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Abstract 
Lumbar microdiscectomy is the most commonly performed spine surgery worldwide. The procedure is 

successful in relieving radicular symptoms, however, fails to address the underlying pathophysiology of 

disc degeneration. Consequently, up to one third of patients progress to suffer chronic low back pain, 

recurrent disc herniation occurs in up to 15% and reoperation may be required in up to 25% of this 

cohort. Furthermore, post-operative care protocols following lumbar discectomy remain markedly 

heterogeneous reflecting the lack of evidence regarding the role, if any, of post-operative activity 

restrictions following lumbar discectomy. 

The aim of this thesis was to re-engineer the lumbar microdiscectomy procedure via pre-clinical and 

clinical studies. The preclinical studies utilized an ovine lumbar intervertebral disc injury model due to 

the anatomical, biomechanical, biochemical and cellular similarities to the human intervertebral disc. 

The first preclinical study compared a modified annulotomy injury model with a drill bit injury model with 

the aim of developing an appropriate large animal model of the post lumbar discectomy intervertebral 

disc. This study demonstrated that after six months the modified annulotomy injury produced more 

advanced intervertebral disc degeneration than the drill bit injury as assessed by radiological, gross 

morphological, biochemical and histological analysis and a defect more consistent with that observed 

following clinical lumbar discectomy. As such the modified annulotomy model was used to investigate 

novel cellular therapies in the subsequent component. 

Next, this thesis investigated a novel cellular therapy for intervertebral disc degeneration to be 

administered at the time of lumbar microdiscectomy. This therapy consisted of allogeneic mesenchymal 

progenitor cells (MPCs), the earliest uncommitted clonogenic population of bone marrow stromal cells, 

primed with pentosan polysulfate(PPS). PPS priming of MPCs in culture for 24-48hrs has been 

demonstrated to promote MPC proliferation and chondrogenic differentiation that persisted following 

removal of MPCs from the PPS in vitro culture. Priming potentially offer regulatory advantages over PPS 

and MPC co-administration. This therapy was investigated in the modified annulotomy model. Sheep 

were allocated into three groups: the injury group received no further treatment, the pMPC group 

received 0.5 x 106 PPS primed MPCs in a gelatin matrix with fibrin sealant and the MPC group received 

0.5 x106 unprimed MPCs in the same matrix with fibrin sealant. At six months the pMPC discs 

demonstrated superior regeneration on gross morphological, biochemical and histological analysis 

compared to both the MPC and injury only discs with markedly less vascular and cellular infiltration. 

The clinical effort to optimize lumbar microdiscectomy commenced with a survey investigating the 

perioperative practices of Australasian neurosurgeons. This survey demonstrated heterogeneity in post-
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operative care practices consistent with the international literature. In order to investigate the role, if 

any, of post-operative activity restrictions following lumbar microdiscectomy, a single blinded multi-

centre randomised controlled trial was designed and commenced. On interim analysis 89 patients had 

undergone randomisation and lumbar microdiscectomy with five patients suffering MRI confirmed 

intervertebral disc reherniation. Three of these patients were in the activity restrictions group with the 

remaining two patients in the unrestricted group. Recruitment is anticipated to complete in 2020. 
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1.1. Introduction 

Low back pain is the leading cause of disability worldwide (1,2), and is strongly associated with disc 

degeneration. Disc degeneration arises from multifactorial etiologies that include ageing, physical 

activity, microtrauma, smoking, obesity, hormonal dysregulation and genetics(3). The degenerative 

process often commences in the nucleus pulposus, the gelatinous core of the disc, and extends to the 

annulus fibrosus (AF), the fibrous outer layer. When coupled with mechanical loading, this may lead to 

annular failure, disc herniation and subsequent compression of the neural elements producing radicular 

pain or radiculopathy. Failure of conservative management of symptomatic herniation with neural 

compression may require surgical treatment with lumbar microdiscectomy. 

Lumbar microdiscectomy is the most common spinal operation performed globally with over 300,000 

such procedures undertaken annually in the United States alone(4). Unfortunately, lumbar 

microdiscectomy, while relieving the radicular symptoms, fails to address the underlying 

pathophysiology of disc degeneration that contributed to the annular failure. Consequently, up to one 

third of patients progress to suffer chronic low back pain(5) with this being disabling in approximately 

10%(6). Recurrent disc herniation occurs in 5-15% of patients and reoperation may be required in 4-

25% of this cohort(7). Approximately 40% of these patients will subsequently progress to fusion surgery 

within four years(8). This is major surgery, where the entire disc is removed and the adjacent vertebral 

bodies fused to each other. 

Lumbar fusion surgery, however, is not a panacea for discogenic back pain, with many patients failing 

to demonstrate a significant improvement in lower back pain and many undergoing additional spine 

surgery in the future(9). As such lumbar fusion surgery for discogenic back pain remains 

controversial(10). Given the global disease burden of back pain and the failure of conventional 

therapies to address the underlying pathobiology of disc degeneration, concerted efforts to develop 

alternative modalities of treatment are currently being made throughout the world. Mesenchymal stem 

cells (MSC) have long been used in spinal surgery, originally in the form of iliac bone marrow explants, 

to promote bone fusion, but more recently in their purified form where they have been evaluated as 

potential candidates to induce disc repair (11). Our group have demonstrated, that when mesenchymal 

progenitor cells (MPCs), a subpopulation of MSCs, are combined with the pharmaceutical agent 

pentosan polysulfate (PPS), and administered in an ovine model of disc degeneration intervertebral 

disc (IVD) regeneration is promoted, as assessed by reductions in disc height index loss, improved 

gross morphology, histological appearance, and improved disc biochemistry(11,12). Furthermore, this 

MPC and PPS combination has demonstrated the ability to promote intervertebral disc regeneration in 

an ovine model of the post lumbar discectomy intervertebral disc in a pilot study(11). Thus, there 

remains significant opportunity to optimize the lumbar discectomy procedure by administration of 
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regenerative therapies at the time of surgery. This obviates the need for additional  

metachronous procedures.  

Furthermore, despite lumbar discectomy being the most commonly performed spine surgery procedure 

in the world, significant heterogeneity still exists in post-operative care practices following the 

procedure, with patients on the same ward often being subjected to markedly different post-operative 

activity protocols, depending on their surgeon(13). This heterogeneity is reflective of the lack of 

evidence regarding the role, if any, of post-operative activity restrictions following lumbar discectomy. 

The focus of this thesis is to re-engineer the lumbar discectomy procedure. Optimization of two aspects 

of this procedure will be explored. First, this thesis will describe the development of a novel cellular 

therapy to be administered at the time of lumbar discectomy surgery to promote intervertebral disc 

regeneration. If this is successful, patients will not only enjoy alleviation of radicular (leg pain) but also a 

reduction in back pain and a reduction in recurrent disc herniation and further surgery. Second, this 

thesis will investigate the role of post-operative activity restrictions following lumbar discectomy, with an 

aim to provide clear evidence for patients and clinicians on optimal care. In order to provide relevant 

background it is important to first address the relevant anatomical and pathophysiological 

considerations and discuss contemporary management of lumbar disc degeneration. 

1.2. Lumbar Spine Anatomy 

1.2.1. Human Lumbar Spine Anatomy 

The human vertebral column consists of five regions with characteristic anatomy: cervical, thoracic, 

lumbar, sacral and coccygeal. The lumbar spine consists of five vertebrae, which articulate cranially 

with the thoracic spine and caudally with the sacrum. The lumbar spine possesses a lordosis, an 

anterior convexity, much of which is provided by the intervertebral discs. 

The typical lumbar vertebra consists of an anterior vertebral body and posterior vertebral (neural) arch. 

The vertebral foramen is enclosed between the anterior vertebral body and posterior vertebral arch and 

encases the spinal cord until its termination at approximately the L2 level in humans. The neural arch 

consists of the pedicle (between the vertebral body and transverse process) and the lamina, posterior 

to the transverse process. The intervertebral foramina for exiting spinal nerve roots lie between the 

pedicles of adjacent vertebra. The vertebrae articulate posteriorly at the facet joints and are separated 

anteriorly by intervening intervertebral discs. 
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1.3. The Intervertebral Disc 

The intervertebral disc is a complex multi-component structural tissue consisting of an outer fibrous ring, 

the annulus fibrosus (AF), and an inner hydrated gel-like substance, the nucleus pulposus (NP)(14) 

(see Figure 1). It is the largest avascular structure in the body. Nutrition of the intervertebral disc is 

provided by diffusion through the cartilaginous endplates (CEP). The CEP are specialized interfaces 

that connect the intervertebral disc with the adjacent vertebral bodies. The AF is a fibrocartilagenous 

tissue rich in type I and II collagens and assembled as lamellae fibres oriented at varying degrees to 

adjacent lamella in different locations and species. The AF connects the caudal and cranial vertebral 

bodies of the spinal column (15). The main cell types of the AF are fibroblasts that not only synthesize 

the lamellar collagens, but also proteoglycan (PGs), elastin and other non-collagenous proteins(16). 

The tough fibrous composite structure of the AF encapsulates the gelatinous NP and provides the 

necessary mechanical strength and resilience to allow the disc to recover from deformation arising from 

axial, rotational and bending loading. In healthy discs the NP consists of a hydrated gel composed of 

predominantly type II collagen and large amounts of PGs. Aggrecan is the most abundant PG type in 

the NP that, because of it high anionic charge, attracts and retains high levels of water molecules 

within the NP thereby maintaining a high hydrostatic swelling pressure that confers resistance to disc 

deformation and maintenance of disc height(14,17).  

Cells of the disc NP are derived from the notochord. In man these cells are retained throughout 

childhood but with maturity disappear and are replaced by chondrocyte-like cells(16). The loss of 

notochordal cells from the NP represents an important early step along the path to degenerative  

disc disease.  

 

Figure 1. Schematic view of the intervertebral disc and spinal segment from Urban et al.(18). The figure 

shows the outer lamellated annulus fibrosus (AF), inner gelatinous nucleus pulposus and the 

cartilagenous endplates (CEP)- the specialized interface between the intervertebral disc and  

vertebral body (VB). The figure also shows the related nerve root (NR), spinal cord (SC) and 

apophyseal joint (AJ). 
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1.4. Aetiology and Pathophysiology of Intervertebral Disc 
Degeneration 

Human intervertebral disc degeneration is a complex and incompletely understood multifactorial 

process with contributions from genes, mechanical stresses, cellular senescence, and alterations in 

nutrition via the limited vascular supply(3).  

Ultimately there is an imbalance between the rates of production and breakdown of the matrix 

components, reduction in cellular viability and activity and alterations in cytokine profile upregulating 

the breakdown of proteoglycans- leading to dehydration and loss of mechanical integrity of the 

intervertebral disc(17,18).  

The degeneration of the annulus fibrosus and subsequent tears in this structure predispose patients to 

disc herniation, wherein fragments of disc tissue herniate through this annular defect causing neural 

compression and radicular pain(19). 

As the mechanical and structural integrity of the disc progressively deteriorates neurovascular invasion 

may occur contributing to the development of back pain(20). In the following sections the aetiological 

factors and pathophysiology of intervertebral disc degeneration will be briefly explored. 

1.4.1. Mechanical Effects 

With respect to mechanically loading the intervertebral disc there is a delicate balance between 

“normal” mechanical loading, which is required for maintenance of an optimal disc cellular 

phenotype(21,22), and excessive mechanical loading that causes damage. Excessive loading can 

result from excessive bodyweight(23) or trauma and produces many of the features of degeneration 

that can be visualized by histological and radiological methods. 

1.4.2. Genetic Effects 

Familial predisposition to disc degeneration has been observed in numerous studies (24-28). As age 

progresses genetic effects are more evident and are affected by environmental influences, such as 

trauma and smoking(29). Polymorphisms of genes including aggrecan, collagen, and matrix degrading 

enzymes have been implicated in the degenerative process(30-32). 

1.4.3. Cellular Changes 

Studies comparing degenerate discs with non-degenerate controls have demonstrated increased 

evidence of senescent cells in degenerate intervertebral discs(33). Such cells lose the ability to divide, 

thus potentially contributing to the decreased cellularity of the diseased degenerate intervertebral 

discs. Moreover, the senescent cells have a reduced ability to function. Thus, they produce less matrix 
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which, in turn further compromises the structure of the intervertebral discs. 

1.4.4. Nutritional Effects 

Intervertebral discs comprise the largest essentially avascular tissue in the human body. Only the 

outermost layers of the AF contain blood vessels. The cells of NP are dependent on diffusion of 

nutrients from capillary buds in the cartilaginous endplate to meet their metabolic needs(18). The cells 

in the NP are therefore metabolically compromised by this limited vascular and nutritional supply and 

may promulgate intervertebral disc degeneration. Causes of impaired nutrition to the intervertebral disc 

include endplate calcification, microvascular disease and smoking and have all been associated with 

early disc degeneration. 

1.4.5. Matrix Changes 

Ultimately there is an imbalance between the rates of production and breakdown of the matrix 

components leading to a cascade of events (see Figure 2) consisting of alterations in matrix synthesis, 

reduced aggrecan synthesis and a transition of collagen production from type II to type I(34). Further, a 

reduction in cellular viability and activity together with alterations in the cytokine profile reduce 

proteoglycan content. This cascade leads to dehydration and loss of mechanical integrity of the 

intervertebral disc(17,18). 

 

Figure 2. Schematic of the process of disc degeneration demonstrating multifactorial pathophysiology 

and interplay of cellular, matrix and biomechanical factors. Figure from Daly et al.(35) and a 

modification of figure from Vergroesen et al.(36). 
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1.4.6. Mechanical Changes 

The dehydration of the intervertebral disc reduces the mechanical support provided by the swelling 

pressure of the previously hydrated NP. This alters the mechanical load to which the AF is exposed 

and thus the tension in the AF collagen fibres. This leads to subsequent progressive microtrauma of 

these fibres. (17). The degeneration of the AF and subsequent tears in this structure predispose 

patients to disc herniation, wherein fragments of disc tissue herniate through this annular defect 

causing neural compression and radicular pain(19).  

1.4.7. Neural and Vascular Changes 

As the mechanical and structural integrity of the disc progressively deteriorates neurovascular invasion 

may occur via annular tears. Neurovascular invasion extending to the NP via annular fissures has been 

demonstrated in painful discs in clinical studies(37). In contrast, control (non-painful) discs 

demonstrated restriction of vascular and neural supply to the outer annulus(37). This process of 

neoinnervation of the degenerate intervertebral discs is hypothesized to be a significant contributor to 

the development of back pain(20) 

1.4.8. Conclusion 

Intervertebral disc degeneration is a complex, multifactorial pathophysiological process. Given the 

importance of disc degeneration in the development of back pain the importance of appropriate 

preclinical models cannot be overstated. In addition to effectively modelling the degenerative process 

described above an appropriate animal model of the post lumbar discectomy intervertebral disc should 

also recapitulate the annular and nuclear defect that defines this setting. The choice of an appropriate 

animal model for the post lumbar discectomy intervertebral disc will be explored below. 

1.5. Animal Models of Intervertebral Disc Degeneration 

The development of appropriate animal models of intervertebral disc disease is imperative to gain 

insight into its pathophysiology and to develop and test potential therapies. In vitro and in silico 

(computer based) systems can be helpful to investigate specific components of intervertebral disc 

degeneration. However, given the complexity inherent to the intervertebral disc with biochemical, 

biomechanical, nutritional and metabolic factors acting simultaneously, in vivo animals are able to more 

faithfully replicate this environment. A range of animal models and mechanisms of replicating the 

process of degeneration have been investigated and utilized in efforts to develop appropriate models of 

intervertebral disc degeneration. However, given the extreme complexity of this system no perfect 

model currently exists.  
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1.5.1. Existing Animal Models 

Animal models of intervertebral disc degeneration range from small rodents such as mice knockout 

models(38), to rats(39), rabbits(40), dogs(41), goats(42), sheep(11) and primates(43). Various 

mechanisms of inducing degeneration have been described for these animal models which are 

summarized in Table 1. Although providing a variety of mechanisms of inducing degeneration relatively 

few of these models provides an appropriate model of the post lumbar discectomy intervertebral disc. 

The characteristics of an ideal animal model of the post lumbar discectomy intervertebral disc will be 

explored below. 
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Table 1 Summary of animal models of disc degeneration. Taken from Daly et al.(35)  

Animal Notochordal 

cells in adult 

intervertebral 

disc 

Mechanism References 

Mouse Present Spontaneous 

Knockout- Col2a1  Sahlman et al.(38) 

gene/Type II Collagen 

Collagen IX mutation Kimura et al.(44) 

  Mechanical 

Tail bending Court et al.(45) 

Bipedal mouse Higuchi et al.(46), 

Instability- resection  Goff et al.(47) 

of posterior elements Miyamoto et al.(48) 

Rat Present Spontaneous 

HLA-B27 and human  Hammer et al.(49) 

β 2-microglobulin  

gene transgenic 

  Mechanical 

Tail bending Lindblom(50) 

Bipedal rat Goff et al.(47) 

Ilizarov-type apparatus Iatridis et al.(51) 

Cyclical compression Ching et al.(52) 

  Structural 

Stab incision Rousseau et al.(53),  

 Jeong et al.(54) 
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Sand Rat Present Spontaneous 

Laboratory diet Silberberg et al.(55),  

 Gruber et al.(56),  

 Moskowitz et al.(57) 

Rabbit Present Mechanical 

External loading  Kroeber et al.(58) 

device 

Adjacent segment  Phillips et al.(59) 

fusion 

  Structural 

Annulus puncture Masuda et al.(40) 

Chemonucleolysis-  Kiester et al.(60) 

chondroitinase ABC 

NP aspiration Sakai et al.(61) 

Canine   

Non-

Chondrodystrophoid 

Dog 

Present Spontaneous Bergknut et al.(41) 

  Structural 

Annular injury with  Keyes and Compere(62) 

scalpel/drill 

Subtotal discectomy Hohaus et al.(63) 

Chondrodystrophoid 

Dog 

Absent Spontaneous Gillett et al.(64),  

 Bergknut et al.(41) 

  Structural 

Needle aspiration of NP Serigano et al.(65) 

Chemonucleolysis-  Melrose et al.(66) 

Chymopapain 
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Goat Absent Structural 

Chondroitinase ABC Hoogendoorn et al.(67) 

Drill-bit  

injury/annulotomy Zhang et al.(42) 

Pig Present Structural 

Nucleotomy Acosta et al.(68) 

Sheep Absent Structural 

Partial thickness  Osti et al.(69),  

annulotomy Oehme et al.(70),  

 Melrose et al.(71) 

Annular incision and  Oehme et al.(11) 

partial nucleotomy 

(simulated  

microdiscectomy) 

Chondroitinase ABC Ghosh et al.(72) 

Macaque Present Spontaneous 

Age related  Nuckley et al.(73) 

degeneration 

Baboon Present Spontaneous 

Age related  Lauerman et al.(74), 

degeneration Platenberg et al.(43) 

Rhesus Monkey Present Structural 

Annulotomy +/-  Stern et al.(75) 

collagenase 

Bleomycin injection  Wei et al.(76) 

of subchondral bone 

NP indicates nucleus pulposus 
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1.5.2. Properties of the Ideal Animal Model 

1.5.2.1. Notochordal Cells 

The vertebral column and thus intervertebral discs of all mammals arise from aggregation of the 

mesenchyme around the notochord and subsequent segmentation during development(77). 

