes. Leave small 

amount of aqueous phase in original tube. Note: going too close to phase 

separation can result in less pure RNA.   

2. Precipitate RNA from the aqueous phase by adding 250 µL of isopropanol 

followed by 250 µL of high salt precipitation per 1 mL of TRI® reagent used 

for the initial homogenization. 

3. Shake or vortex samples vigorously for 45 seconds.  

4. Place samples at room temperature on an orbital shaker for ten min. 
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5. Centrifuge at 12000 G for 8 min at 4°C. Make sure opening side of the lids of 

every tube is facing downwards. 

C) RNA wash  

1. Remove the supernatant. When removing supernatant, be careful not to 

inadvertently suck up the RNA pellet, as pellet is not visible until ethanol is 

added. Pellet should be against the opposite side of the tube from the opening 

side of the lid. When close to pellet, use a smaller pipette as this is less likely 

to suck up pellet.  

2. Add 1 mL of 75% ethanol per 1 mL TRI® reagent used for the initial 

homogenization to each tube. Wash pellet by vortexing. 

3. Centrifuge at 7600 G for 5 min at 4°C. 

4. Remove the supernatant and add 1 mL of 70% ethanol per 1 mL TRI® 

reagent used for the initial homogenization to each tube. Wash pellet by 

vortexing. 

5. RNA can be stored in ethanol for up to one week in 4°C fridge.  

D) RNA solubilisation 

1. Centrifuge at 7600 G for 5 min at 4°C. 

2. Remove the ethanol with a pipette and briefly air-dry the RNA pellet for at 

least 5 min. 

3. Dissolve RNA in 20ul-40ul Diethylpyrocarbonate (DEPC) treated water by 

passing the solution several times through a pipette tip and incubating for 12 

min at 55-60°. Samples should then be put immediately on ice. Samples can 

be stored at -80oC for at least one month.  

E) RNA quantification 

1. Using the Nanodrop, measure the quantity and quality of RNA in each 

sample by looking at absorbance A260 and A280.  

2. To assess the purity of RNA, determine the A260/A280 ratio. An A260/A280 

ratio of 1.6-1.9 is expected. Protein contamination results in A260/A280 ratio 

<1.6. 

H. Reverse transcription (RT) protocol 

  Note: For the reverse transcription, carry on the preparation of the reverse  

transcription mix on ice and use sterile tubes pre-cooled on ice.  
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1. In 20µl reverse transcription reaction, mix: add 1µg of RNA Template, 0,5µg 

of Primers Oligo (dT)15 primer and random primer and 5µl  nuclease free 

water 

2. Incubate at 70°C for five minutes (denaturation the RNA template). 

3. Cool at 4°C for five minutes and keep tubes on ice.  

4. Prepare the RT mix as suggested in Table G1. 

5. Pipette 15µl of the RT mix into the reaction tubes onto the template.  

6. Mix gently and run the RT program after addition of the tube onto the RT 

machine as described in Table G2. 

7. At the end of the procedure store the tubes at -20 until further use to carry on 

the qRT-PCR 

A) Preparation of the reverse transcription (RT) mix 

    Table H1: Reverse transcription master mix composition 

Component Volume for 1RT Final Concentration 

Nuclease-Free Water 5.6  

ImProm-IITM 5X Reaction 

Buffer 

4 1X 

MgCl2, 25mM 2.4 3mM 

dNTP mix (10mM) 1 0.5mM 

Recombinant RNasin 

Ribonuclease Inhibitor 

1 1U/µl  

ImProm-IITM Reverse 

Transcriptase 

1  

Final Volume RT Mix for 

20µl Reaction 

15  
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 B) Reverse transcription (RT) running program 

   Table H2. Reverse transcription running program 

Step Temperature (oC) Time (minutes) 

Annealing 25 5 

Extension 42 60 

Heat Inactivation 

Reverse Transcriptase 

70 15 

 

I. QRT-PCR reaction mix 

    Table I1. qRT-PCR TaqMan® gene expression master mix for primers and        
probes 

 
  Final conc. µl 

    

 

1 20 

TaqMan Master Mix 2x 1x 5 100 

Primer fw 45 µM 900 nM 0.2 4 

Primer rev 45 µM 900 nM 0.2 4 

Probe 12.5 µM 250 nM 0.2 4 

DEPC-water 

 

2.4 48 

cDNA  

 

2 

 Total   

 

10 160 

          

 

   Table I2.  qRT-PCR TaqMan® gene expression master mix for assays 

  Final conc. µl 
  

 

1 100 

TaqMan Master Mix 2x 1x 10 1000 

Primer+Probe Mix 20x 1x 1 100 

cDNA  

 

2 

 DEPC-water 

 

7 700 

Total 

 

20 1800 



Appendices	
	

	
	

238	

J. Primers and probes of genes 

  The sequences of the oligonucleotide primers and probes and TaqMan® gene 

expression assays. 