Notochordal cells persist in the NP of the majority of species (e.g. mice, rats, rabbits and pigs) into 

adulthood. However, the number of these cells decreases rapidly following birth in humans and 

notochordal cells are completely absent from the NP by early adulthood(77). Sheep and goats are 

among the few animals to also lose the notochordal cells rapidly from the NP following birth. Dogs are 

divided into two populations with regard to notochordal persistence into adulthood. 

Chondrodystrophoid (CD) dogs rapidly lose the notochordal cells following birth and as such are 

predisposed to intervertebral disc degeneration in later life. Non-chondrodystrophoid (NCD) dogs have 

persistent notochordal cells and are far less inclined to disc degeneration. The persistence of 

notochordal cells is an important consideration as these cells have a significant influence on the 

intervertebral disc by influencing proteoglycan metabolism (78,79), hyaluronan production(80),  and 

possible progenitor cell function(77).  

Animal models with persistent notochordal cells into adulthood may be observed to lose these cells 

following adequate stimulus(81,82). Apoptotic processes have been demonstrated to play a significant 

role in this process of notochordal cells loss(82,83) and are also observed in human aged and 

degenerate discs(84).  

However, given the use of animal models to investigate cellular regenerative therapies for the treatment 

of disc degeneration the potential presence of a pre-existing precursor cell population may complicate 

investigation of the regenerative potential of such therapies. For instance, in cell transplantation 

therapies, one cannot be sure that it is not the resident notochordal cells which are responsible for the 

regenerative effects, instead of, or in combination with, the transplanted cells. Thus, an optimal animal 

model of intervertebral disc degeneration should demonstrate the absence of notochordal cells in the 

adult intervertebral disc.  

1.5.2.2. Disc Size and Geometry 

Intervertebral disc size and geometry vary markedly across species and according to location within the 

spine. The discs of most animal models are smaller than human intervertebral discs. Disc size affects 

solute diffusion in the intervertebral disc. Given the largely avascular nature of the intervertebral disc 

and dependence on diffusion to meet nutritional requirements this is of particular significance to the 

clinical relevance of animal models. Given the size discrepancies between common animal models and 
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humans, investigators have analyzed disc geometry hoping to better determine the relevance of 

particular models to the human intervertebral disc(85) 

1.5.2.3. Disc Mechanical Forces 

The vast majority of animal models of intervertebral disc disease are quadrupedal. The only bipedal 

models available are certain primates (e.g. rhesus monkey(86)) and the bipedal mouse and rat 

models(47). The use of primates, present ethical dilemmas that preclude their usage in most institutions. 

The bipedal mouse and rat models also present ethical issues given the requirement for forelimb 

amputation. Furthermore, questions have been raised regarding the validity of this model as bipedal rats 

have been observed to spend no more time in an upright position than quadrupedal rats(87).  

The discrepancy between quadrupedal animal models and the bipedal human may be less significant 

than initial impressions suggest. As studies have shown that a significant contributor to IVD loading is 

muscle contraction and ligament tension(88,89), which may be greater in large quadrupedal animals 

such as sheep than humans due to the challenge of stabilizing a horizontally aligned spine(77), overall 

IVD loading may actually be increased in such animal models relative to the clinical context(90). This is 

reflected in the increased bone mineral density observed in large quadrupedal animals relative to 

humans(91). These and other observations from biomechanical studies have lead authors to promote 

the validity of the ovine model as a preclinical model of the human intervertebral disc(92).  

1.5.2.4. Sheep Models 

After considering the above properties of the ideal animal model, the sheep or ovine model has proven 

to have particular merit for several major reasons. Firstly, the sheep, similar to humans, suffers from a 

loss of notochordal cells in early adulthood, predisposing the sheep intervertebral discs to 

degeneration(93).  The age at which ovine intervertebral disc notochordal cells are lost is not known, 

but they are already lost by the age of four years(93). The sheep is of a roughly similar size to humans 

and, despite its quadrupedal stature, demonstrates many biomechanical similarities to the human 

intervertebral disc(92). The sheep is a hardy animal with demonstrated ability to tolerate surgical 

intervention. The ovine spine has therefore been used extensively to model disc degeneration(69-71) , 

test implant devices and in the preclinical investigation of cellular therapies(11,94-96). 

1.5.3. Mechanisms of Injury 

Given the complexity of human disc degeneration no animal model can perfectly mimic the entire 

pathophysiological process. Disc degeneration in animal models can be initiated by chemical insult 

(e.g. chondroitinase-ABC injection(72)) or mechanical stimuli (e.g. surgical incision(70), nucleotomy- 

NP aspiration(97), drill bit injury(42)) though can develop spontaneously in some animals(98). Each of 
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these mechanisms have particular merits with regard to the investigation of intervertebral disc 

degeneration. For the purpose of creating a model of the post lumbar discectomy intervertebral disc the 

structural model has particular appeal as the post-microdiscectomy lumbar disc has suffered 

spontaneous and surgical compromise of the annulus fibrosus and nucleus pulposus. Surgical injury to 

the intervertebral disc is a well-established method of inducing disc degeneration.  

Annular injury models were first described in the 1930s by Keyes and Compere(62). Keyes and 

Compere demonstrated that annular injury with a scalpel with subsequent NP expulsion lead to loss of 

disc height and degenerative changes at the index level. Following these pioneering studies multiple 

intervertebral disc injury methods have been investigated for their potential to induce disc 

degeneration. Broadly such methods can be considered under the categories of partial thickness 

annular injury and full thickness annular injury with nucleus involvement (see Figure 3). Full thickness 

annular injuries have the advantage of producing nuclear avulsion with relatively rapid degeneration. 

Partial thickness injuries produce a slower degenerative process.  

 

Figure 3. (A) Partial thickness annular injury. (B) Full thickness annular injury with NP involvement. AF 

indicates annulus fibrosus; NP indicates nucleus pulposus. From Daly et al.(35)  

Stab injuries and annulotomies have been performed in a variety of animal models including rats(53), 

rabbits(40), sheep(69) and pigs(68). Osti et al.(69) demonstrated in an ovine model that partial 

thickness annular injury, consisting of a 5mm depth incision that left the inner annulus and NP intact at 

the time of injury, would lead to progressive failure of the inner annulus with progressive disc 

degeneration over several months. Oehme et al.(70) demonstrated in an ovine model that after three 

months a larger (20mm x 6mm) partial thickness annular injury resulted in significantly increased disc 

height loss, increased MRI Pfirrmann degeneration grades, increased histological injury scores and 

decreased NP glycosaminoglycans in the injured discs. 

Full thickness intervertebral disc injury is demonstrated in the approach of Oehme et al.(11). In this 

injury model a simulated partial lumbar microdiscectomy was performed by creating a 3x5 mm annular 

incision in ovine discs followed by removal of 200 mg of intervertebral disc tissue, including NP. 24 

weeks following performance of the partial-microdiscectomy injured and otherwise untreated 
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intervertebral discs demonstrated increased disc height loss, increased MRI Pfirrmann degeneration 

scores and reduced NP proteoglycan content relative to controls. 

A novel full thickness intervertebral disc injury caprine model utilizing a drill bit has recently been 

described by Zhang et al.(42). The authors compared scalpel blade annulotomy with insertion of a 

4.5mm drill bit to a depth of 15mm. At two months the drill bit injured intervertebral discs demonstrated 

significantly increased histological injury scores relative to controls. Radiologically there was no 

significant difference observed between the drill injured, stab incision injured and control discs on 1.5T 

MRI. Biochemical analysis was not performed. Thus, on histological analysis the large animal models 

described by Zhang et al.(42) represented a highly replicable mode of full thickness intervertebral  

disc injury.  

The full thickness annular injury methods described by Oehme et al.(11) and Zhang et al.(42) both 

represent methods of inducing intervertebral disc degeneration with creation of annular and nuclear 

defects that better mimic the changes in intervertebral disc degeneration. Both models have 

demonstrated the ability to promote intervertebral disc degeneration in large animals with similarities to 

the human intervertebral disc. As such these two methods of inducing intervertebral disc degeneration 

warrant particular consideration for their potential to replicate the post lumbar discectomy  

intervertebral disc. 

Having explored the pathophysiology of intervertebral disc degeneration and characterized the ideal 

animal model of the post lumbar discectomy intervertebral disc it is important to explore the clinical 

sequelae of intervertebral disc degeneration and the status and failings of existing therapies.  

1.6. Clinical Outcomes of Lumbar Intervertebral Disc Degeneration 

Clinically relevant outcomes of lumbar disc degeneration include back pain and symptoms and signs 

attributable to neural compression, such as radiculopathy. Chronic low back pain is the leading cause 

of disability worldwide, is associated with significant reduction in quality of life and may be associated 

with psychiatric illness, such as depression and anxiety(99). Chronic low back pain is unfortunately a 

relatively common outcome following lumbar microdiscectomy, occurring in up to one third of 

patients(5) and of sufficient severity to be disabling in close to 10%(6).  

1.6.1. Back Pain  

Lower back pain is the most common clinical outcome of disc degeneration. Pain derived from the disc 

itself is termed discogenic pain(100-103). However, the pain generator may also arise from adjacent 

structures such as the facet joints, periosteum, ligaments and paraspinal musculature(104). Clinically, it 

can be difficult to identify the cause of back pain. Back pain will be experienced by 75-80% of people 
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at some stage in life with prevalence ranging from 15-45%(105). Severe radiological degeneration is 

associated with a two-fold increase in chronic lower back pain(101,106). However many asymptomatic 

patients will have radiological evidence of degeneration(103,107). Radiologically differentiating the 

degenerate spine from the ageing spine is difficult. Prevalence of back pain increases with age from 

the third decade until the 60-65 year age group and then gradually declines(108). 

Discogenic back pain remains controversial. Many patients with radiological disc degeneration do not 

suffer back pain and, conversely, many patients with back pain do not have radiological disc 

degeneration. However, large population based studies have demonstrated a significant correlation 

between back pain and the presence of disc degeneration on MRI(101). Extent of radiological 

degeneration correlates with severity of pain and disability, particularly in younger patients(109). Disc 

height changes have been demonstrated to correlate with low back pain(110). Degenerative endplate 

changes, termed Modic changes on MRI, are also strongly associated with back pain(111). 

The discogenic theory of back pain garners additional mechanistic and histological support from 

clinical studies demonstrating the pathological ingrowth of blood vessels and nerves fibres in 

degenerate discs- thus providing an anatomical pathway for the mediation of pain(112-114). In 

addition, pro-inflammatory mediators capable of augmenting or contributing to the pain process have 

also been identified in herniated lumbar discs(115). Interleukin-8 and Tumor Necrosis Factor-alpha 

were identified as potentially playing a significant role in the development of discogenic pain(116). 

A gold-standard investigation for determining discogenic pain has yet to be determined. Provocative 

discography was previously popular, however, discography has been demonstrated to accelerate disc 

degeneration, disc herniation, loss of disc height and the development of reactive endplate 

changes(117). As such it is not practiced routinely in many spine centres. 

1.6.2. Symptoms Related to Neural Compression 

Neural compression may lead to radiculopathy, a dysfunction of a nerve root causing neurogenic pain 

(sciatica), weakness, reflex and/or sensory abnormalities in the distribution of the nerve. Radiculopathy 

is a common clinical presentation of lumbar intervertebral disc herniation producing neural 

compression. Cauda equina syndrome is a condition in which compression of the cauda equina, most 

commonly as the result of a large herniated disc, leads to neurological deficits. Sciatica has a lifetime 

incidence of 13-40%, however up to 86% of episodes will resolve with conservative management 

(106,118). 
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1.6.3. Treatments For Degenerative Disc Disease and Their Outcomes 

1.6.3.1. Non-Operative Treatments 

For many patients conservative management is the first line of therapy for symptomatic lumbar 

intervertebral disc degeneration. The general consensus remains that in the absence of a neurological 

deficit or cauda equina syndrome a trial of conservative management should precede surgical 

intervention (119,120). Conservative management, however, is not clearly defined and may vary from 

simple analgesia alone to physiotherapy and non-surgical intervention such as nerve root injection. The 

most cited study regarding pure conservative management for degenerative disc disease with radicular 

pain is that of Saal and Saal in 1989(121) in which 90% of patients demonstrated good or excellent 

outcomes with conservative management. However, of the 347 consecutive patients identified only 64 

were followed for 31.1 months. As such the study has been justly criticized for its poor retention  

of enrollees.  

1.6.3.2. Surgical Treatments 

Lumbar Microdiscectomy 

Lumbar discectomy is performed for patients with symptomatic lumbar disc prolapse refractory to 

conservative management. The procedure consists of a small laminotomy with removal of the herniated 

intervertebral disc performed to decompress the symptomatic nerve. The objective of the procedure is 

to treat radicular symptoms and is not directed at resolving back pain, although such improvements 

have been reported in some studies.  

More than 80% of patients will report improvement of radicular symptoms following lumbar discectomy. 

Unfortunately, lumbar discectomy, while relieving the radicular symptoms, fails to address the 

underlying pathophysiology of disc degeneration that contributed to the annular failure. Consequently, 

up to one third of patients continue to experience back pain(5) that may be disabling in up to 10%(6). 

Recurrent disc herniation occurs in up to 15% of patients(7). A recent retrospective analysis of US 

national insurance databases revealed that 12% of patients subjected to microdiscectomy will undergo 

reoperation for the same procedure within four years(8). Approximately 40% of these patients will 

subsequently progress to fusion surgery within four years(8). 

It is this failure of lumbar discectomy to halt disc degeneration and the subsequent adverse sequelae 

that highlights the need for the development of regenerative therapies. In addition to developing a 

regenerative therapy that can be administered at the time of lumbar discectomy, opportunity exists to 

improve the lumbar discectomy procedure by optimization of post-operative care following  

this operation. 
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Lumbar Discectomy Post-Operative Care 

Lumbar microdiscectomy in contemporary practice is minimally invasive, patients typically mobilize the 

same day and are discharged home the following day, making the operation suitable for day-

procedure(122). Traditionally following surgery, patients have been advised to restrict sitting, lifting or 

resuming other activities of everyday life, and are advised to either stand or lie for variable periods 

(123). Sitting imposes greater intra-discal pressure than does standing(124) though evidence that 

increased pressure increases disc reherniation risk is lacking.  

Such restrictions impact upon patients’ ability to return to work, travel or drive and basic comfort. It has 

been suggested that activity restrictions may also raise patient anxiety regarding reherniation risk. 

Moreover, surgical practice regarding activity restriction varies, the dearth of evidence resulting in 

absence of clear clinical guidelines for surgeons, nurses, physiotherapists and  

occupational physicians.  

Two prospective studies published in the 1990s reported incidence of symptomatic recurrent disc 

protrusions and reoperation, and time to return to work in a cohort of patients whose movement was 

not restricted post lumbar microdiscectomy. Compared to rates in the literature among movement-

restricted patients, adverse outcomes in this cohort were not considered higher(125,126). However, 

without randomisation and with the absence of a control group, the evidence from such studies is 

relatively weak.  

Bono et. al.(127) published the first report of a randomised controlled trial investigating post-operative 

activity restrictions following lumbar discectomy. This trial compared post-operative protocols consisting 

of short (two weeks) and long (six weeks) periods of activity restriction following lumbar discectomy. The 

authors observed no significant difference in outcome as assessed by Visual Analog Scale (VAS) back 

or leg pain or Oswestry Disability Index (ODI). Disc reherniation rates differed between the groups 

observing short (11%) and long (7%) periods of activity restriction. Though, this difference did not 

achieve statistical significance and did not translate into an appreciable difference in clinical outcome. 

However, the authors conceded that their study was underpowered to detect a significant difference 

in disc reherniation rate and calculated approximately 800 patients per arm would be required to 

achieve sufficient statistical power. 

All previous studies on post-operative restrictions following lumbar discectomy have relied on self-

reported adherence to mobility restrictions. Non-adherence is a well-recognized phenomena in spine 

surgery trials, for example the non-adherence rate in the SPORT trial was approximately 40% at one 

year(128). Such outcomes are therefore likely to be biased. Contemporary wearable electronic devices 

that can accurately record the patient’s position (i.e. sitting/standing) enable empirical observation of 
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patient adherence to a regimen of sitting restrictions with great reliability.  

The question of the role, if any, for post-operative activity restrictions following lumbar discectomy 

remains unanswered. The studies of Carragee et al.(125,126) and Bono et al.(127) highlight the 

importance of this question. With the advent of contemporary wearable devices that monitor patient 

activity such questions may now be addressed accurately without solely relying on the vagaries of  

self-report.  