   Table J1. Human TaqMan® gene expression assay mixes 

Gene TaqMan® Assay mix 
GREM1 Hs01879841_s1 

PMAIP1 Hs00560402_m1 

GDF15 Hs00171132_m1 

MGST1 Hs00220393_m1 

TFPI Hs00196731_m1 

IGFBP3 Hs00365742_g1 

GBP1 Hs00977005_m1 

IFIT1 Hs01911452_s1 

IFIT2 Hs01922738_s1 

IFIT3 Hs01922752_s1 

IBSP Hs00173720_m1 

BANK1 Hs01009378_m1 

GAPDH Hs99999905_m1 

HPRT1 Hs99999909_m1 

GUSB Hs99999908_m1 

 

Table J2. Bovine TaqMan® gene expression assay mixes 

Gene TaqMan® Assay mix 
IFNAR1 Bt03215051_m1 

IFNAR2 Bt03215056_m1 

STAT1 Bt03252664_m1 

STAT2 Bt04284638_m1 

JAK1 Bt04295576_m1 

IGFBP3 Bt03223808_m1 

IFIT3 Bt03245962_m1 
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Table J3. Bovine TaqMan® gene expression primer and probes 

Gene Primer/Probe Sequence 

COL1A2 Primer fw (5'-3') 

Primer rev (5'-3') 

Probe 

(5'FAM/3'TAMRA) 

TGC AGT AAC TTC GTG CCT AGC A 

CGC GTG GTC CTC TAT CTC CA 

CAT GCC AAT CCT TAC AAG AGG CAA CTG C 

ACAN Primer fw (5'-3') 

Primer rev (5'-3') 

Probe 

(5'FAM/3'TAMRA) 

CCA ACG AAA CCT ATG ACG TGT ACT 

GCA CTC GTT GGC TGC CTC 

ATG TTG CAT AGA AGA CCT CGC CCT CCA T 

ADAMTS4 Primer fw (5'-3') 

Primer rev (5'-3') 

Probe 

(5'FAM/3'TAMRA) 

CCC CAT GTG CAA CGT CAA G 

AGT CTC CAC AAA TCT GCT CAG TGA 

AGC CCC CGA AGG GCT AAG CGC 

GAPDH Primer fw (5'-3') 

Primer rev (5'-3') 

Probe 

(5'FAM/3'TAMRA) 

GGC TGC TTT TAA TTC TGG CAA A 

AAT CAT ACT GGA ACA TGT AGA CCA TGT A 

TGG ACA TCG TCG CCA TCA ATG  ACC 

K. Real time PCR protocol (TaqMan®) 

1. Prepare the master mixes according to the (Table G1 and G2). 

2. Add the cDNA template in each well before adding your master mix to 

ensure cDNA presence in each well. Carry on this in triplicates and include a 

negative control by replacing the cDNA by nuclease free water.  

3. Mix the Master Mix well, and then add in each well a volume to obtain a 

final volume of 10/20µL as described in (Table G1 and G2).  

4. Cover the plate with the PCR plate plastic cover.  

5. Centrifuge one minute at 1,400rpm.  

6. Place the plate in the machine.  

7. Start the run according to the program in (Table G6).  
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Table K1: Real time PCR program Applied Biosystems StepOnePlusTM 

Step Temperature oC Time Speed Cycles 

Initiation 50 2 minutes  

Maximal/

Fast 

mode 

1 

Activation 95  10 minutes 

Denaturation 95  15 seconds 45 

Annealing 60  1 minute 

Extension 72 10 minutes   

 

L. Haematoxylin and Eosin staining 

1. 1-5 minutes Mayer’s Haematoxylin. 

2. 5 minutes bluing in lukewarm tap water. 

3. Rinse with dH2O. 

4. 1-3 minutes 1% eosin. 