Lumbar Fusion 

The rationale underlying spinal fusion is to eliminate the painful segmental motion(129). Spinal fusion 

consists of stabilising a segment of the spine to allow bony union to occur thus immobilising that 

section of spine. Degenerative indications for lumbar fusion include instability, such as due to 

spondolylisthesis or when a wide neural decompression is required causing iatrogenic instability. Back 

pain due to lumbar degenerative disc disease is a contentious indication for spinal fusion. This 

contention has led to the National Institute for Health and Care Excellence (NICE) of the United 

Kingdom publishing guidelines that fusion for the indication of non-specific low back pain should be 

performed only as part of a randomised controlled trial and lumbar disc replacement should not be 

performed at all(10,130). 

The reasons for this contention regarding fusion surgery for back pain include the difficulty identifying 

the symptomatic disc or pain generators, persistence of pain and disability in many patients following 

fusion surgery and conflicting evidence regarding the efficacy of fusion surgery(131,132). Several 

randomised controlled trials demonstrate improvements in pain and disability following fusion surgery for 

back pain(133). However, other studies have demonstrated no significant difference between surgery 

and an interdisciplinary program of physical and psychological rehabilitation(134-136). A 2013 meta-

analysis concluded support for fusion for back pain where a diagnosis of disc degeneration can be 

made(133). In this pooled analysis of 3060 patients 71% of patients were satisfied with their outcome. 

This perspective was confirmed in a 2017 meta-analysis and systematic review which reported that 

fusion performed for low back pain resulted in greater pain relief and satisfaction than  

non-operative management(137). 

A variety of surgical techniques are available to promote fusion surgery: posterior lumbar interbody 

fusion (PLIF), anterior lumbar interbody fusion (ALIF), direct lateral interbody fusion (DLIF), etc. (138). 

However, central to the majority of contemporary lumbar fusion operations is implantation of a 

prosthesis into the intervertebral disc space combined with a method of immobilization, e.g. pedicle or 

vertebral body screws connected to rods. This combination fixes the segment to maximize the 

probability of bony fusion occurring.  
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Unfortunately, fusion surgery is not the panacea for discogenic back pain. A failure of fusion, 

pseudoarthrosis, occurs following approximately 11% of lumbar fusion procedures(133). This non-union 

is a key contributor to persisting chronic back pain, disability and failed back syndrome and a 

significant contributor to 12.5% of patients undergoing reoperation(133). Furthermore, even if fusion is 

successful, the adjacent levels can degenerate which leads to further pain and the possible need for 

further surgical intervention. This is because fusion alters the biomechanical forces to which the 

adjacent intervertebral segment is exposed and, increases the likelihood of degeneration of the 

adjacent disc/s(59,139) . Radiographic Adjacent Segment Degeneration (ASD) has been detected in 

26.6% of patients post fusion, whilst symptomatic adjacent segment disease occurs in 12.1% of 

patients at five years(139). The development of adjacent segment disease and the perceived failings of 

fusion surgery as detailed above have led to the development of a surgical alternative intended to 

preserve motion at the index level, namely lumbar total disc arthroplasty. 

Lumbar Total Disc Arthroplasty 

Lumbar total disc arthroplasty (TDA) involves insertion of a motion-preserving, non-biological, artificial 

prosthesis into the disc space. The indication for TDA is axial lower back pain with stable single level 

intervertebral disc disease(140). The degenerate disc is removed entirely and replaced with the artificial 

prosthesis which anchors to the adjacent vertebral bodies producing an artificial articulation. 

The long-term benefit of lumbar TDA remains unclear(141). Series with follow-up extending ten or more 

years have given mixed results with success rates of up to 82% at 10 years cited by one 

investigator(142) while others report reoperation rates approaching 40% at 10 years for single level 

lumbar disc replacement (143). Furthermore, the study with the longest follow-up to date, an average of 

17 years, demonstrated that 60% of patients with TDA underwent spontaneous fusion or 

ankylosis(144) and that these patients had better outcomes than those with functional implants. This 

study was retrospective and has been criticized due to suboptimal device placement, undersized 

prototype devices and incorrect statistical calculations(145-147), however, it did highlight the lack of 

knowledge regarding the long-term outcome of this prosthesis. Over the short term (one to five years) 

lumbar TDA has been demonstrated to reduce back pain with equivalency to lumbar fusion techniques 

in most studies(145,148,149). One recent meta-analysis of randomised controlled trials with two years 

of follow up suggested superiority of TDA over fusion with respect to disability, pain, patient 

satisfaction, overall success, complications and narcotic usage outcomes(9). 

The efficacy of TDA in preserving motion and reducing adjacent segment disease over the long term is 

unknown. Motion preservation at the index level has been demonstrated in up to 92% of patient at five 

years(149). A reduction in radiological adjacent segment degeneration at five years in TDA vs fusion 
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has been reported(150), however, a reduction in symptomatic adjacent segment disease has yet to be 

demonstrated(151). TDA has demonstrated superiority in maintaining adjacent level disc pressure and 

facet forces in biomechanical studies(152).  

Despite evidence of improvement in radiological outcomes and advantages in biomechanical studies 

TDA remains a non-biological, destructive and ultimately flawed attempted solution to discogenic pain. 

Lumbar fusion and total disc arthroplasty, when performed for the treatment of discogenic low back 

pain, represent imperfect attempts to address a complex pathophysiological entity via relatively crude 

mechanical means. As detailed previously, a proportion of patients undergoing lumbar fusion, do so as 

a result of the progression of disc degeneration following lumbar discectomy(8). This patient group, in 

particular, would benefit from regenerative therapy delivered at the time of the index lumbar discectomy 

procedure to alter the degenerative process.  

1.7. Cellular Therapy 

Given the invasiveness of existing surgical therapies and the inability to treat the underlying 

degenerative disc disease, research groups throughout the world have investigated experimental 

treatments. Cellular therapy has been investigated for the treatment of symptomatic intervertebral disc 

degeneration. A variety of cells have been investigated as potential sources of cellular therapy 

however the majority of investigators have focused their efforts on stem cells and chondrocytes. 

1.7.1. Intervertebral Disc Chondrocytes 

Intervertebral disc nucleus pulposus “chondrocyte like cells” were one of the first cell sources 

investigated for the potential for intervertebral disc regeneration (153-155). The reduction in the number 

and activity of disc chondrocytes in matrix production and maintenance is a significant contributing 

factor to disc degeneration(156). 

Preclinical studies in various animal models have demonstrated the ability of both cultured autologous 

and allogeneic nucleus pulposus chondrocytes (NPCs) to promote disc regeneration as assessed by 

measures such as disc height index, MRI appearance, histological analysis and biochemical 

assay(63,157,158). One of the earliest preclinical investigations of the potential of cell therapy to 

promote intervertebral disc regeneration involved the administration of autologous disc chondrocytes in 

a canine model of disc injury(154,155). This study demonstrated the capacity of autologous culture 

expanded nucleus pulposus chondrocytes to promote intervertebral disc regeneration following 

percutaneous administration as assessed by disc height index, gross morphological and histological 

analysis. In a subsequent study by Hohaus et. al.(63) canines that underwent annular injury and partial 

nucleotomy followed by autologous nucleus pulposus chondrocyte injection demonstrated viable disc 

cells, production of extracellular matrix similar to normal intervertebral disc tissue and statistically 
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significant retention of disc height. These successful preclinical trials lead to the EuroDISC clinical trial 

of Autologous Disc Chondrocyte Transplantation (ADCT)(159) in which patients planned for single 

level lumbar microdiscectomy underwent collection of nucleus pulposus tissue from the affected disc at 

the time of operation. The autologous NPCs subsequently underwent tissue culture expansion and 

percutaneous implantation into the index disc 12 weeks later. Interim analysis of 28 patients at 24 

months revealed the patients who received autologous expanded NPCs had significantly reduced 

back pain, reduced disc height loss and increased adjacent disc hydration on MRI compared to 

control(159). ADCT has been available in Germany since 1997 but has yet to achieve FDA 

approval(140,154). The ADCT approach has evolved further via addition of the autologous cultured 

cells to an injectable, in-situ polymerizing, modified albumin, hyaluronic acid hydrogel (NOVOCART). 

During Phase I investigations NOVOCART was investigated in the treatment of post lumbar 

discectomy intervertebral discs and adjacent degenerate discs(160,161). Ninety days following lumbar 

discectomy 12 patients underwent ADCT in NOVOCART via percutaneous administration. In this 

cohort one patient underwent reoperation for recurrent herniation within seven months. The efficacy of 

this therapy as assessed by standardized pain and disability instruments are yet to be reported. 

A modification of the transplantation of autologous nucleus pulposus cells was investigated by 

Mochida et al.(162). Nine patients with a moderately degenerate (Pfirrmann Grade III) disc adjacent to 

a lumbar intervertebral disc scheduled for posterior lumbar interbody fusion received autologous 

nucleus pulposus cells “activated” by co-culture with autologous bone marrow derived mesenchymal 

stroma cells. These cells were administered seven days after NP cell harvest and fusion surgery. In 

vitro studies demonstrated co-culture resulted in increased cell-proliferation. On clinical follow-up to five 

years there was no radiological deterioration of the cell treated levels and all patients reported no  

back pain.  

The approaches detailed above demonstrate the potential feasibility of cellular therapy to promote 

intervertebral disc regeneration while also highlighting the limitations inherent in the autologous 

chondrocyte approach. Autologous disc chondrocytes must be harvested at the time of 

microdiscectomy and subsequently expanded. This limits this procedure to only patients already 

undergoing intervertebral disc surgery; it also requires an additional intervention at another time. The 

disc cells are taken from the degenerate level and thus may have reduced function or already be 

affected by the degenerative process(33). The modification of Mochida et al. involving co-culture with 

autologous mesenchymal stroma cells(162) is a novel approach to addressing this particular limitation 

but also serves to highlight the sub-optimal nature of chondrocytes from degenerate discs. 

Furthermore, this autologous approach would require Good Manufacturing Practice (GMP) facilities to 

be available to the hospital, which may be prohibitively expensive for many institutions. Ultimately, the 
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use of autologous disc chondrocytes as a cell source for intervertebral disc degeneration presents 

many challenges likely to preclude widespread adoption of this approach. 

Investigators have explored alternative methods and sources for acquiring chondrocytes in order to 

obviate many of these challenges. Non-disc derived autologous chondrocytes, from auricular cartilage, 

have been investigated pre-clinically and demonstrated to survive in a rabbit model of disc regeneration 

and furthermore lead to production of hyaline cartilage in the nucleus pulposus(163). This approach, 

however, has yet to progress to clinical trials and would also entail two separate interventions. Another 

approach utilized percutaneous administration of banked allogeneic juvenile chondrocytes from 

cadaveric donors in 15 patients with low back pain and single level lumbar disc degeneration on MRI 

(Pfirrmann Grade III-IV) (164). Over 12 months follow-up mean ODI and SF-36 scores all improved from 

baseline. Additionally, at six months follow-up 10 patients demonstrated improvements in MRI. 

Administration of juvenile chondrocytes avoids the requirement for multiple interventions. However, 

acquiring a sufficient supply of juvenile chondrocytes on an ongoing basis may prove challenging. 

1.7.2. Notochordal Cells 

Notochordal cells have been investigated for their potential to contribute in the treatment of 

intervertebral disc degeneration. However, as these cells are absent from within the human adult 

intervertebral disc and thus must be obtained from immature donors, practical considerations are likely 

to preclude their adoption clinically. Investigators have recently demonstrated the ability of notochordal 

cell conditioned medium to protect human nucleus pulposus cells from stress induced apoptosis(165). 

Such approaches may provide an alternative route of benefiting from the biological activity of the 

notochordal cells, however, do not solve potential sourcing challenges. 

1.7.3. Stem Cells 

Given the challenges associated with the use of autologous chondrocytes, as a cell source for 

regenerative therapies for disc degeneration, a variety of stem cell based therapies are under 

investigation. A stem cell is distinguished by its ability to self-renew and differentiate into a variety of 

tissue or organ specific cells under the appropriate conditions. This definition encompasses a broad 

and heterogeneous variety of cells derived from a variety of tissues, by different methods. Broadly, stem 

cells can be classified as embryonic stem cells or adult stem cells, although induced pluripotent stem 

cells must also be considered as an additional category.  

1.7.4. Embryonic Stem Cells 

Embryonic stem cells (ESCs) are derived from the human embryo blastocyst inner cell mass and are 

regarded as totipotent, meaning they can differentiate into cells of all tissues(166,167). This totipotency 

is unfortunately associated with tumorigenicity, as embryonic stem cells have the capacity to produce 
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teratomas(168). Additionally, the use of embryonic stem cells is associated with significant legal and 

ethical considerations which are likely to preclude adoption in the treatment of degenerative spine 

conditions. As such despite demonstrating the ability to promote notochordal cell formation in a rabbit 

model of intervertebral disc injury(169), ESCs are unlikely to play a significant role in the treatment of 

degenerative disc disease in the near future.  

1.7.5. Other Types of Stem Cells 

Other stem cells, namely human amnion epithelial cells (hAECs) derived from the amniotic tissue, and 

stem cells obtained from human umbilical cord blood or tissues, have also been used in pre-clinical 

studies to treat intervertebral disc degenerative conditions(95,170). The ready availability of these cells 

from discarded pregnancy tissue, and the development of large cell banks to store such cells may 

make them a convenient source of stem cells for the use in many applications. This includes 

degenerative spinal applications, should animal studies demonstrate efficacy. Our group have 

evaluated the ability of hAECs to enhance cervical interbody fusion, however, they were found to be 

inferior to MPCs in promoting fusion(95). To our knowledge AECs have not yet been used in 

intervertebral disc cartilage regenerative strategies or clinical spine studies. In distinction to amniotic 

cells, cryopreserved amniotic membrane (cAM) has been applied to the annular defect following lumbar 

microdiscectomy in a randomised controlled trial(171). Patients who received cAM demonstrated 

significantly better ODI and SF-12 scores at 6 weeks and 24 months compared to controls, but not at 

the other timepoints: two weeks, six months and one year. Interestingly, the cAM group experienced no 

disc reherniation (0/40) while the control group experienced three intervertebral disc reherniations at 

the index level. The authors hypothesized that the efficacy observed for cAM in improving ODI, SF-12 

and reherniation rates may be secondary to the anti-inflammatory, regenerative and anti-scarring 

activities ascribed to a unique glycoprotein complete called the HC-HA/PTX3 complex(172). Umbilical 

MSCs have also been investigated as a potential source of cell for intervertebral disc regeneration but 

will be addressed with other MSCs.  

1.7.6. Induced Pluripotent Stem Cells 

Induced pluripotent stem cells are somatic cells reprogrammed to produce an embryonic stem-cell like 

state. iPSCS were first reported in 2006 in a mouse model(173). iPSCS have subsequently been 

investigated as a potential cell source for intervertebral disc regeneration. The ability of mouse induced 

pluripotent stem cells to differentiate into cells with a nucleus pulposus like phenotype was 

demonstrated by Chen et al. (174). However, given concerns regarding the potential tumorigenicity 

secondary to pluripotency(175) it seems less likely that iPSCs will play a role in the treatment of 

degenerative spine conditions.  
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1.7.7. Adult Stem Cells 

Adult stem cells are progenitor cells present in most tissues of the body, with a putative role in tissue 

repair and restoration. Adult stem cells have been discovered and characterized in a broad range of 

tissues: bone marrow, adipose, periosteum, synovial membrane, muscle, skin and blood(176-179). 

Bone marrow derived stem cells can be divided into haematopoietic stem cells (HSCs) and 

mesenchymal stem cells. The majority of research investigating potential sources of adult stem cells for 

the treatment of degenerative spine conditions has focused on mesenchymal stem cells although other 

types of stem cells have been studied. 

1.7.8. Haematopoeitic Stem Cells 

Haematopoietic Stem Cells are bone marrow derived stem cells that produce the cells of the 

haematopoietic lineage. These cells have been used for decades in the clinic to treat haematological 

malignancies. A small clinical study investigating the administration of haematopoietic cells for lumbar 

intervertebral disc degeneration was reported in 10 patients(180). No patient reported an improvement 

in back pain and 80% of patients underwent surgery within one year of the HSC administration. There 

have been no further clinical investigations of HSCs for back pain since this initial disappointing result 

although it is interesting to consider the potential contribution of HSCs in point of care bone marrow 

concentrate intradiscal injections(181-183). 

1.7.9. Mesenchymal Stem Cells 

Mesenchymal stem cells were originally described as marrow-derived, non-haematopoietic cells that 

form colonies of fibroblastic nature(184). MSCs have the potential to differentiate into multiple lineages 

including bone, adipose tissue and cartilage(184). Furthermore, MSCs have been demonstrated to 

have the capacity to differentiate into chondrocyte-like cells similar in phenotype to nucleus pulposus 

cells(185,186).  

MSCs can be isolated from a variety of tissues: bone marrow, adipose tissue, cord blood, 

synovium(178,187). Important differences in cell differentiation potential and behaviour are observed 

among MSCs of different origins(188,189). Unlike ESCs, MSCs are non-tumorigenic and reported to 

lack the potential to undergo malignant transformation(190,191). Additionally, they demonstrate 

intermediate levels of MHC-I surface antigen expression, negligible levels of MHC-II surface antigen 

and immunoprivelege increasing their attractiveness for allogeneic applications (192). The International 

Society of Cellular Therapy defines MSCs by their characteristic plastic adherence in standard culture 

conditions, by cell marker expression of CD105, CD73, CD90 whilst lacking expression of CD45, 

CD34, CD14 or CD11b, CD 79a or CD19 and HLA-DR, and the ability to differentiate into osteoblast, 

adipocytes and chondrocytes in vitro(193). 
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The investigation of MSCs as a potential novel therapy for intervertebral disc degeneration was first 

reported by Sakai et al. in 2003(194). Since that time MSCs have been investigated in a variety of small 

to large animal models of disc degeneration (12,54,70,97,195-198). Implantation of bone marrow 

derived MSCs into various animal models of disc degeneration have been demonstrated to significantly 

increase disc height and MRI T2 signal (a marker of disc hydration), preserve histological structure and 

increase disc proteoglycan content(61,65,97). Bone marrow derived MSCs are the most commonly 

used stem cells in preclinical studies of intervertebral disc regeneration(199). Other MSC sources 

include adipose(39), synovium(198)and umbilical tissue. Autologous, allogeneic and xenogeneic MSCs 

have all been investigated for their potential to promote intervertebral disc regeneration.  

Studies assessing the fate and viability of implanted MSCs have yielded variable results. Viability of 

implanted MSCs has been reported from 15 days to 48 weeks(200,201). However, other studies have 

reported leakage or non-viability of cells after administration. In a rabbit study of intervertebral disc 

regeneration in which MSCs were injected three weeks following intervertebral disc stab injury the 

authors found no evidence of regeneration or the persistence of cells at nine weeks following 

administration(202). The authors did, however, note the presence of osteophytes at the MSC injection 

site raising the possibility of MSC leakage contributing to osteophyte formation. In a similar vein, Omlor 

et al.(203) demonstrated loss of 90% of cells in three days following administration of MSCs to a 

nucleotomized porcine model of intervertebral disc degeneration. A recent study incorporating single-

stage PET-MRI investigated the persistence of thymidine-kinase transfected magnetic iron oxide 

nanoparticle labelled MSCs in a canine model of disc degeneration(200). The authors demonstrated 

survival of MSCs, as assessed on PET scan, up to three weeks with no evidence of survival at  

four weeks. 

There are various purported mechanisms of actions of MSCs. MSCs have been demonstrated in vitro 

to differentiate towards chondrocyte-like cells phenotypically similar to NP cells (185,186). In vivo 

studies demonstrating engraftment of MSCs and long term survival support this as one mechanism 

contributing to mechanism of action of MSC(201,204,205). Other authors have demonstrated the 

ability of MSCs to interact with NP cells and lead to the upregulation of proteoglycan 

synthesis(205,206). MSCs may also create a local milieu that promotes the regeneration of 

endogenous cells(207). Furthermore, mesenchymal stem cells demonstrate anti-inflammatory 

properties(208,209) and the ability to modulate the nucleus pulposus cell response to  

inflammatory cytokines(210).  

1.7.9.1. Preclinical Studies Comparing MSC and Chondrocyte 
Transplantation 

The few studies directly comparing chondrocytes and MSCs with regard to intervertebral disc 
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regeneration have produced mixed results. The study of Feng et. al.(211) comparing the regenerative 

potential of implanted autologous NPCs and MSCs in a rabbit model demonstrated comparable 

performance with regard to disc height and T2 signal preservation, proteoglycan production and 

collagen expression. In a porcine model comparing allogeneic non-disc derived juvenile chondrocytes 

(JC) and allogeneic MSCs Acosta et al. (68) demonstrated JC survival at 12 months with abundant 

cartilage formation at three months. Viable MSCs were not observed at any time-point and instead of 

cartilage only a collagen type I/type II enriched scar was observed. The conclusion of the authors was 

that the JCs were more appropriate for disc repair. 

The use of chondrocytes in intervertebral disc regeneration presents specific challenges that may not 

be immediately evident. The majority of studies investigating the use of chondrocytes, of disc origin or 

otherwise, have focused on the use of autologous cells. Such cells, if of disc origin, must be harvested 

from the degenerate disc level, as to harvest from a healthy disc would increase the risk of subsequent 

degeneration of an otherwise healthy disc. These cells may already possess impaired function given 

their origin from a degenerate disc and thus potentially reduced efficacy in promoting disc 

regeneration(212). Furthermore, harvested cells require cell culture under GMP (Good Manufacturing 

Practice) conditions in facilities that come at significant expense and may not be available in many 

centres. Harvest of autologous cells from a non-disc source requires a separate operation, with 

potential morbidity, while still necessitating cell culture expansion. Allogeneic chondrocytes have been 

investigated in a rabbit model with demonstrated success(213) but have yet to be trialed in the  

clinical setting.  

1.7.9.2. Clinical Trials of MSCs 

Given the challenges associated with the application of chondrocytes in the treatment of intervertebral 

disc degeneration it is not surprising that many reports of cellular therapy for intervertebral disc 

degeneration focus on the use of mesenchymal stem cells. 

To date there have been four published reports investigating mesenchymal cells for the treatment of 

intervertebral disc regeneration with an additional nine studies listed on clinicaltrials.gov(214). 

The first clinical report of MSC therapy for intervertebral disc regeneration was of two patients who 

received autologous expanded MSCs via endoscopic placement in the nucleus pulposus in 2005(215). 

Both patients were diagnosed to have intervertebral disc degeneration via a combination of clinical 

examination, MRI and plain radiography. Patients received percutaneous administration of autologous 

culture expanded MSC in collagen sponges. Both patients reported significant reductions in back pain, 

Japanese Orthopaedic Association scores improved and MRI T2 signal was improved at the  

treated discs.  
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In 2011, Orozco et al.(216) reported a non-controlled pilot study of 10 patients with chronic back pain 

and degenerative disc disease treated with autologous culture expanded bone marrow derived 

mesenchymal stem cells percutaneously injected into the nucleus pulposus. Pain and disability were 

significantly reduced by three months with persistent improvement continuing throughout the 12 

months of the study. MRI demonstrated increased disc hydration at 12 months on T2 imaging.  

In the follow-up to the 2011 study of Orozco et al.(216) Noriega et al.(217) recently reported the results 

of a randomised clinical trial of allogeneic bone marrow mesenchymal stromal cells involving 24 patients 

with chronic back pain and degenerative disc disease. Half of the patients received percutaneous 

administration of 25 x 106 marrow stromal cells. Patients receiving MSC therapy demonstrated a 

statistically significant improvement in pain and disability that peaked at three months and was largely 

maintained to 12 months. Patients who received MSCs also demonstrated a statistically significant 

improvement in MRI Pfirrmann Grades in the treated discs. This report is the first published describing 

the clinical application of allogeneic MSCs for disc degeneration. 

Another uncontrolled clinical study investigated autologous cultured expanded bone marrow derived 

MSCs(218) for the treatment of degenerative disc disease with radicular symptoms in 33 patients. 

Patients in this trial received an average cell dose of 2.3x107 MSCs. Numerical pain score change 

scores relative to baseline were significantly reduced at most time-points up to 72 months. Functional 

rating index scores also demonstrated significant improvement beyond the minimum clinically important 

difference at all time points except 12 months. Additionally, of the 20 patients who underwent post-

operative MRI 85% demonstrated a reduction in disc bulge size.  

A variant of MSC therapy for intervertebral disc degeneration is the use of autologous bone marrow 

concentrate as described by Pettine et al.(181,183,219). This approach entailed bone marrow 

aspiration of approximately 55ml with point of care processing via a bone marrow concentration system 

to produce ~6ml of bone marrow concentrate (BMC) for injection. The BMC was found to have a total 

nucleated cell concentration of approximately 121 x 106 per ml of which 0.0025% (~2700 cells per ml) 

were colony-forming unit-fibroblasts (CFU-F), which the authors consider equivalent to MSCs, and 1.66 

x 106 cells per ml were CD34+ lineage cells (haematopoietic-endothelial progenitor cells). The authors 

demonstrated that over three years, only six of the 26 patients who received BMC therapy progressed 

to surgical intervention with the remaining 20 patients demonstrating significant VAS and ODI 

improvements. Furthermore, eight of 20 patients with post-treatment MRI imaging demonstrated at least 

one grade increase in modified Pfirrmann grade at one year. Given the relatively small number of CFU-

F cells administered to each patient in this trial, approximately 16,000 cells, compared to the number 

administered in the MSC studies above (~10 – 20 x 106 cells) it is difficult to conclude the beneficial 

effects observed are secondary to the MSCs alone. Indeed, the patients in the clinical trials of Pettine 
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et al. received almost 1000 times as many CD34+ lineage cells as MSCs. However, this trial does 

present an interesting variation of autologous bone marrow derived cell therapy that obviates the need 

for expensive GMP facilities. 

The use of umbilical MSCs for the treatment of intervertebral disc degeneration was reported for two 

patients in China(220). The patients, both suffering lower back pain with concordant MRI and 

discography findings, received 1 x 107 umbilical MSCs via percutaneous injection. Both patients 

reported significant improvement in VAS pain and ODI scores over 24 months with one patient 

demonstrating increased MRI T2 signal intensity in the treated disc. 

Although only small studies of MSC therapy for intervertebral disc degeneration have been reported to 

date larger studies are underway at present. Clinicaltrials.gov lists twenty three studies of stem cell 

therapy for intervertebral disc degeneration, nine of which are of mesenchymal stem cells for 

intervertebral disc regeneration with cell sources including autologous bone marrow, adipose tissue 

and degenerate intervertebral discs and allogeneic bone marrow(221). To date, the largest clinical trials 

are the Mesoblast sponsored trials using mesenchymal progenitor cells for disc regeneration, which will 

be discussed below.  

1.7.9.3. Mesenchymal Progenitor Cells 

Mesenchymal progenitor cells (MPCs) are a subpopulation of MSCs that can be isolated using 

magnetic cell sorting and antibodies and subsequently expanded in culture to produce a 

homogeneous population of cells(179,222) in distinction to the mixture of cell types found in bone 

marrow isolates mentioned above. These cells have extensive proliferative capacity, are the major 

colony forming population present in the bone marrow, and have greater plasticity than the mature 

stromal cells(179,222,223). Furthermore, the cells can be used in an allogeneic capacity due to 

minimal immunogenicity and demonstrated in vivo allogeneic tolerance(192,224). This enables the 

development of MPCs as an “off the shelf” therapeutic, with batch to batch consistency. The major 

advantages of such an approach include the avoidance of additional procedures for harvesting cells 

and obviation of the necessity of cell culture expansion facilities at numerous institutions. 

A previous study by our group utilized immune-selected STRO-3+ MPCs, prepared from ovine bone 

marrow aspirates, to investigate the reconstitution of lumbar discs in an ovine model of disc 

degeneration, mediated by injection of the enzyme Chondroitinase-ABC into the NP (196). This study 

demonstrated that MPCs were effective in supporting recovery of disc proteoglycans and disc height 

index. Subsequent in-vitro(225) and in-vivo(96) studies demonstrated that combination of MPC with the 

pharmaceutical agent, Pentosan Polysulfate (PPS), not only enhanced their proliferation and 

chondrogenic differentiation but also suppressed osteogenesis. Using an ovine model of lumbar disc 
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degeneration, induced by the surgical creation of a horizontal lesion in the periphery of their AFs, it was 

reported(12) that six months after the injection of a formulation of MPCs with PPS into the NP of 

degenerate discs, increased disc height, reduced morphological evidence of matrix failure and 

significantly elevated PG content of their NP relative to controls was observed.  

The studies above demonstrate the potential of MPC therapy to promote intervertebral disc 

regeneration in the context of a preclinical model of intervertebral disc degeneration. Neither of these 

studies, however, adequately replicate the post lumbar discectomy intervertebral disc in which annular 

and nuclear defects are present in addition to disc degeneration. The presence of a marked annular 

defect poses particular challenges given the potentially for biological therapies to leak out of the 

incompetent annulus(202). Furthermore, the post discectomy intervertebral disc also displays a defect 

in the nucleus pulposus. This combination is associated with a reduction in disc height, reduced 

proteoglycan content and MRI T2 signal(11). Thus, it is important to explore the potential of these cells 

to promote intervertebral disc regeneration in the context of a model of the post lumbar discectomy 

intervertebral disc. 

The same ovine formulation of MPCs and PPS used in the ovine disc degeneration model was also 

evaluated in an ovine model of microdiscectomy(11). In this pilot study(11), a suspension of allogeneic 

MPCs with PPS was applied to a gelatin sponge scaffold placed in a full depth defect created in the 

AF of ovine lumbar discs then closed with fibrin glue. The two adjacent lumbar discs were used as 

untreated controls. Following euthanasia six months later, it was observed that the microdiscectomy 

defects implanted with the MPC+PPS and gelatin sponge exhibited significantly more new matrix 

regeneration and preservation of disc height compared to defects that were untreated or received the 

scaffold alone(11). 

Although the pilot study provided important information in regard to a potential surgical adjunct to 

support disc repair following microdiscectomy, since PPS was known to promote regeneration of 

cartilage in osteoarthritic joints(226) it was unclear whether the MPC or PPS were the active mediators 

of the repair observed in this model or whether both components acted synergistically. To resolve this 

question, an in-vitro study was undertaken to identify the mechanism of action of combining PPS with 

MPCs(227). The results of this study indicated that the activation of MPC by PPS in culture was 

mediated by its migration to nucleus of the MPCs, where it upregulated specific gene pathways 

responsible for cell replication, differentiation and biosynthesis of proteoglycans(227). Significantly, 

these studies also demonstrated that after culturing the MPCs with PPS for 24 -48 hours, then 

eliminating the presence of PPS from the cultures, the MPCs retained their genetic re-programing, i.e. 

they were now “primed” to differentiate to a chondrogenic phenotype, and as such should be superior 

to MPCs alone in supporting repair of injured cartilaginous tissues(227).  
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In addition to the above preclinical work human allogeneic MPCs administered percutaneously to 

affected intervertebral discs in patients with single level degenerative disc disease and lower back pain 

have been demonstrated to produce significant reductions in pain scores and analgesic requirements 

in a successful Phase II Clinical Trial(224). The primary composite endpoint of this trial, consisting of a 

50% reduction of VAS low back pain, 15 point reduction in Oswestry Disability Index and no additional 

intervention, was achieved by 41% of patients who received 6 x 106 MPCs compared to only 13% of 

those receiving saline control(228). This effect persisted to three years for 38% of the 6 x 106 MPCs 

group and 10% of the saline control group(228). This trial has been followed by an ongoing Phase III 

clinical trial that is still enrolling patients as of late 2017. 

Percutaneous injection of MPCs, however, is targeted for back pain and does not represent the ideal 

therapy for patients with radiculopathy undergoing microdiscectomy. The microdiscectomy operation is 

performed to remove a portion of herniated disc causing symptoms by neural compression. At the 

completion of the operation the patient is left with a defect in the annulus fibrosus through which the 

offending disc fragment has herniated. The annular defect will thus serve as the route of administration 

of the cellular therapy. However, as noted in previous preclinical trials, a significant challenge in 

administration of cellular therapy to intervertebral discs is ensuring retention of the cellular material(229). 

Various carriers have been used in previous studies including fibrin(68), collagen(215), and  

hydrogel carriers(61). 

1.8. Chondrogenesis and the Chondrogenic Differentiation of 
Mesenchymal Stem Cells 

Promotion of chondrogenesis within the degenerate intervertebral disc is one of the keys to 

regenerative therapy. Chondrogenic differentiation of MSC or MPC, in vitro, is generally achieved by 

exposing these cells to growth factors such as TGF-Beta, IGF-1, BMPs, alone or in 

combination(230,231). However, there are inherent problems associated with using these proteins in 

vivo. Firstly, they have short biological half-lives, thus potentially requiring the administration of multiple 

doses. But more importantly, their clinical application has been reported to be associated with serious 

side effects(232-235). The potential difficulties associated with other known promoters of chondrogenic 

differentiation of MSCs increases the attractiveness of PPS as a chondrogenic agent.  

1.9. Conclusion 

Disc degeneration and low back pain are a major cause of morbidity and disability worldwide. Lumbar 

disc herniation is a relatively common presentation of degenerative disc disease. Lumbar 

microdiscectomy surgery successfully treats radicular symptoms in the vast majority of patients but fails 

to address the underlying pathophysiology of intervertebral disc degeneration. Lumbar fusion and total 
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disc arthroplasty are surgical procedures often used to treat discogenic back pain, however, their 

application in this context remains contentious with some studies showing equivalence to conservative 

management(134,136). Furthermore, lumbar fusion may be complicated by pseudoarthrosis(133) or 

adjacent segment disease(139). Total disc arthroplasty has yet to demonstrate superiority to fusion in 

long-term outcomes(141,150,236). As such fusion and total disc arthroplasty remain invasive, 

destructive, sub-optimal therapies that fail to address the underlying pathophysiology of degenerative 

disc disease. 

Given the failure of conventional medical and surgical therapy to address the underlying pathology of 

intervertebral disc degeneration there have been sustained efforts to develop novel therapies to arrest 

and reverse this condition. Our group was instrumental in the development of mesenchymal progenitor 

cells as a novel therapy for disc degeneration. The percutaneous administration of mesenchymal 

progenitor cells in the context of discogenic low back pain has demonstrated positive results in Phase 

II studies(224) and has led to a Phase III clinical trial under way at the time of submission of this thesis. 

However, percutaneous administration of MPCs may not represent the ideal therapy in the context of 

the post lumbar discectomy intervertebral disc.  

We propose that administration of MPCs primed with PPS at the time of lumbar discectomy may 

provide a method of successfully treating disc degeneration and reducing the incidence of low back 

pain and its associated disability. The aim is to reduce reherniation and further surgery that 

unfortunately befall many patients who undergo lumbar discectomy. The results of the pilot study of 

MPCs combined with PPS in an ovine model of lumbar discectomy(11) have demonstrated the promise 

of MPC therapy in the post lumbar discectomy intervertebral disc, however, further larger studies  

are required.  