5. Rinse with tap H2O. 

6. Rinse with 70% ethanol. 

7. Rinse with 96% ethanol. 

8. Rinse with absolute ethanol. 

9. 2-5 minutes in absolute ethanol. 

10. Rinse in xylene. 

11. 2-30 minutes xylene. 

12. Mount with Eukitt® mounting medium. 

M. Safranin O/ Fast Green staining 

1. After bringing the slides to room temperature for 10-15 minutes, fix with 

30% methanol. 

2. 10-15 minutes rinsing with dH2O. 

3. 10 seconds Weigert’s Haematoxylin. 

4. 10 minutes bluing in tap water. 

5. Rinse with dH2O. 

6. 6 minutes Fast Green. 

7. 5-30 seconds 1% Acetic acid. 
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8. 10 minutes 0.1% Safranin O. 

9. Rinse with dH2O. 

10. 2-30 seconds rinse with 96% ethanol. 

11. 2-4 minutes absolute ethanol. 

12. 2-4 minutes in absolute ethanol. 

13. 2-30 minutes xylene. 

14. 2-30 minutes xylene. 

N. Immunofluorescence 

1. After bringing the slides to room temperature, rinse for 10 minutes in PBS. 

2. Permeablise the cells with two washes with PBS-T 0.03%, five minutes each. 

3. Block with Goat serum, 1:20 dilution in PBS-T, 1 hour at room temperature in 

a moist chamber. 

4. Dilute antibody in PBS-T and add on slides for 60 minutes. 

5. Wash in PBS-T, three times, five minutes each. 

6. Dilute secondary antibody and add on slides for 60 minutes. 

7. Wash in PBS-T, three times, five minutes each. 

8. Wash in PBS-T, three times, five minutes each. 

9. Stain the nuclei with DAPI for 10 minutes. 

10. Wash in PBS, three times, five minutes each. 

11. Mount with ProLong®
 
Gold antifade. 

12. Keep the slides at 4oC overnight. 

O. Immunohistochemistry 

1. After bringing the slides to room temperature, rinse for 10 minutes in dH2O. 

2. Metanol/ H2O2, 30 minutes (99ml of  methanol + 1ml of 30% H2O2) 

3. 2X wash in PBS-T, 5 minutes each. 

4. Block with Goat serum, 1:20 dilution in PBS-T, 1 hour at room temperature 

in a moist chamber. 

5. Dilute antibody in PBS-T and add on slides for 30 minutes. 

6. 3X wash in PBS-T, 5 minutes each. 

7. Dilute secondary antibody and add on slides for 30 minutes. 

8. 3X wash in PBS-T, 5 minutes each. 
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9. Add ABC complex for 30 minutes. 

10. 3X wash in PBS-T, 5 minutes each. 

11. DAB solution, 4 minutes in Dark.  

12. Rinse in dH2O. 

13. Counterstain for 20 seconds with Mayer’s haematoxylin. 

14. Blue in tap water for 5 minutes. 

13.  Rinse with dH2O. 

14. Rinse with 50% ethanol 2 minutes. 

15. Rinse with 70% ethanol 2 minutes. 

16. Rinse with 96% ethanol 2 minutes. 

17. Rinse with absolute ethanol 3 minutes. 

18. Rinse in xylene. 

19. 2-30 minutes xylene. 

20. Mount with Eukitt® mounting medium 

P. Cross-linked hyaluronic acid microgel 

A) Fabrication method 

1. Dissolve 7.5mg of sodium hyaluronate (HA) (MW. Av.1000KD) in 950ul of 

dH2O.  

2. Vortex well until dissolved completely. 

3.  Add 150mg of 4-ARM-NH2 (MW 5000) into HA solution.  

4. Vortex well until homogenous solution (as in 2). 

5. Now, in a separate tube, dissolve 150mg of N-Hydroxysuccinimide (NHS) in 

50ul dH2O.  

6. Take 200ul of solution in 2 and add into 50ul of NHS solution prepared in 

step 3. Mix it well and transfer back in to 2. This is to ensure proper mixing 

of NHS. 

7. Now add 100ul of N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) 

into solution 1 and mix it thoroughly on vortex. CRITICAL STEP: After 

adding EDC, HA starts forming gel. Be quick in performing next step (step 

6). 

8. Pipette with a dispenser (eppendorf multipette) make 5ul microgels on a 

teflon-tape coated glass slides. Let them solidify overnight at 37oC incubator. 
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A. 

 
B. 