In order to adequately test this hypothesis it is important to use an appropriate preclinical model. There 

is a relative paucity of large animal models of the post lumbar discectomy intervertebral disc. As 

detailed previously the ovine model has many of the ideal characteristics of an animal model of 

intervertebral disc disease including the lack of notochordal cells in the adult intervertebral disc(93), the 

similarities in size to the human disc and spine biomechanics(92), despite the quadrupedal nature of 

sheep. In order to adequately replicate the post lumbar discectomy disc in an animal model it is 

important to choose an appropriate method of creating a similar environment. The drill bit injury(42) and 

lumbar discectomy models(11) are attractive in this regard as they both consistently produce a full 

depth annular injury with extension into the nucleus. Of the preclinical models described these two 

represent the most promising methods of replicating the post lumbar discectomy intervertebral disc. As 

such a direct comparison of these two models in the sheep over a six month period is described in 

Chapter 3, the first experimental chapter.  
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Following selection of an appropriate preclinical model of the post lumbar discectomy intervertebral disc 

this model will be used to investigate the potential of MPC primed with PPS in a gelatin scaffold with 

fibrin glue to promote intervertebral disc regeneration following lumbar discectomy. As detailed 

previously, the MPC and PPS combination was demonstrated to promote intervertebral disc 

regeneration in an ovine model of lumbar discectomy in a pilot study. However, it was not known if the 

PPS or MPC were producing the beneficial effects. Furthermore, PPS priming of MPCs in vitro has 

been demonstrated to promote persisting changes in MPCs conducive to promoting intervertebral disc 

regeneration, i.e. cellular replication, chondrogenic differentiation and proteoglycan production(227). In 

order to determine if PPS priming leads to persisting changes in MPC phenotype in vivo and if this is 

advantageous in promoting intervertebral disc regeneration PPS primed MPCs will be compared 

directly to unprimed MPCs, in an ovine model of the post lumbar discectomy intervertebral disc, in 

Chapter 4. The priming of MPC with PPS prior to administration into the intervertebral disc also has the 

potential regulatory advantage of representing a manufacturing process rather than co-administration. 

This regulatory advantage may ultimately ease the translation of this novel approach to  

clinical practice. 

Optimization of the discectomy procedure extends beyond the introduction of regenerative therapy at 

the time of lumbar discectomy. As detailed above, despite being the most commonly performed spine 

surgery procedure worldwide, a significant lack of clarity remains with regard to appropriate post-

operative care and the role, if any, of post-operative activity restrictions. A variety of international 

surveys to date have demonstrated the heterogeneity of post-operative care practice(120,237-239). In 

order to gain an accurate assessment of the lumbar discectomy peri-operative care practices of 

Australasian neurosurgeons a survey was conducted with the support of the Neurosurgical Society of 

Australasia and is reported in Chapter 5. This is the first survey conducted of Australasian 

Neurosurgical peri-operative care practices and provides an up to date assessment and demonstrates 

the heterogeneity present in such practices within even the relatively small community of  

Australasian neurosurgeons. 

After demonstrating the heterogeneity present in post-operative care following lumbar discectomy 

within Australasian neurosurgical practice this thesis will attempt to investigate the role, if any, of post-

operative activity restrictions following lumbar discectomy in contemporary practice. The studies 

performed to date attempting to address this questions were either not randomised(125,126) or under 

powered and subject to the vagaries of self-report(127) when determining patient activity status. In the 

final experimental chapter the protocol of an appropriately powered randomised controlled trial 

investigating the role of activity restrictions in post-operative care following lumbar discectomy surgery 

will be described. This study benefits from the use of a wearable activity tracker that measures patient 



34 

posture and activity enabling accurate correlation of patient activity during the post-operative period to 

outcome over the study length. An interim analysis of this study, now in its second year at the time of 

submission of this thesis will also be presented. 

Thus, this thesis will attempt to re-engineer lumbar discectomy surgery via a combination of preclinical 

and clinical approaches. The preclinical component consists of the development of an appropriate 

large animal model of the post lumbar discectomy disc to facilitate preclinical investigation and 

development of a novel cellular therapy to be administered at the time of lumbar discectomy to reverse 

the pathological process of disc degeneration. The clinical portion is comprised of characterization of 

the current lumbar discectomy peri-operative care practices of Australasian Neurosurgeons and 

investigation of the role, if any, of post-operative activity restrictions following lumbar microdiscectomy 

via a randomised controlled trial. 
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Lower back pain is the leading cause of disability worldwide. Discogenic pain secondary to intervertebral disc degeneration
is a significant cause of low back pain. Disc degeneration is a complex multifactorial process. Animal models are essential to
furthering understanding of the degenerative process and testing potential therapies. The adult human lumbar intervertebral disc
is characterized by the loss of notochordal cells, relatively large size, essentially avascular nature, and exposure to biomechanical
stresses influenced by bipedalism. Animal models are compared with regard to the above characteristics. Numerous methods
of inducing disc degeneration are reported. Broadly these can be considered under the categories of spontaneous degeneration,
mechanical and structural models. The purpose of such animal models is to further our understanding and, ultimately, improve
treatment of disc degeneration. The role of animal models of disc degeneration in translational research leading to clinical trials of
novel cellular therapies is explored.

1. Introduction

Lower back pain causes more global disability than any other
condition worldwide [1] and is an enormous financial burden
due to costs related to loss in working hours as well as for its
medical treatment.Up to 80%of peoplemay experience lower
back pain at some stage in their life, with prevalence ranging
from 15 to 45%. Chronic lower back pain can be caused by
degenerative lumbar disc disease which produces discogenic
pain [2]. This needs to be distinguished from radicular pain,
which is pain resulting from nerve root compression, often
due to a disc prolapse. Lumbar disc degeneration is a complex
process manifested by changes in cellular, matrix, endplate,
and the neurovascular components of the intervertebral disc.
Given the significant contribution of disc degeneration to
the enormous disease burden of lower back pain numerous
animal models have been developed in an effort to further
understanding and treatment of this condition. In order to

compare and contrast the merits of different models a basic
appreciation of the structure of the intervertebral disc and
underlying pathophysiology is a prerequisite.

2. The Intervertebral Disc

The intervertebral disc is a complex multicomponent struc-
tural tissue consisting of an outer fibrous ring, the annulus
fibrosus (AF), and an inner hydrated gel-like substance,
the nucleus pulposus (NP) [3]. It is the largest avascular
structure in the body. Nutrition of the intervertebral disc
is provided by diffusion through the cartilaginous endplates
(CEP). The CEP are specialized interfaces that connect the
intervertebral disc with the adjacent vertebral bodies.The AF
is a fibrocartilaginous tissue rich in type I and II collagen and
assembled as lamellae fibres oriented at varying degrees to
adjacent lamella in different locations and species. The AF
connects the caudal and cranial vertebral bodies of the spinal
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column [4]. The main cell types of the AF are fibroblasts that
synthesize not only the lamellar collagen, but also proteo-
glycan (PGs), elastin, and other noncollagenous proteins [5].
The tough fibrous composite structure of the AF encapsulates
the gelatinous NP and provides the necessary mechanical
strength and resilience to allow the disc to recover fromdefor-
mation arising from axial, rotational, and bending loading.
In healthy discs the NP consists of a hydrated gel composed
of predominantly type II collagen and large amounts of PGs.
Aggrecan is the most abundant PG type in the NP. Due to its
high anionic charge aggrecan attracts and retains high levels
of water molecules within the NP thereby maintaining a high
hydrostatic swelling pressure that confers resistance to disc
deformation and maintenance of disc height [3, 6].

Cells of the disc NP are derived from the notochord. In
man these cells are retained throughout childhood but with
maturity disappear and are replaced by chondrocyte-like cells
[5]. The loss of notochordal cells from the NP represents
an important early step along the path to degenerative disc
disease and in this regard it should be noted that apart from
a limited number of animal species (chondrodystrophoid
dogs, old sheep, and cattle) NP notochord cells are retained
throughout their life.

3. Intervertebral Disc Degeneration

Human intervertebral disc degeneration is a complex and
incompletely understood multifactorial process with contri-
butions from genes, mechanical stresses, cellular senescence,
and alterations in nutrition via the limited vascular supply [7].
With respect to mechanically loading the intervertebral disc
there is a delicate balance between “normal”mechanical load-
ing, which is required for maintenance of an optimal disc cel-
lular phenotype [8, 9], and excessive mechanical loading that
causes damage. Excessive loading can result from excessive
bodyweight [10] or trauma and producesmany of the features
of degeneration that can be visualized by histological and
radiological methods.

Studies comparing degenerate discs with nondegenerate
controls have demonstrated increased evidence of senescent
cells in degenerate intervertebral discs [11]. Such cells lose
the ability to divide, thus potentially contributing to the
decreased cellularity of the diseased degenerate intervertebral
discs. Moreover, the senescent cells have a reduced ability
to function. Thus they produce less matrix which, in turn,
further compromises the structure of the intervertebral discs.

Intervertebral discs comprise the largest essentially avas-
cular tissue in the human body. Only the outermost layers
of the AF contain blood vessels. The cells of NP are depen-
dent on diffusion of nutrients from capillary buds in the
cartilaginous endplate to meet their metabolic needs [12].
The cells in the NP are therefore metabolically compro-
mised by this limited vascular and nutritional supply and
may promulgate intervertebral disc degeneration. Causes of
impaired nutrition to the intervertebral disc include endplate
calcification,microvascular disease, and smoking andhave all
been associated with early disc degeneration.

Ultimately there is an imbalance between the rates of
production andbreakdownof thematrix components leading

Extracellular matrix
Production/breakdown imbalance

Proteoglycan destruction
Dehydration

Biomechanical factors
Altered mechanical load

Progressive microtrauma
Progressive annulus injury

Cells
Senescence

Reduced division and 
function

Altered cytokine profile

Mechanical stresses
Excessive bodyweight

Genetics
smoking

Collagen II → collagen I

Figure 1: Schematic of the process of disc degeneration demonstrat-
ing multifactorial pathophysiology and interplay of cellular, matrix,
and biomechanical factors. Modification of figure from Vergroesen
et al. [17].

to a cascade of events (see Figure 1) consisting of alterations in
matrix synthesis, reduced aggrecan synthesis, and a transition
from type II to type I collagen production [13], reduction in
cellular viability and activity, and alterations in cytokine pro-
file upregulating the breakdown of proteoglycans, all leading
to dehydration and loss of mechanical integrity of the inter-
vertebral disc [6, 12]. The dehydration of the intervertebral
disc reduces themechanical support provided by the swelling
pressure of the previously hydrated NP. This alters the
mechanical load to which the AF is exposed and thus the
tension in the AF collagen fibres. This leads to subsequent
progressivemicrotrauma of these fibres [6].The degeneration
of the AF and subsequent tears in this structure predispose
patients to disc herniation, wherein fragments of disc tissue
herniate through this annular defect causing neural compres-
sion and radicular pain [14]. As themechanical and structural
integrity of the disc progressively deteriorates neurovascular
invasionmay occur via annular tears. Neurovascular invasion
extending to the NP via annular fissures has been demon-
strated in painful discs in clinical studies [15]. In contrast,
control (nonpainful) discs demonstrated restriction of vascu-
lar and neural supply to the outer annulus [15]. This process
of neoinnervation of the degenerate intervertebral discs is
hypothesized to be a significant contributor to the develop-
ment of back pain [16].

3.1. Animal Models of Disc Degeneration. The development
of appropriate animal models of intervertebral disc disease
is necessary to gain insight into the pathophysiology and to
develop and test potential therapies. In vitro and in silico
(computer based) systems can be helpful to investigate spe-
cific components of intervertebral disc degeneration. How-
ever, given the complexity inherent in the intervertebral disc
with biochemical, biomechanical, nutritional, and metabolic
factors acting simultaneously, in vivo animals are able to
more faithfully replicate this environment. A range of ani-
mal models and mechanisms of replicating the process of
degeneration have been investigated and utilized in efforts to
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develop appropriate models of intervertebral disc degenera-
tion. However, given the extreme complexity of this system
no perfect model currently exists.

Initial discussion will focus on the merits and inadequa-
cies of particular species as models for human intervertebral
disc degeneration.This will be followed by a discussion of the
comparative merits of the various methods of inducing disc
degeneration.

3.1.1. Comparison of Various Animal Models. Animal models
range from small rodents such as mice knockout models [18]
to rats [19], rabbits [20], dogs [21], goats [22], sheep [23], and
primates [24, 25]. Various mechanisms of inducing degener-
ation have been described for these animal models which are
summarized in Table 1. When considering the potential suit-
ability of an animal model several important characteristics
must be taken into account and these are discussed in Table 1.

3.1.2. Persistence of Notochordal Cells. The vertebral column
and thus intervertebral discs of all mammals arise from
aggregation of the mesenchyme around the notochord and
subsequent segmentation during development [26]. Noto-
chordal cells persist in the NP of the majority of species (e.g.,
mice, rats, rabbits, and pigs) into adulthood. However, the
number of these cells decreases rapidly following birth in
humans and notochordal cells are completely absent from the
NP by early adulthood [26]. Sheep and goats are among the
few animals to also lose the notochordal cells rapidly from
the NP following birth. Dogs are divided into two popula-
tions with regard to notochordal persistence into adulthood.
Chondrodystrophoid (CD) dogs rapidly lose the notochordal
cells following birth and as such are predisposed to interver-
tebral disc degeneration in later life. Nonchondrodystrophoid
(NCD) dogs have persistent notochordal cells and are far less
inclined to disc degeneration.The persistence of notochordal
cells is an important consideration as these cells have a
significant influence on the intervertebral disc by influencing
proteoglycan metabolism [27, 28], hyaluronan production
[29], and possible progenitor cell function [26].

Loss of intervertebral disc notochordal cells may be
observed in animal models with otherwise persistent noto-
chordal cells following adequate stimulus [30, 31]. Apoptotic
processes have been demonstrated to play a significant role
in this process of notochordal cells loss [31, 32] and are also
observed in human aged and degenerate discs [33].Thus such
animal models may have greater relevance following the loss
of notochordal cells than otherwise.

However, given the use of animal models to investigate
cellular regenerative therapies for the treatment of disc
degeneration the potential presence of a preexisting pre-
cursor cell population may complicate investigation of the
regenerative potential of such therapies. For instance, in cell
transplantation therapies, one cannot be sure that it is not
the resident notochordal cells which are responsible for the
regenerative effects, instead of, or in combination with, the
transplanted cells.

3.1.3. Disc Size andGeometry. Intervertebral discs varymark-
edly across species and according to locationwithin the spine.

The discs of most animal models are smaller than human
intervertebral discs. Disc size affects solute diffusion in the
intervertebral disc. Given the largely avascular nature of the
intervertebral disc and dependence on diffusion to meet
nutritional requirements this is of particular significance
to the clinical relevance of animal models. Given the size
discrepancies between common animal models and humans
investigators have analyzed disc geometry hoping to better
determine the relevance of particular models to the human
intervertebral disc. In a study by O’Connell et al. [34] the
geometries of intervertebral discs of commonly used animal
models were analyzed with regard to their similarity to the
human intervertebral discs as measured by relative propor-
tions (e.g., disc height, width, and NP size). Interestingly,
the authors ranked mouse lumbar intervertebral disc as the
animal model most geometrically analogous to the human
intervertebral disc.

3.1.4. Disc Mechanical Forces. The vast majority of animal
models of intervertebral disc disease are quadrupedal. The
only bipedal models available, certain primates to varying
extents (e.g., rhesus monkey [35]) and the bipedal mouse
and rat [36], present ethical dilemmas that preclude their
usage inmost institutions. Given that the mechanical loading
to which human intervertebral lumbar discs are exposed is
significantly influenced by the upright posture it may be
thought that this precludes usage of quadrupedal animal
models. However, muscle contraction and ligament tension
is a significant contributor to the load to which intervertebral
discs are exposed [37]. It has been hypothesized that the load
exerted on the lumbar intervertebral discs of large animals
by these structures may be even greater than that observed in
humans resulting from the bipedal stance due to the increased
complexity of stabilizing a horizontally aligned spine versus a
vertically balanced spine [26].

3.2. Animal Models. Taking the above general considerations
into account the following models are those most commonly
described for use as in vivo models of intervertebral disc
degeneration.

3.2.1. Rodent Models. Mice and rat models, despite the
obvious difference in intervertebral disc size, have significant
advantages with regard to ease of use and application of
technology. Genetic knockout and mutation mice models
have enabled the investigation of the effects of the elimination
of particular proteins, for example, collagen II [18], on disc
function. Bipedalmouse and ratmodelswere created through
bilateral mid-humeral surgical and tail amputations [36].
Bipedal mice were observed to demonstrate accelerated NP
degeneration with frequent NP herniation [40]. However,
more recent studies have indicated that bipedal rats do not
assume a more erect posture than their quadrupedal peers
[69] calling into question the cause of the observed increased
disc degeneration.

The mouse and rat tail provide a readily accessible
model for intervertebral disc degeneration through mechan-
ical injury, asymmetrical compression, or administration of
digestive enzymes [39, 70].
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However significant limitations exist for such models:

(1) Persistent notochordal cells: limiting the potential
relevance of such models to the clinical environment
particularly with regard to testing potential therapeu-
tics.

(2) Differing mechanical loading: rodent tail models:
the tail may have significantly different mechanical
loading to the human lumbar spine although this has
been disputed by some authors.

(3) Significantly smaller disc size reducing the nutritional
challenge.

(4) Ethical concerns regarding the bipedal mouse.

3.2.2. Rabbit Models. The rabbit model of intervertebral disc
degeneration has been utilized by several authors for inves-
tigation of disc degeneration and of potential therapeutic
agents [20, 71]. Major advantages of this model are the
higher degree of homology to the human intervertebral disc
with the presence of facet joints and paravertebral muscles
and ligaments in comparison to the rodent tail models [51],
the larger size of the animal and intervertebral discs, and
the cost-effectiveness as a model relative to large animals.
Limitations relate to the persistence of notochordal cells and
the significant variation from human geometry [72].

3.2.3. Canine Models. As discussed previously CD dogs
demonstrate a decrease of notochordal cells from birth
onwards with complete loss by early adulthood predisposing
the animal to intervertebral disc degeneration. The CD
dogs, among which beagles and dachshunds number, are
well-characterized models of spontaneous intervertebral disc
degeneration [57]. The larger size of the disc space relative
to rodents makes administration of intradiscal therapeutic
agents technically less challenging [58]. Similarities exist with
regard to the gross pathology, histopathology, and glycosami-
noglycan content among humans and canines in interver-
tebral disc disease [21]. Differences exist with regard to the
thicker cartilaginous endplates in humans, the presence of
growth plates within the vertebrae of the canine [21], and
intervertebral disc size. Additional ethical concerns exist with
regard to the use of dogs for experimental research in many
parts of the world.

3.2.4. GoatModels. Goats have previously been used asmod-
els for intervertebral disc degeneration [22, 60]. Advantages
of the use of this species include anatomical similarities with
regard to size and shape with respect to the human inter-
vertebral disc, comparable mechanical load [73], absence of
notochordal cells in the adult [74], and the pragmatic benefits
of a hardy, economical animal model that tolerates surgery
well [22].

3.2.5. Sheep Models. The sheep model has proven to have
particular merit for several major reasons. Firstly, the sheep,
similar to humans, suffers from a loss of notochordal cells in
early adulthood, predisposing the sheep intervertebral discs
to degeneration [75]. The sheep is of a roughly similar size

to humans and, despite its quadrupedal stature, is exposed to
very similar mechanical stresses to the human intervertebral
disc [76]. The ovine spine has previously been used to model
disc degeneration [62–64] and test implant devices and in
the preclinical investigation of cellular therapies [23, 77–
79]. Similar to the goat the sheep is a hardy animal with
demonstrated ability to tolerate surgical intervention.

3.2.6. Porcine Models. Porcine models have been utilized in
models of intervertebral disc degeneration and in the preclin-
ical assessment of biological therapies such as mesenchymal
stem cells [61, 80]. Major advantages attributed to the porcine
model include the similarity in size of the disc to the human
intervertebral disc and overall size of the animal. However,
this advantage is significantly offset by the persistence of
notochordal cells into adult life in the porcine model [80],
potentially confounding interpretation of investigations of
disc degeneration and regenerative therapies.

3.2.7. Primate Models. Spontaneous disc degeneration has
been demonstrated in baboon and macaque models [24,
25, 66]. Both species are quadrupedal for locomotion but
spend large amounts of time in semierect and erect positions.
Rhesusmonkeys have also been used asmodels of disc degen-
eration following annulotomy ± intradiscal administration of
collagenase [67] and subchondral administration of bleomycin
[68]. The advantages of such nonhuman primate animal
models include intervertebral disc size closer to humans,
comparable anatomy, spontaneous disc degeneration, and
exposure to mechanical stresses compatible with erect pos-
ture. However major ethical and practical considerations
(e.g., expense and housing) are associated with the use of
nonhuman primate animal models significantly restricting
their use for such studies in many institutions.

3.3. Comparison of Mechanisms. Given the complexity of
human disc degeneration no animal model can perfectly
mimic the entire pathophysiological process. Disc degener-
ation in animal models is typically initiated by various chem-
ical (e.g., chondroitinase ABC injection [81]) or mechanical
(e.g., surgical incision [63], nucleotomy-NP aspiration [82],
and drill bit injury [22]) stimuli though it can develop
spontaneously in some animals [83].

3.3.1. Spontaneous Models. Spontaneous disc degeneration
occurs in a limited number of species, with inconsistent onset
and development over a long time frame. The most well-
studied species with regard to spontaneous disc degeneration
are the sand rat and the chondrodystrophoid dog species. As
described above spontaneous disc degeneration has also been
observed in nonhuman primates.

Sand Rat.The sand rat is native to east Mediterranean deserts
[84] and was first described to undergo spontaneous disc
degeneration by Silberberg et al. [48]. When fed a standard
laboratory diet the sand rat develops diabetes andwidespread
disc degeneration [85]. The degenerative changes consist of
loss of notochordal cells, annular disorganization, cellular
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metaplasia, endplate sclerosis, and the formation of periph-
eral osteophytes [50]. In a longitudinal study conducted by
Gruber et al. [49] radiographic evidence of degeneration was
evident by two months with older animals demonstrating
disc space wedging, narrowing, irregular disc margins, and
endplate calcification. The degenerative process commenced
in the NP with subsequent degeneration of the facets and
endplates occurring only after disc herniation had developed
[48]. Additionally the sand rat has been successfully used in
studies of cellular therapy of disc degeneration despite the
significant technical challenges this entailed [86].

Genetically ModifiedMice.Genetically modifiedmice models
have been developed to investigate the contribution of spe-
cific proteins to disc degeneration. Geneticallymodifiedmice
with collagen IX mutations demonstrated increased cervical
degeneration [38]. Similarly mice with collagen II mutations
underwent premature endplate calcification and subsequent
disc degeneration [18].

Canines. As detailed previously CD dogs demonstrate loss
of notochordal cells from birth onwards and progress to
demonstrate gross pathology and histopathological and
glycosaminoglycan content changes similar to humans in
intervertebral disc degeneration [21]. There are also marked
similarities between magnetic resonance images of interver-
tebral disc degeneration in different stages of progression
in canines and humans [87, 88]. Canines (both CD and
NCD) also undergo routine clinical treatment for degener-
ative disc disease including decompressive surgery [21]. The
chondrodystrophoid dog has long served as an animal model
of intervertebral disc degeneration and will continue to do so
into the future.

Primates. Baboons and macaques have both been demon-
strated to undergo spontaneous disc degeneration [25, 66].
As nonhuman primates that spend a significant proportion
of time in erect and semierect postures such animal models
demonstrate significant potential for modeling human disc
degeneration. However, ethical and pragmatic consideration
will likely limit their usage.

Spontaneous models of disc disease can be particularly
useful in providing models of disc degeneration. However,
the long and at times unpredictable course of spontaneous
degeneration often limits their utilization in studies of poten-
tial therapies.

3.3.2. Mechanical Animal Models of Disc Degeneration.
Mechanical models afford the advantage of initiating the
degenerative cascade at a defined time point in a replicable
fashion. Epidemiological studies have suggested the associa-
tion between exposure of the spine to force and disc degen-
eration [89]. Mechanical models of disc degeneration can be
broadly divided into two groups: compression and instability,
although there is overlap between the two groups [83].

Compression.Compression involves the application of altered
mechanical stresses to the intervertebral disc through

mechanism such as bending [43], postural change [90] (i.e.,
the bipedal rat), or cyclical compression [45].

(1) Bending. Bending of the rat tail is one of the earliest
reported methods of inducing disc degeneration [43]. In
pioneering studies by Lindblom [43] rat tails fixed into bent
shapes demonstrated annulus degeneration on the concave
side with connective tissue injury and reduced cellularity. In
amore recent study Court et al. [39] were able to demonstrate
increased cell death and decreased aggrecan gene expression
in the concave side of a disc compressed by forceful fixed
mouse tail bending. Such differences were not observed in
mice tails exposed to only slight bending.

(2) Postural Change. The bipedal rat and mouse models, as
described above, are based on the hypothesis that surgically
modified animals will spend more time in an erect posture
thus exposing the intervertebral discs to increased mechani-
cals stress. Given the more recent findings indicating bipedal
rats do not spend an increased time in an erect posture and, in
fact, possibly less time than their quadrupedal counterparts
[69] it is interesting to reflect as to the aetiology of the under-
lying degenerative changes observed in the primary studies.

(3) Chronic andCyclical Compression.Researchers have inves-
tigated the application of static and cyclical compression to
the intervertebral disc. Iatridis et al. [44] described a rat
tail compression model to apply chronic compression. This
consisted of an Ilizarov-type apparatus (an external fixation
device enabling application of mechanical force across the
intervertebral disc) applied to the tail of rats. Rats were
assigned to sham, immobilization, or compression groups.
The immobilization and compression groups demonstrated
decreased disc thickness, axial compliance, and angular laxity
with the compression group demonstrating these changes
more quickly and with greater magnitude. Interestingly the
discs demonstrated increased proteoglycan content in con-
trast to human disc degeneration, in which reduced proteo-
glycan content is observed during the degenerative process.

Kroeber et al. [51] developed a novel model that enabled
the application of compressive force to the intervertebral discs
of rabbits via attachment of an external loading device. Rabbit
intervertebral discs were exposed to up to 28 days of loading
of a disc compressive force equivalent to five times body-
weight. After 14 and 28 days of loading discs demonstrated
significantly reduced disc space with annulus disorganiza-
tion observed histologically. Increased dead cells were
observed in the annulus and endplate.These changeswere not
reversible after an equivalent period of unloading.

Cyclical compression has also been investigated. In a rat
tail model Ching et al. [45] investigated the effects of static
and cyclical loading at 0.5, 1.5, or 2.5Hz. Pins were inserted
into the caudal 4th and 5th vertebrae. A compression device
was applied to these pins.Thegreatest loss of interpin distance
(a measure of intervertebral disc height and thus disc degen-
eration) was observed in rat tails subjected to static compres-
sion with the least loss of interpin distance, other than the
sham control, observed in the 1.5Hz group, suggesting disc
response varies with the frequency of loading.
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Instability. Various animal models of disc disease exist
in which the intervertebral disc is exposed to increased
instability at the motion segment promoting intervertebral
disc degeneration. Approaches to produce instability include
surgical resection of posterior elements such as facet joint
and spinous processes [41] and the fusion of an adjacent level
[52]. Miyamoto et al. [41] demonstrated that resection of
spinous processes, supraspinous and interspinous ligament,
with paravertebral muscle detachment accelerated cervical
disc degeneration in a mouse model. At 12 months following
surgical intervention the experimental group demonstrated
advanced disc degeneration with intervertebral disc material
herniation, AF disorganization, metaplasia of fibroblastic
cells in the AF into chondrocytes, loss of disc height, and
osteophyte formation.

Phillips et al. [52] reported a novel method of modeling
intervertebral disc degeneration in the rabbit by performing
simulated surgical spinal fusion at the lumbar L5–L7 level in
rabbits. Spinal fusion eliminates movement at the index level
but induces altered stresses at the adjacent mobile segments
[91, 92]. The adjacent level intervertebral discs L4-L5 and
L7-S1 demonstrated progressive disc degeneration. Annular
disorganization with loss of normal collagen bundle arrange-
ment was observed at three months. This was increased at
six months and by nine months the normal structure of the
disc had been replaced by disorganized fibrous tissue, annular
tears, and loss of chondrocytes and notochordal cells in the
NP were observed as was decreased monomeric size of the
proteoglycans. Furthermore disc space narrowing, endplate
sclerosis, and osteophyte formation were also observed in
keeping with the clinical condition.

Instability studies allow an inducible method of progres-
sive disc degeneration with many of the features observed
in the clinical condition. The time course of progression of
these models, requiring 9–12 months for the establishment of
severe disc degeneration, may preclude their usage in studies
of regenerative therapies given cost concerns.

3.3.3. Structural Models. An alternate mechanism of induc-
ing disc degeneration is directly compromising the structural
integrity of the intervertebral disc. This task can be accom-
plished by chemical or direct physical methods.

Chemonucleolysis. Various chemical agents have been inves-
tigated as potential stimuli to induce the pathophysiological
process of disc degeneration. The best described such agent,
chymopapain, was first reported in clinical use in 1964 for the
treatment of sciatica secondary to presumed disc protrusion
[93]. Chymopapain is a proteolytic enzyme derived from the
papaya latex [94] that produces disc degeneration by induc-
ing proteolytic digestion or removal of glycosaminoglycan
chains. Proteoglycan loss leads to disc height loss and altered
biomechanical stability [26].The enzyme selectively degrades
intervertebral disc proteoglycan in a dose dependent fashion
[59]. Inadequate doses may be followed by NP proteoglycan
restoration [95]. High doses have also been demonstrated to
directly produce annulus destruction in animal models [53].

Chondroitinase ABC is another enzyme demonstrated
to produce disc degeneration in animal models [96]. Chon-
droitinase causes its effect by producing degradation of
the polysaccharide side chains of the proteoglycans of the
intervertebral disc [97]. Chondroitinase ABC injection was
demonstrated to produce dose dependent intervertebral disc
degeneration in a caprine model by Hoogendoorn et al. [98].
Chondroitinase ABC injection has also been used in an ovine
model to induce intervertebral disc degeneration to enable
assessment of regenerative therapies [65].

As described above injection of enzymes leads to proteo-
glycan loss, an essential component of the pathophysiological
process of disc degeneration observed clinically. A criticism
of the chondroitinase ABC for inducing disc degeneration
is that the viability of native disc cells is largely preserved,
enabling regeneration of the extracellular matrix [99].

Physical Methods. Surgical injury to the intervertebral disc
is a well-established method of inducing disc degeneration.
Injury can be performed to the endplate, the annulus, or the
annulus and nucleus.

Endplate injury has been demonstrated in a porcine
model to produce changes consistent with disc degeneration.
Following lumbar endplate injury with a drill bit porcine
intervertebral discs were observed over a 3-month period
to demonstrate annular delamination, with reduction in
nucleus proteoglycan content, cellularity and loss of gel-like
structure [100]. Evidence of degeneration of varying degrees
of magnitude was observed seven months following injury
in a similar porcine model of endplate injury induced disc
degeneration [101].

Annular injurymodels were first described in the 1930s by
Keyes and Compere [55]. Keyes and Compere demonstrated
that annular injury with subsequent NP expulsion leads to
loss of disc height and degenerative changes at the index level.
Following these pioneering studies multiple intervertebral
disc injurymethods have been investigated for their potential
to induce disc degeneration. Broadly such methods can be
considered under the categories of partial thickness annular
injury and full thickness annular injury with nucleus involve-
ment (see Figure 2). Full thickness annular injuries have the
advantage of producing nuclear avulsion with relatively rapid
degeneration. Partial thickness injuries produce a slower
degenerative process.

Stab injuries and annulotomies have been performed in
a variety of animal models including rats [46], rabbits [20],
sheep [62], and pigs [61]. Osti et al. [62] demonstrated in an
ovine model that partial thickness annular injury, consisting
of a 5mm depth incision that left the inner annulus and NP
intact at the time of injury, would lead to progressive failure
of the inner annulus with progressive disc degeneration over
several months. Oehme et al. [63, 102] demonstrated in an
ovine model that after three months a larger (20mm ×
6mm) partial thickness annular injury resulted in signifi-
cant increased disc height loss, increased MRI Pfirrmann
degeneration scores, increased histological injury scores, and
decreased NP glycosaminoglycans in the injured discs.
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Figure 2: (a) Partial thickness annular injury. (b) Full thickness annular injury with NP involvement. AF indicates annulus fibrosus; NP
indicates nucleus pulposus.

NP

AF

(a)

NP

AF

(b)

Figure 3: (a) Ovine drill bit injured intervertebral disc demonstrating injury penetrating through the annulus into the nucleus. (b) 9.4 T
axial MRI T2 sequence demonstrating drill bit injury tract extending through AF to NP. AF indicates annulus fibrosus; NP indicates nucleus
pulposus.

Full thickness intervertebral disc injury is demonstrated
in the approach of Oehme et al. [23]. In this injury model
a simulated partial lumbar microdiscectomy was performed
by creating a 3 × 5mm annular incision in ovine discs
followed by removal of 0.2 g of intervertebral disc tissue,
including NP. 24 weeks following performance of the partial-
microdiscectomy injured and otherwise untreated interverte-
bral discs demonstrated increased disc height loss, increased
MRI Pfirrmann degeneration scores, and reducedNP proteo-
glycan content relative to controls.

A novel full thickness intervertebral disc injury caprine
model utilizing a drill bit has recently been described by
Zhang et al. [22]. The authors compared scalpel blade annu-
lotomy with insertion of a 4.5mm drill bit to a depth of
15mm. At two months the drill bit injured intervertebral
discs demonstrated significantly increased histological injury
scores relative to controls.This injurymodel has served as the
stimulus for investigation in our laboratory utilizing an ovine
model. The drill bit injury model has the advantage of pro-
ducing a highly replicable injury demonstrated in the goat to
produce disc degeneration over a two-month period. Drill bit
injury was performed by insertion of a 3.5mmdrill bit 12mm
in depth in two adjacent ovine lumbar intervertebral discs.
Sheep underwent necropsy at two months. Gross morphol-
ogy and 9.4-tesla MRI demonstrated significantly increased
injury scores in injured versus control discs (see Figure 3).

4. Involvement in Preclinical Trials

Despite the limitations of the animal models described above
suchmodels play an integral role in increasing our knowledge
and understanding of the process of disc degeneration and
in the development of novel therapies for clinical applica-
tion. Given the complex pathophysiological process of disc
degeneration with the interplay of cellular, biomechanical,
and matrix components cellular therapy is considered by
many to demonstrate the greatest potential in the treatment
of this condition.

A recent review by Oehme et al. [103] comprehensively
details the variety of preclinical and clinical trials of novel
cell-based therapies for the treatment of lumbar interverte-
bral disc degeneration. Animal models used in preclinical
trials of novel therapies include rat [47], rabbit [54], canine
[56], porcine [61], ovine [23, 78, 79], and rhesus monkeys
[104]. The vast majority of animal models described utilized
full thickness annular injury with nuclear involvement to
induce disc degeneration. As detailed above, the advantage of
this injury model is the ability to consistently induce degen-
eration at a specified time point. Cell types investigated for
regenerative potential include NP chondrocytes [56], bone
marrow derivedmesenchymal stem cells [54], and bonemar-
row derived mesenchymal precursor cells [23]. The three cell
types detailed are notable for having demonstrated the ability
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to promote intervertebral disc regeneration in preclinical
trials with subsequent progression to clinical trials/series.

4.1. Clinical Translation. The EuroDISC clinical trial [105]
investigated the transplantation of expanded autologous disc
chondrocytes in patients undergoing single level discectomy.
Interim analysis of 28 patients at 24 months revealed those
patients who received chondrocyte transplantation reported
greater pain reduction and demonstrated increased disc
fluid content on MRI compared to controls. Percutaneous
injection of expanded autologous mesenchymal stem cells in
two small noncontrolled clinical trials leads to improvedMRI
T2 signal and clinical improvement [106, 107].