 

 
Figure P1. A. Crosslinking reaction of high molecular weight hyaluronic acid, 

B. 5ul hyaluronic acid microgels. 

 

B) Sterilisation method 

1. Transfer the microgels to sterile tube. Wash with PBS 1X, 3 times each for 

15 mins. 

2. Collect the microgel and resuspend in 70% ethanol for 60 min. Change 

ethanol after 20 mins. 

3. Wash the microgel again with sterile PBS 1X, 3 times each for 15 min. 

4. Transfer the microgels to a sterile petri dish and further sterilise them under 

UV for 1h. Seal the petridishes and store them at -20°C till further use. 

Q. Lectin staining 

1.   Leave the slides for 15 minutes at room temperature (RT) before washing.  
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2.   Wash the tissues three times for three minutes each with Tris buffer saline, 

pH 7.2 (TBS; 20 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl2, 1 mM MgCl2). 

Add 0.05% Tween 20. 

3.   Block the tissue with 2% periodate-treated BSA in TBS for 1 h at RT.  

4.   Wash the tissues three times for three minutes each with TBS-T.  

5.   Incubate with the fluorescently-labelled lectin in TBS for one hour. Inhibitory 

controls were carried out in parallel to verify that the lectin binding was 

glycan-mediated. The lectins were pre-incubated in 100mM of the 

appropriate haptenic sugar at RT for one hour.  

6.   Wash the tissues three times for five minutes each with TBS.  

7.   Incubate with DAPI (1 in 1000 dilution in TBS) for 5 minutes.  

8.   Wash the tissues three times for three minutes each with TBS.  

9.   Mount with ProLong Gold antifade and cure the slide at 4°C 24h before 

reading.  

R. Area fraction quantification of fluorescent images 

1. Fluorescent images from three immunostaining sections from each of four 

different biological replicates were quantified using the percentage area 

fraction calculated using point and area counting methods.  

2. Point counting is processed by placing a point grid over a specific image and 

thereby estimating the unbiased area fraction. This is calculated as the 

number of points (positive expression) hitting the allowed lines of the grid, 

divided by the number of intersection points of the grid including the whole 

field. 

3. The area method is processed by estimating the area of expression and 

dividing this area by the total area of the tissue using image analysis software 

(Image J). This method has been discussed previously.  

4. The percentage area fraction is represented as mean + SEM where p values 

<0.05 considered significant. 

S. Protein extraction from rat annulus fibrosus 

1. Incubate the whole rat AF in 1X of proteinase K at 56o C overnight. 

2. Extract the proteins after digestion of the AF tissue by RIPA buffer with 1X 
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protease inhibitor cocktail. 

3. Centrifuge the mixture for 20 minutes at 1200g and at 4o C. 

4. Three 30 minutes freeze thaw cycles with smashing the tissue. 

5. Remove the supernatant and this is the protein extracted. 

6. Measure the protein concentration either by BCA kit or on nanodrop. 

T. Protein quantification  

1. Pipette 25µL of the standards or unknown samples into a microplate well 

(working range = 100µg/mL)  

2. Add 200µL of the working reagent to each well and shake the plate on a plate 

shaker for 30 seconds.  

3. Cover the plate and incubate at 37°C for 30 minutes.  

4. Bring the plate to the room temperature, then measure the absorbance at 

562nm on a plate reader.  

5. Subtract the average absorbance reading of the blank standard from the 

reading of all other individual standards and unknown samples. 

6. Draw a standard curve by plotting the blank-corrected measurement for each 

BSA standard versus its concentration in µg/mL.  

7. Use the standard curve to calculate the protein concentration of the unknown 

samples.  

U. ELISA 

1. Add 100µl of standard, blank, or sample per well, cover with a plate sealer, 

and incubate for 2 hours at 37°C.  

2. Aspirate the liquid of each well without washing.  

3. Add 100µl of Detection Reagent A to each well, cover with a plate sealer and      

gently agitate to ensure thorough mixing. Incubate for 1 hour at 37°C.  

4. Aspirate the liquid from each well and wash 3 times. Wash by adding    

approximately 350 µl of 1x wash buffer. Allow each wash to sit for 1-2 

minutes before completely aspirating. After the last wash, remove any 

remaining Wash Buffer by tapping the plate against clean absorbent paper. 

5. Add 100µl of Detection Reagent B to each well, cover with a new plate 

sealer, and incubate for 30 minutes at 37°C.  
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6. Remove the liquid from each well and wash 5 times.  