Autologous bone marrowmesenchymal stem cell admin-
istration has been investigated in two small series of patients
[106, 107]. The trial of Orozco et al. [106] reported clinical
improvement in 9 of 10 patientswho received expanded autol-
ogousMSCs for treatment of low back pain with degenerative
disc disease and failure of conservative treatment. The series
of Yoshikawa et al. [107] consisted of two patients who at two
years both reported significant improvement with improved
disc hydration on MRI.

The administration of allogeneic mesenchymal precursor
cells for the treatment of back pain has been investigated in
a Phase II study [108]. A significantly greater proportion of
MPC treated patients achieved minimal residual back pain
and at least a 50% reduction in back pain. Phase III trials are
now underway.

4.2. Pain. The discussion of clinical translation raises one of
the most important considerations regarding the translation
of findings from animal models of disc degeneration, that of
pain. Disc degeneration causes the majority of its morbidity
and disability through back pain—a subjective phenomenon.
Pain is a symptom experienced by patients and is multi-
factorial in nature. The clinical observation of significant
radiological disc degeneration in the absence of significant
back pain inmany patients is suggestive of the notion that the
two are not necessarily well correlated at all times. Thus the
measures of disc degeneration employed in animal models of
disc disease such as histology and radiological degeneration
scores and macroscopic and biochemical analysis can serve
as useful markers of underlying disc degeneration but can
inform the observer to only a limited degree of the likely
disability associated with such findings.

The assessment of intervertebral disc degeneration related
pain in animalmodels is still in its relative infancy.Themajor-
ity of such research has been conducted in rodent models
[109, 110]. Pain in rodents can be assessed in three ways
[110]: observation of pain-related behaviours (e.g., increased
grooming and “wet-dog shakes” [111]), measuring functional
performance (e.g., locomotor ability assessment in mice
[109]), or determining response to mechanical or thermal
stimuli (e.g., grip strength in response to axial stretch, a possi-
blemeasure of axial low back pain). A recent study comparing
sensitivities of different pain assessment methods in a rat
model suggested hind paw mechanical sensitivity and dura-
tion of grooming as the most sensitive measures of degen-
eration induced pain [110]. Hind paw mechanical sensitivity

offers the advantage of enabling analysis of threshold changes
whereas spontaneous behavioural change may better relate
to the presence of pain and general condition of an animal
[111, 112]. Performance on functional assessments, such as
the rotarod test, also declines following lumbar intervertebral
disc injury [46].

The assessment of pain in small animal models is imper-
fect but greatly increases our power to investigate the under-
lying pathophysiology of intervertebral disc degeneration
related pain.

5. Conclusions

The complexity of the human intervertebral disc bares repe-
tition. Given this inherent complexity no animal model will
perfectly replicate the clinical condition. The best that can be
hoped for is to mimic as closely as possible the clinical con-
dition of degenerative disc disease. Important considerations
in choosing an appropriate animal model are the absence of
notochordal cells, animal and intervertebral disc size relative
to humans, biomechanical forces acting upon the interverte-
bral disc,mechanistic concerns (i.e.,mechanical injury versus
chemical injury), and ethical considerations. Nonhuman
primates closely match the clinical condition with regard to
many of the physical and mechanistic criteria, particularly
given the demonstration of spontaneous intervertebral disc
degeneration in baboons and macaques. However, ethical
considerations should preclude their widespread utilization.

The ovine model of disc disease possesses many desirable
characteristics when considering the ideal intervertebral
discs model: absence of notochordal cells, similar body mass
to humans, and similar biomechanical forces acting upon the
intervertebral disc. A major potential criticism of this model
is the quadrupedal rather than bipedal nature of sheep.As dis-
cussed previously biomechanical studies have indicated that
the ovine and human lumbar spines have good comparability
in many biomechanical properties [113] in spite of the quad-
rupedal/bipedal dichotomy.

Certain questions will remain unanswerable in large
animalmodels without significant advances in technology. As
such, a role for small animal models will continue, particu-
larly in the investigation of the action of specific gene products
in disc degeneration through the use of genetically modified/
knockout mice.

The variety of methods of inducing disc degeneration is
even broader than the variation in animal models. Sponta-
neous models of disc degeneration, such as the chondrodys-
trophic dog and primate, aremost likely to parallel the clinical
condition in terms of underlyingmechanism and time frame.
However, the variability of onset and prolonged time course
of the degenerative process renders such models difficult to
utilize in many contexts. Investigation of regenerative thera-
pies, for example, would be rendered exceptionally difficult
if an investigator were to wait for all animals scheduled for
investigation to spontaneously develop an appropriate degree
of degeneration. For investigations of regenerative therapies
it is thus likely that methods of inducing structural injury will
be themost utilized as these enable instantaneous production
of a replicable injury at a defined time point.
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In conclusion no animal model will mimic the clini-
cal condition of disc degeneration with complete fidelity.
This is due to the complexity of clinical intervertebral disc
degeneration and the immense influence of the subjective
phenomena of pain in determining patient outcomes. Animal
models will continue to play an essential role in refining our
understanding of the pathophysiology of disc degeneration,
developing novel therapies for this condition, and ultimately
translating such therapies to the clinic.
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[2] K. Luoma,H. Riihimäki, R. Luukkonen, R. Raininko, E. Viikari-
Juntura, and A. Lamminen, “Low back pain in relation to
lumbar disc degeneration,” Spine, vol. 25, no. 4, pp. 487–492,
2000.

[3] M. D. Humzah and R. W. Soames, “Human intervertebral disc:
structure and function,” Anatomical Record, vol. 220, no. 4, pp.
337–356, 1988.

[4] F. Marchand and A. M. Ahmed, “Investigation of the laminate
structure of lumbar disc anulus fibrosus,” Spine, vol. 15, no. 5,
pp. 402–410, 1990.

[5] P. Colombier, J. Clouet, O. Hamel, L. Lescaudron, and J.
Guicheux, “The lumbar intervertebral disc: from embryonic
development to degeneration,” Joint Bone Spine, vol. 81, no. 2,
pp. 125–129, 2014.

[6] A. J. Freemont, “The cellular pathobiology of the degenerate
intervertebral disc and discogenic back pain,” Rheumatology,
vol. 48, no. 1, pp. 5–10, 2009.

[7] M. A. Adams and P. J. Roughley, “What is intervertebral disc
degeneration, andwhat causes it?” Spine, vol. 31, no. 18, pp. 2151–
2161, 2006.

[8] L. A. Setton and J. Chen, “Mechanobiology of the intervertebral
disc and relevance to disc degeneration,”The Journal of Bone &
Joint Surgery—American Volume, vol. 88, supplement 2, pp. 52–
57, 2006.

[9] W. Johannessen, E. J. Vresilovic, A. C. Wright, and D. M.
Elliott, “Intervertebral disc mechanics are restored following
cyclic loading and unloaded recovery,” Annals of Biomedical
Engineering, vol. 32, no. 1, pp. 70–76, 2004.

[10] S. R. Pye, D.M. Reid, J. E. Adams, A. J. Silman, andT.W.O’Neill,
“Influence of weight, body mass index and lifestyle factors on
radiographic features of lumbar disc degeneration,” Annals of
the Rheumatic Diseases, vol. 66, no. 3, pp. 426–427, 2007.

[11] C. L. Le Maitre, A. J. Freemont, and J. A. Hoyland, “Accelerated
cellular senescence in degenerate intervertebral discs: a possible

role in the pathogenesis of intervertebral disc degeneration,”
Arthritis Research andTherapy, vol. 9, no. 3, article R45, 2007.

[12] J. P. G. Urban and S. Roberts, “Degeneration of the interverte-
bral disc,” Arthritis Research and Therapy, vol. 5, no. 3, pp. 120–
130, 2003.

[13] C. L. LeMaitre, A. Pockert, D. J. Buttle, A. J. Freemont, and J. A.
Hoyland, “Matrix synthesis and degradation in human interver-
tebral disc degeneration,” Biochemical Society Transactions, vol.
35, part 4, pp. 652–655, 2007.

[14] R. J. Moore, B. Vernon-Roberts, R. D. Fraser, O. L. Osti,
and M. Schembri, “The origin and fate of herniated lumbar
intervertebral disc tissue,” Spine, vol. 21, no. 18, pp. 2149–2155,
1996.

[15] B. Peng, W. Wu, S. Hou, P. Li, C. Zhang, and Y. Yang, “The
pathogenesis of discogenic low back pain,”The Journal of Bone
& Joint Surgery—British Volume, vol. 87, no. 1, pp. 62–67, 2005.

[16] C. Liang, H. Li, Y. Tao et al., “New hypothesis of chronic
back pain: low pH promotes nerve ingrowth into damaged
intervertebral disks,” Acta Anaesthesiologica Scandinavica, vol.
57, no. 3, pp. 271–277, 2013.

[17] P.-P. A. Vergroesen, I. Kingma, K. S. Emanuel et al., “Mechanics
and biology in intervertebral disc degeneration: a vicious circle,”
Osteoarthritis and Cartilage, vol. 23, no. 7, pp. 1057–1070, 2015.

[18] J. Sahlman, R. Inkinen, T. Hirvonen et al., “Premature vertebral
endplate ossification and mild disc degeneration in mice after
inactivation of one allele belonging to the Col2a1 gene for type
II collagen,” Spine, vol. 26, no. 23, pp. 2558–2565, 2001.

[19] J. H. Jeong, J. H. Lee, E. S. Jin, J. K. Min, S. R. Jeon, and
K. H. Choi, “Regeneration of intervertebral discs in a rat
disc degeneration model by implanted adipose-tissue-derived
stromal cells,” Acta Neurochirurgica, vol. 152, no. 10, pp. 1771–
1777, 2010.

[20] K. Masuda, Y. Aota, C. Muehleman et al., “A novel rabbit model
of mild, reproducible disc degeneration by an anulus needle
puncture: Correlation between the degree of disc injury and
radiological and histological appearances of disc degeneration,”
Spine, vol. 30, no. 1, pp. 5–14, 2005.

[21] N. Bergknut, J. P. H. J. Rutges, H.-J. C. Kranenburg et al., “The
dog as an animal model for intervertebral disc degeneration?”
Spine, vol. 37, no. 5, pp. 351–358, 2012.

[22] Y. Zhang, S. Drapeau, H. S. An, D. Markova, B. A. Lenart,
and D. G. Anderson, “Histological features of the degenerating
intervertebral disc in a goat disc-injury model,” Spine, vol. 36,
no. 19, pp. 1519–1527, 2011.

[23] D. Oehme, P. Ghosh, S. Shimmon et al., “Mesenchymal progen-
itor cells combined with pentosan polysulfate mediating disc
regeneration at the time of microdiscectomy: a preliminary
study in an ovine model,” Journal of Neurosurgery Spine, vol. 20,
no. 6, pp. 657–669, 2014.

[24] W. C. Lauerman, R. C. Platenberg, J. E. Cain, and V. F. X.
Deeney, “Age-related disk degeneration: preliminary report of a
naturally occurring baboon model,” Journal of Spinal Disorders,
vol. 5, no. 2, pp. 170–174, 1992.

[25] R. C. Platenberg, G. B. Hubbard, W. J. Ehler, and C. J. Hixson,
“Spontaneous disc degeneration in the baboonmodel:magnetic
resonance imaging and histopathologic correlation,” Journal of
Medical Primatology, vol. 30, no. 5, pp. 268–272, 2001.

[26] M.Alini, S.M. Eisenstein, K. Ito et al., “Are animalmodels useful
for studying human disc disorders/degeneration?,” European
Spine Journal, vol. 17, no. 1, pp. 2–19, 2008.



64

12 BioMed Research International

[27] D. J. Aguiar, S. L. Johnson, and T. R. Oegema Jr., “Notochordal
cells interact with nucleus pulposus cells: Regulation of proteo-
glycan synthesis,” Experimental Cell Research, vol. 246, no. 1, pp.
129–137, 1999.

[28] T. R. Oegema, S. L. Johnson, D. J. Aguiar, and J. W. Ogilvie,
“Fibronectin and its fragments increase with degeneration in
the human intervertebral disc,” Spine, vol. 25, no. 21, pp. 2742–
2747, 2000.

[29] J. W. Stevens, G. L. Kurriger, A. S. Carter, and J. A. Maynard,
“CD44 expression in the developing and growing rat interverte-
bral disc,”Developmental Dynamics, vol. 219, no. 3, pp. 381–390,
2000.

[30] S. Sobajima, J. F. Kompel, J. S. Kim et al., “A slowly progressive
and reproducible animal model of intervertebral disc degenera-
tion characterized by MRI, X-ray, and histology,” Spine, vol. 30,
no. 1, pp. 15–24, 2005.

[31] J. C. Lotz and J. R. Chin, “Intervertebral disc cell death is
dependent on the magnitude and duration of spinal loading,”
Spine, vol. 25, no. 12, pp. 1477–1483, 2000.

[32] T. Yurube, H. Hirata, K. Kakutani et al., “Notochordal cell
disappearance and modes of apoptotic cell death in a rat tail
static compression-induced disc degeneration model,” Arthritis
Research andTherapy, vol. 16, article R31, 2014.

[33] H. E. Gruber and E. N. Hanley, “Analysis of aging and degener-
ation of the human intervertebral disc. Comparison of surgical
specimens with normal controls,” Spine, vol. 23, no. 7, pp. 751–
757, 1998.

[34] G. D. O’Connell, E. J. Vresilovic, andD.M. Elliott, “Comparison
of animals used in disc research to human lumbar disc geome-
try,” Spine, vol. 32, no. 3, pp. 328–333, 2007.

[35] K. D. K. Luk, D. K. Ruan, D. H. K. Chow, and J. C. Y. Leong,
“Intervertebral disc autografting in a bipedal animal model,”
Clinical Orthopaedics and Related Research, no. 337, pp. 13–26,
1997.

[36] C. W. Goff and W. Landmesser, “Bipedal rats and mice,” The
Journal of Bone & Joint Surgery—American Volume, vol. 39, no.
3, pp. 616–622, 1957.

[37] H.-J. Wilke, A. Rohlmann, S. Neller, F. Graichen, L. Claes,
and G. Bergmannt, “ISSLS prize winner: a novel approach to
determine trunk muscle forces during flexion and extension:
a comparison of data from an in vitro experiment and in vivo
measurements,” Spine, vol. 28, no. 23, pp. 2585–2593, 2003.

[38] T. Kimura, K. Nakata, N. Tsumaki et al., “Progressive degener-
ation of articular cartilage and intervertebral discs: an exper-
imental study in transgenic mice bearing a type IX collagen
mutation,” International Orthopaedics, vol. 20, no. 3, pp. 177–181,
1996.

[39] C.Court,O.K.Colliou, J. R. Chin, E. Liebenberg,D. S. Bradford,
and J. C. Lotz, “The effect of static in vivo bending on themurine
intervertebral disc,” Spine Journal, vol. 1, no. 4, pp. 239–245,
2001.

[40] M. Higuchi, K. abe, and K. Kaneda, “Changes in the nucleus
pulposus of the intervertebral disc in bipedal mice: a light and
electron microscopic study,” Clinical Orthopaedics and Related
Research, vol. 175, article 251, 1983.

[41] S.Miyamoto, K. Yonenobu, and K. Ono, “Experimental cervical
spondylosis in the mouse,” Spine, vol. 16, pp. S495–S500, 1991.

[42] R. E. Hammer, S. D. Maika, J. A. Richardson, J.-P. Tang, and
J. D. Taurog, “Spontaneous inflammatory disease in transgenic
rats expressing HLA-B27 and human 𝛽𝛽2m: an animal model of
HLA-B27-associated human disorders,” Cell, vol. 63, no. 5, pp.
1099–1112, 1990.

[43] K. Lindblom, “Intervertebral-disc degeneration considered as
a pressure atrophy,” The Journal of Bone and Joint Surgery.
American, vol. 39, no. 4, pp. 933–945, 1957.

[44] J. C. Iatridis, P. L. Mente, I. A. F. Stokes, D. D. Aronsson, and
M. Alini, “Compression-induced changes in intervertebral disc
properties in a rat tail model,” Spine, vol. 24, no. 10, pp. 996–
1002, 1999.

[45] C. T. S. Ching, D. H. K. Chow, F. Y. D. Yao, and A. D. Holmes,
“The effect of cyclic compression on the mechanical properties
of the inter-vertebral disc: an in vivo study in a rat tail model,”
Clinical Biomechanics, vol. 18, no. 3, pp. 182–189, 2003.

[46] M.-A. A. Rousseau, J. A. Ulrich, E. C. Bass, A. G. Rodriguez, J.
J. Liu, and J. C. Lotz, “Stab incision for inducing intervertebral
disc degeneration in the rat,” Spine, vol. 32, no. 1, pp. 17–24, 2007.

[47] J. H. Jeong, E. S. Jin, J. K. Min et al., “Human mesenchymal
stem cells implantation into the degenerated coccygeal disc of
the rat,” Cytotechnology, vol. 59, no. 1, pp. 55–64, 2009.

[48] R. Silberberg, M. Aufdermaur, and J. H. Adler, “Degeneration
of the intervertebral disks and spondylosis in aging sand rats,”
Archives of Pathology and Laboratory Medicine, vol. 103, no. 5,
pp. 231–235, 1979.

[49] H. E. Gruber, T. Johnson, H. J. Norton, and E. N. Hanley
Jr., “The sand rat model for disc degeneration: radiologic
characterization of age-related changes: cross-sectional and
prospective analyses,” Spine, vol. 27, no. 3, pp. 230–234, 2002.