7. Add 90µl of TMB Substrate solution to each well, cover with a new plate 

sealer, and incubate for 10-20 minutes at 37°C by protecting from light. 

8. Add 50µl of Stop Solution to each well. The blue will change to yellow.  

9. Read the optical density (OD value) of each well immediately using a 

microplate reader set to 450 nm.  

V. Standard operating protocols for the rat tail disc model for annulus 

fibrosus surgeries 

A) Animals used in this study are: 250-350g 12 weeks old female Sprague 

Dawley rats.  

B) Surgeon’s preparation 

1. Wash hands and scrub well up to the arms. 

2. Wear a surgical mask and a clean gown. 

3. Use aseptic technique. 

4. Cover the area with a sterile drape.  

5. Wear sterile gloves. 

6. The surgeon must avoid touching non-sterile surfaces after wearing the 

surgical gloves. 

C) Surgical instruments 

1. Sterile drapes 

2. Gauzes 

3. Sterile surgery gloves 

4. Swabs 

5. Mosquito forceps 

6. 70% ethanol 

7. Betadine 

8. Needle holders 

9. Blades 11, 20 

10. Blade holders 3,4 

11. Nylon sutures 

12. Syringes for administering the analgesic. 

D) Pre-operative and operative care 
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1. Acclimatize the animals by bringing them into the facility by seven days 

prior to the surgeries. 

2. On the day of the surgery, bring animal into surgical area, catch the rat in a 

gentle way and check the weight.  

3. Go over the pre-operative checklist. 

4. Clip the needed area. 

5. Anesthetize the animal using Isoflurane inhalation anesthesia 5% induction 

and 1.8-2% for maintenance.   

6. Administer analgesic – Buprenophrine hydrochloride 0.025mg/kg 

subcutaneously.   

7. Surgeon need to scrub now as indicated in (Section V-B). 

8. Wash the surgical site with Betadine® solution. Be careful not to wet the 

animal.  

9. Apply 70% alcohol with gauze. Be careful not to wet a large area on the 

animal, as the evaporation of alcohol will lead to heat loss.  

10. Add droppers to moisturize the eyes if they remain open. 

E) Surgical procedure/aseptic technique  

1.  Ensure that all the available materials are at hand.  

2.  Identify the C4-5, 5-6 and 6-7 (Figure T1) by touching the tail and feeling 

the two intervertebral discs. The disc itself is in between these. C4-5 is the 1st 

disc, 5-6 is the 2nd and 6-7 is the 3rd counting from the base, this will be 

confirmed by image intensifier.  

3.  Designate a sterile area on the working surface for the sterile material   

(instruments, suture material, drapes, gauze, etc).  

4.  Prior to surgery, verify depth of anaesthesia by loss of animal's pedal 

withdrawal (toe pinch) reflex.  

5. Apply a rubber band on the base of the tail just before starting the surgery 

and after identifying the discs (Figure T1). NB: Do not apply the rubber band 

more than 30 minutes prior to surgery because that will stop the flow of the 

blood to the tail and lead to tail necrosis. 

6. Begin surgery with clean and sterile surgical instruments, handle them 

aseptically. 
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7. Make an incision in the skin and connective tissue of the rat tail covering the 

C4-5, C5-6 and C6-7 intervertebral discs, reflect the tendons, then when the 

AF (ivory matter) is reached (Figure T2), create the defect by excising a 

small square of tissue from the AF (Figure T3). 

8. Push the tendons and connective tissue aside to access the AF part of the 

disc. 

9. Cut a square of the 1mm X1mm from dorsal part of the AF and remove it 

(defect created). 

10. The discs will be either treated or not treated with hydrogel/sphere implants 

that will be press fitted in the injured area that will aid in the regeneration of 

the injured disc. 

11. If the treatment is an implant, the implant should be on the created defect and 

then the disc should be sutured to make a mark to show that it was operated  

(identification for tissue harvesting). 

12. Avoid contact of tissues with fingers by using the tip of instruments.  

13. Remove the rubber band. 

14. The wound will be closed by suturing the skin with nylon suture using 

interrupted suturing method, thereby covering the disc. 

  

   

 
 

 

Figure V1. Rat tail discs identified, rubber band applied at the base. 



Appendices	
	

	
	

249	

 
 

 

Figure V2. Rat tail disc access after making an incision in the skin and pushing 

the tendons aside. 

 

 

                                             
        

Figure V3. Rat tail disc with a rectangle defect created (pink). Pink sphere is 

basically the treatments that will be implanted. 

 

 

5μl	Hyaluronan 
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F) Suturing type: interrupted 

G) Post-operative care  

1. Post-operative care begins immediately following surgery and extends for up 

to three days.  

2. Post-operative animals should be identified with a Post-Procedure cage card.  

3. Animals that have not completely recovered should not be returned to an 

animal room.  

4. Observe the animal until it regains righting reflexes. Observe respiration and 

coloration of the eyes (for albinos), mucous membranes and skin.  

5. Prevent heat loss and maintain the animal in contact with a heat source until 

it regains righting reflexes.  

6. Administer oxygen if necessary.  

7. Repeat analgesics post-surgically and for the next few days (usually for 72 

hours) buprenorphine hydrochloride 0.025 mg/kg every 12 hours, more 

frequently if needed. 

8. Moist food can be provided at the bottom of the cage during the post-

operative period.  

9. Examine the wound daily for signs of inflammation or infection such as 

redness, swelling, purulent discharge, skin necrosis and auto-mutilation for at 

least 5 days.  

10. Measure body weight daily.  

11. Check the checklist for post operative care and record the scores. 

H) Euthanasia 

At the end of the experiments, the rats will be euthanised by overdose anaesthetic 

administration 200 mg/kg sodium pentobarbital euthanasia solution followed by 

cervical dislocation.  

For 300g of animals use 250ul of sodium pentobarbitone with 500ul of saline. 

 

I) Distressing scoring  

Animal reaching score of 12 or more will be euthanised. 
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Table V1. Animal distress scoring table. 

Parameter Symptoms Score Date/Time 

Appearance 

 

Normal 0  

Lack of grooming 1  

Piloerection, ocular and nasal discharge 2  

Piloerection, hunched up 3  

Above and eyes half closed 4  

Natural Behaviour 

 

Normal 0  

Minor changes  1  

Less mobile but alert 2  

Restless or still not alert  3  

Auto-mutilation 4  

Hydration Normal  0  

Above pinch test 5  

Respiratory signs 

 

Normal RR and pattern 0  

Increased RR 1  

Increased RR and abdominal breathing 2  

Decreased RR and abdominal breathing 3  

Marked abdominal breathing and cyanosis 4  

Provoked Behaviour 

 

Normal 0  

Minor depression or exaggerated response 1  

Moderate changes in expected behavior 2  

Very weak and precomatose 3  

 Total 0-19  
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W. Tissue harvesting  

1. Whole IVDs (C4-5, C5-6, C6-7) were harvested after sacrificing the rats on 

days 7, 28 and 56 post operation.  

2. Soft tissues surrounding IVDs (C4-5, C5-6, C6-7) such as cartilage, muscles 

and ligaments were removed.  

3. Subsequently, the NP was separated from the AF by using a stereotaxic 

microscope. 

4. AF tissues were snap frozen for protein extraction.  

5. NP and AF tissues separated from the remaining IVD tissues were digested 

with proteinase K (0.5mg/mL) overnight at 56°C and stored at -20°C before 

further protein extraction. 

 
     Figure W1. A rat tail disc ready for disc harvest where C6-7 treated with HA   

is identified with a suture. 

 
Figure W2. Isolated rat tail disc where annulus fibrosus is indicated as AF 

and the nucleus pulposus as NP 
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X. Cryopreservation and sectioning 
 

1. Whole discs with proximal and distal vertebra, fixed with 4% 

paraformaldehyde for 48 hours, specimens were further decalcified with 

formic acid.  

2. Discs were washed with 1X phosphate buffered saline (PBS; pH 7) three 

times; tissues were infiltrated overnight with 30% sucrose and 

cryopereserved with liquid nitrogen and cooled isopentane.  

3. 10µm frozen sections were cut on a LeicaTM CM 1850 cryostat (Laboratory 

Instruments & Supplies Ltd., Ireland). Tissue sections were collected on 

Superfrost® Plus slides (Fisher Scientific Inc., Dublin, Ireland) and stored at -

20°C until use. 

 

 

 
Figure X1. Rat tail discs in small cups covered with cryocompound ready for 

cryopreservation.  
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Figure X2. Cryopreserved rat tail discs. A. Intact disc, B. Injured disc.  

Y. Disc height index percentage measurement 

1. Radiographs of all rat tails were taken under anaesthesia before the surgeries 

and at the end of the time points. Extra attention was paid to maintain the 

level of anaesthesia the same as during radiography of each animal before 

and after surgery scans to achieve a similar degree of muscle relaxation, 

which might affect the disc height.  

2. Radiographic images were taken with a General Electric Healthcare 

OEC9800 C-arm scanner (Dublin; 46 kV, 0.56 mA, 2.5 ms, 1 m, 50 

µm/pixel).  

3. The scans were digitally saved using the software program.  

4. The radiographs then were analysed by the Impacts software for analysis of 

scanned images in University hospital Galway radiology department, and the 

disc height index was measured before the surgeries commenced on day 0, 

one week post-operation (day 7), four weeks post-operation (day 28) and 

eight weeks post-operation (day 56) according to the following equation.  

 

A. DHI = 2x (DH1+DH2+DH3) / (PV1+PV2+PV3) + (DV1+DV2+DV3) 

B. DHI (%)= DH (post-operative) / DH (pre-operative) x 100 
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Figure Y1. Discs and vertebral bodies of a rat tail. DH1, DH2, DH3 are 

the disc heights represented in pink lines while proximal vertebral body 

heights PV1, PV2, PV3 are represented in black lines and also the distal 

vertebral body heights DV1, DV2, DV3 are represented in black lines. 

Z. Preparation of disaccharide for HPLC analysis 

A) Disaccharide preparation 

1. To thaw the samples and chondroitinase ABC (ChABC), put them on ice.  

2. Wash 3kDa MWCO centrifugal filter by 500µl HPLC water. Centrifuge as 

per manufacturers instruction at  15,000rpm.  

3. Remove the filtered water in the tube.  

4. Replace the tube with a new 2ml eppendorf tube.  

5. Add 100µL of thawed samples with a 100µL of HPLC water on the column.  

6. Filter samples by centrifuging at 4°C and 15,000g for 15 minutes.  

7. Discard the filtrate, remove the column, invert in a 15ml tube and centrifuge 

at 12000rpm for 10 minutes to obtain the sample remaining in the column 

chamber.  

8. Mix 10µL of ChABC with a 390µL of 1X digestion buffer (Tris-HCl 50mM; 

sodium acetate 60mM) to each sample.  

9. Shake the samples at 300rpm, 37°C for 3h.  

10. Wash another set of 3kDa MWCO centrifugal filters as previously described 

(points 2-3).  



Appendices	
	

	
	

256	

11. Filter the remaining liquid in the column to the bottom of the tube at a 

maximum speed at  4°C for one minute.  

12. Put the digested samples directly into the clean filter columns.  

13. Filter samples by centrifuging at 4°C and 15,000g for 15 minutes. 

14. Place tubes in the vacuum to dry overnight.  

15. Store samples at -80oC until HPLC analysis.  

B) Analysis of the CS content by HPLC 

1. To analyse the different CS contents, the digested samples were dissolved in 

100µL water.  

2. 50µL was injected on a VarianTM 2695 HPLC instrument (Waters, Dublin, 

Ireland). The content of unsaturated disaccharides Δdi-0S, Δdi-4S and Δdi-6S 

was determined to indicate the presence of C0S, C4S and C6S in the sample. 

3. Chromatographic separations were carried out on a SynergiTM column (150 x 

4.6mm, 4µm, 80 Å) (Phenomenex Inc., Torrance, CA, USA) at 25°C at a 

flow rate of 1.1mL/minutes.  

4. The eluate was monitored at an absorbance of 232nm on a WatersTM 2489 

UV-Vis detector.  

5. The mobile phase consisted of (A) 1 or 2mM aqueous tetrabutylammonium 

bisulfate (TBAB) and (B) 1 or 2mM TBAB in 2:1 mixture of acetonitrile and 

water, with starting conditions of 80% A and 20% B.  

6. The gradient of 20-65% B was applied over seven minutes, held at 65% B for 

five minutes and returned to 20% B by 12.5 minutes.  

7. The system was re-equilibrated at 20% B for ten minutes before the injection 

of the next sample.  

8. The disaccharide content of each sample was identified by comparison with 

appropriate chromatographed standards under the same HPLC conditions as 

the sample and quantified by comparison with the appropriate standard curve 

generated by injection of known concentrations of the standards.  
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