[50] R.W.Moskowitz, I. Ziv, C.W. Denko, B. Boja, P. K. Jones, and J.
H. Adler, “Spondylosis in sand rats: a model of intervertebral
disc degeneration and hyperostosis,” Journal of Orthopaedic
Research, vol. 8, no. 3, pp. 401–411, 1990.

[51] M. W. Kroeber, F. Unglaub, H. Wang et al., “New in vivo
animal model to create intervertebral disc degeneration and to
investigate the effects of therapeutic strategies to stimulate disc
regeneration,” Spine, vol. 27, no. 23, pp. 2684–2690, 2002.

[52] F. M. Phillips, J. Reuben, and F. T. Wetzel, “Intervertebral disc
degeneration adjacent to a lumbar fusion,” Journal of Bone and
Joint Surgery B, vol. 84, no. 2, pp. 289–294, 2002.

[53] D. P. Kiester, J. M. Williams, G. B. J. Andersson, E. J. M.
A. Thonar, and T. W. McNeill, “The dose-related effect of
intradiscal chymopapain on rabbit intervertebral discs,” Spine,
vol. 19, no. 7, pp. 747–751, 1994.

[54] D. Sakai, J. Mochida, T. Iwashina et al., “Differentiation of
mesenchymal stem cells transplanted to a rabbit degenerative
disc model: potential and limitations for stem cell therapy in
disc regeneration,” Spine, vol. 30, no. 21, pp. 2379–2387, 2005.

[55] D. C. Keyes and E. L. Compere, “The normal and pathological
physiology of the nucleus pulposus of the intervertebral disc,”
The Journal of Bone & Joint Surgery—American Volume, vol. 14,
no. 4, pp. 897–938, 1932.

[56] C. Hohaus, T. M. Ganey, Y. Minkus, and H. J. Meisel, “Cell
transplantation in lumbar spine disc degeneration disease,”
European Spine Journal, vol. 17, supplement 4, pp. 492–503,
2008.

[57] N. A. Gillett, R. Gerlach, J. J. Cassidy, and S. A. Brown, “Age-
related changes in the beagle spine,” Acta Orthopaedica, vol. 59,
no. 5, pp. 503–507, 1988.

[58] K. Serigano, D. Sakai, A. Hiyama, F. Tamura, M. Tanaka, and
J. Mochida, “Effect of cell number on mesenchymal stem cell
transplantation in a canine disc degeneration model,” Journal of
Orthopaedic Research, vol. 28, no. 10, pp. 1267–1275, 2010.

[59] J. Melrose, T. K. F. Taylor, P. Ghosh, C. Holbert, C. Macpherson,
and C. R. Bellenger, “Intervertebral disc reconstitution after



65

BioMed Research International 13

chemonucleolysis with chymopapain is dependent on dosage:
an experimental study in beagle dogs,” Spine, vol. 21, no. 1, pp.
9–17, 1996.

[60] R. J.W. Hoogendoorn, M. N. Helder, R. J. Kroeze, R. A. Bank, T.
H. Smit, and P. I. J. M. Wuisman, “Reproducible long-term disc
degeneration in a large animal model,” Spine, vol. 33, no. 9, pp.
949–954, 2008.

[61] F. L. Acosta Jr., L. Metz, H. D. Adkisson et al., “Porcine
intervertebral disc repair using allogeneic juvenile articular
chondrocytes or mesenchymal stem cells,” Tissue Engineering—
Part A, vol. 17, no. 23-24, pp. 3045–3055, 2011.

[62] O. L. Osti, B. Vernon-Roberts, and R. D. Fraser, “Anulus tears
and intervertebral disc degeneration: an experimental study
using an animal model,” Spine, vol. 15, no. 8, pp. 762–767, 1990.

[63] D.Oehme, T.Goldschlager, S. Shimon, and J.Wu, “Radiological,
morphological, histological and biochemical changes of lumbar
discs in an animal model of disc degeneration suitable for
evaluating the potential regenerative capacity of novel biological
agents,” Journal of Tissue Science & Engineering, vol. 6, article
153, 2015.

[64] J. Melrose, C. Shu, C. Young et al., “Mechanical destabilization
induced by controlled annular incision of the intervertebral
disc dysregulatesmetalloproteinase expression and induces disc
degeneration,” Spine, vol. 37, no. 1, pp. 18–25, 2012.

[65] P. Ghosh, R.Moore, B. Vernon-Roberts et al., “Immunoselected
STRO-3+ mesenchymal precursor cells and restoration of the
extracellular matrix of degenerate intervertebral discs: labora-
tory investigation,” Journal of Neurosurgery: Spine, vol. 16, no. 5,
pp. 479–488, 2012.

[66] D. J. Nuckley, P. A. Kramer, A. Del Rosario, N. Fabro, S. Baran,
and R. P. Ching, “Intervertebral disc degeneration in a naturally
occurring primate model: radiographic and biomechanical
evidence,” Journal of Orthopaedic Research, vol. 26, no. 9, pp.
1283–1288, 2008.

[67] W. E. Stern and W. F. Coulson, “Effects of collagenase upon the
intervertebral disc inmonkeys,” Journal ofNeurosurgery, vol. 44,
no. 1, pp. 32–44, 1976.

[68] F. Wei, R. Zhong, Z. Zhou et al., “In vivo experimental
intervertebral disc degeneration induced by bleomycin in the
rhesus monkey,” BMCMusculoskeletal Disorders, vol. 15, article
340, 2014.

[69] A. S. Bailey, F. Adler, S.Min Lai, andM.A.Asher, “A comparison
between bipedal and quadrupedal rats: do bipedal rats actually
assume an upright posture?” Spine, vol. 26, no. 14, pp. E308–
E313, 2001.

[70] J. P. Norcross, G. E. Lester, P. Weinhold, and L. E. Dahners,
“An in vivo model of degenerative disc disease,” Journal of
Orthopaedic Research, vol. 21, no. 1, pp. 183–188, 2003.

[71] T. Miyamoto, T. Muneta, T. Tabuchi et al., “Intradiscal trans-
plantation of synovial mesenchymal stem cells prevents inter-
vertebral disc degeneration through suppression of matrix
metalloproteinase-related genes in nucleus pulposus cells in
rabbits,” Arthritis Research and Therapy, vol. 12, no. 6, article
R206, 2010.

[72] H.-J. Wilke, A. Kettler, K. H.Wenger, and L. E. Claes, “Anatomy
of the sheep spine and its comparison to the human spine,”
Anatomical Record, vol. 247, no. 4, pp. 542–555, 1997.

[73] T. H. Smit, “The use of a quadruped as an in vivo model for the
study of the spine—biomechanical considerations,” European
Spine Journal, vol. 11, no. 2, pp. 137–144, 2002.

[74] R. J. W. Hoogendoorn, M. N. Helder, T. H. Smit, and P. I. J. M.
Wuisman, “Notochordal cells in mature caprine intervertebral
discs,” European Cells and Materials, vol. 10, no. 3, p. 59, 2005.

[75] C. J. Hunter, J. R. Matyas, and N. A. Duncan, “Cytomorphology
of notochordal and chondrocytic cells from the nucleus pulpo-
sus: a species comparison,” Journal of Anatomy, vol. 205, no. 5,
pp. 357–362, 2004.

[76] H. J. Wilke, A. Kettler, and L. E. Claes, “Are sheep spines a valid
biomechanical model for human spines?” Spine, vol. 22, no. 20,
pp. 2365–2374, 1997.

[77] T. Goldschlager, J. V. Rosenfeld, P. Ghosh et al., “Cervical inter-
body fusion is enhanced by allogeneic mesenchymal precursor
cells in an ovine model,” Spine, vol. 36, no. 8, pp. 615–623, 2011.

[78] T. Goldschlager, P. Ghosh, A. Zannettino et al., “A comparison
of mesenchymal precursor cells and amnion epithelial cells
for enhancing cervical interbody fusion in an ovine model,”
Neurosurgery, vol. 68, no. 4, pp. 1025–1035, 2011.

[79] T. Goldschlager, P. Ghosh, A. Zannettino et al., “Cervical
motion preservation using mesenchymal progenitor cells and
pentosan polysulfate, a novel chondrogenic agent: preliminary
study in an ovine model,” Neurosurgical Focus, vol. 28, no. 6,
article E4, 2010.

[80] G. W. Omlor, A. G. Nerlich, H.-J. Wilke et al., “A new porcine
in vivo animal model of disc degeneration: response of anulus
fibrosus cells, chondrocyte-like nucleus pulposus cells, and
notochordal nucleus pulposus cells to partial nucleotomy,”
Spine, vol. 34, no. 25, pp. 2730–2739, 2009.

[81] P. Ghosh, R.Moore, B. Vernon-Roberts et al., “Immunoselected
STRO-3+ mesenchymal precursor cells and restoration of the
extracellular matrix of degenerate intervertebral discs,” Journal
of Neurosurgery: Spine, vol. 16, no. 5, pp. 479–488, 2012.

[82] D. Sakai, J. Mochida, T. Iwashina et al., “Regenerative effects of
transplanting mesenchymal stem cells embedded in atelocolla-
gen to the degenerated intervertebral disc,” Biomaterials, vol. 27,
no. 3, pp. 335–345, 2006.

[83] J. C. Lotz, “Animal models of intervertebral disc degeneration:
lessons learned,” Spine, vol. 29, no. 23, pp. 2742–2750, 2004.

[84] K. Singh, K. Masuda, and H. S. An, “Animal models for human
disc degeneration,”The Spine Journal, vol. 5, no. 6, 2005.

[85] R. Silberberg, “Histologic and morphometric observations on
vertebral bone of aging sand rats,” Spine, vol. 13, no. 2, pp. 202–
208, 1988.

[86] H. E. Gruber, T. L. Johnson, K. Leslie et al., “Autologous
intervertebral disc cell implantation: amodel usingPsammomys
obesus, the sand rat,” Spine, vol. 27, no. 15, pp. 1626–1633, 2002.

[87] C. W. A. Pfirrmann, A. Metzdorf, M. Zanetti, J. Hodler, and
N. Boos, “Magnetic resonance classification of lumbar inter-
vertebral disc degeneration,” Spine, vol. 26, no. 17, pp. 1873–1878,
2001.

[88] N. Bergknut, E. Auriemma, S. Wijsman et al., “Evaluation
of intervertebral disk degeneration in chondrodystrophic and
nonchondrodystrophic dogs by use of Pfirrmann grading of
images obtained with low-field magnetic resonance imaging,”
American Journal of Veterinary Research, vol. 72, no. 7, pp. 893–
898, 2011.

[89] J. L. Kelsey, P. B. Githens, T. O’Conner et al., “Acute prolapsed
lumbar intervertebral disc. An epidemiologic study with special
reference to driving automobiles and cigarette smoking,” Spine,
vol. 9, no. 6, pp. 608–613, 1984.

[90] K. Yamada, “The dynamics of experimental posture. Exper-
imental study of intervertebral disk herniation in bipedal
animals,” Clinical Orthopaedics, vol. 25, pp. 20–31, 1962.



66

14 BioMed Research International

[91] C. K. Lee and N. A. Langrana, “Lumbosacral spinal fusion a
biomechanical study,” Spine, vol. 9, no. 6, pp. 574–581, 1984.

[92] R. C. Quinnell and H. R. Stockdale, “Some experimental
observations of the influence of a single lumbar floating fusion
on the remaining lumbar spine,” Spine, vol. 6, no. 3, pp. 263–267,
1981.

[93] L. Smith, “Enzyme dissolution of the nucleus pulposus in
humans,”The Journal of the American Medical Association, vol.
187, no. 2, pp. 137–140, 1964.

[94] L. Smith and J. E. Brown, “Treatment of lumbar intervertebral
disc lesions by direct injection of chymopapain,”The Journal of
Bone& Joint Surgery—BritishVolume, vol. 49, no. 3, pp. 502–519,
1967.

[95] D. S. Bradford, T. R. Oegema Jr., K. M. Cooper, K. Wakano, and
E. Y. Chao, “Chymopapain, chemonucleolysis, and nucleus pul-
posus regeneration. A biochemical and biomechanical study,”
Spine, vol. 9, no. 2, pp. 135–147, 1984.

[96] M. Sakuma, N. Fujii, T. Takahashi, J. Hoshino, S. Miyauchi, and
H. Iwata, “Effect of chondroitinase ABC on matrix metallopro-
teinases and inflammatory mediators produced by interverte-
bral disc of rabbit in vitro,” Spine, vol. 27, no. 6, pp. 576–580,
2002.

[97] NC-IUBMB, Enzyme Nomenclature 1992: Recommendations
of the Nomenclature Committee of the International Union of
Biochemistry and Molecular Biology on the Nomenclature and
Classification of Enzymes, Academic Press, San Diego, Calif,
USA, 1992.

[98] R. J. Hoogendoorn, P. I. Wuisman, T. H. Smit, V. E. Everts, and
M. N. Helder, “Experimental intervertebral disc degeneration
induced by chondroitinase ABC in the goat,” Spine, vol. 32, no.
17, pp. 1816–1825, 2007.

[99] D. Oehme, P. Ghosh, T. Goldschlager et al., “Reconstitution of
degenerated ovine lumbar discs by STRO-3–positive allogeneic
mesenchymal precursor cells combined with pentosan polysul-
fate,” Journal of Neurosurgery: Spine, vol. 24, no. 5, pp. 715–726,
2016.

[100] S. Holm, A. K. Holm, L. Ekström, A. Karladani, and T.
Hansson, “Experimental disc degeneration due to endplate
injury,” Journal of Spinal Disorders and Techniques, vol. 17, no.
1, pp. 64–71, 2004.

[101] G. Cinotti, C. D. Rocca, S. Romeo, F. Vittur, R. Toffanin, and G.
Trasimeni, “Degenerative changes of porcine intervertebral disc
induced by vertebral endplate injuries,” Spine, vol. 30, no. 2, pp.
174–180, 2005.

[102] D. Oehme, T. Goldschlager, J. Rosenfeld et al., “Lateral surgical
approach to lumbar intervertebral discs in an ovine model,”
ScientificWorldJournal, vol. 2012, Article ID 873726, 8 pages,
2012.

[103] D. Oehme, T. Goldschlager, P. Ghosh, J. V. Rosenfeld, and G.
Jenkin, “Cell-based therapies used to treat lumbar degenerative
disc disease: a systematic review of animal studies and human
clinical trials,” Stem Cells International, vol. 2015, no. 2, pp.
946031–946016, 2015.

[104] K. D. K. Luk, D. K. Ruan, D. S. Lu, and Z. Q. Fei, “Fresh frozen
intervertebral disc allografting in a bipedal animal model,”
Spine, vol. 28, no. 9, pp. 864–870, 2003.

[105] H. J. Meisel, V. Siodla, T. Ganey, Y. Minkus, W. C. Hutton, and
O. J. Alasevic, “Clinical experience in cell-based therapeutics:
disc chondrocyte transplantation: a treatment for degenerated
or damaged intervertebral disc,” Biomolecular Engineering, vol.
24, no. 1, pp. 5–21, 2007.

[106] L. Orozco, R. Soler, C. Morera, M. Alberca, A. Sánchez, and
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Chapter 2. Materials and Methods  
This chapter presents the structural outline of the thesis as well as detailed descriptions of the material 

and method used to perform and analyse the experiments described in the following chapters. 

Materials and methods specific to individual experiments are discussed in each experimental chapter. 

Included in this chapter is a manuscript published in the Journal of Visualized Experiments (JoVE), 

“Ovine Lumbar Intervertebral Disc Degeneration Model Utilizing a Lateral Retroperitoneal Drill Bit 

Injury,” describing the pre-operative care, anaesthetic and post-operative care and surgical technique 

to approach the lumbar intervertebral disc and perform the drill bit injury. The candidate, Chris Daly, 

contributed to the experimental design, writing of the manuscript, revision of the manuscript and starred 

in the accompanying video. Proportional contribution of co-authors are explained in the signed 

declarations on page xvi. 

The description of materials and methods is divided into pre-clinical and clinical components in keeping 

with the structure of this thesis. 
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2.1. Purpose 

The purpose of this thesis is to re-engineer lumbar discectomy surgery through a combination of pre-

clinical and clinical initiatives. As the translation of preclinical research to clinical application was 

always the intention, the methodology of the preclinical work employed closely relates to contemporary 

surgical practice. The inclusion of clinical studies provides for an immediate application and positive 

impact on patients undergoing lumbar discectomy surgery. 

2.2. Study Design 

The experimental design of this thesis is thus divided into preclinical and clinical components. The initial 

preclinical investigation was performed in order to identify and characterize a suitable large animal 

model of the post discectomy lumbar intervertebral disc. Expanding on this initial study, the second 

preclinical investigation utilizes the same annulotomy discectomy injury model in order to assess the 

safety and efficacy of pentosan polysulfate (PPS) primed allogeneic mesenchymal progenitor cells 

(pMPC) to regenerative lumbar intervertebral discs following lumbar discectomy.  

The first clinical component of the thesis consists of a survey used to establish the prevailing lumbar 

discectomy peri-operative practices amongst Australasian spine surgeons. The final clinical 

experimental chapter describes the protocol of a randomised clinical trial to assess the role and impact 

of post-operative activity restrictions in contemporary clinical practice. More detailed experimental 

protocols are outlined in the respective chapters.  

2.3. Mesenchymal Progenitor Cells (MPC) 

2.3.1. MPC Manufacturing Process 

The ovine STRO-3+ Mesenchymal Progenitor Cells used in the experiments in Chapter 4 were 

generously provided by the laboratory of Professor Andrew Zannettino from the University of Adelaide. 

A stock batch of the ovine MPCs used for these studies were prepared from iliac crest bone marrow 

aspirates of adult Border Leicester Merino crossbred sheep, screened for mycoplasma and other ovine 

pathogens using our published procedures (1). In brief, the mononuclear cell fraction cells were 

separated from other cells using density gradient centrifugation (2). The mononuclear cell fractions 

were transported on ice to the MPC isolation facility. MPCs were isolated using immunoselection with 

monoclonal antibodies to STRO-3+ in combination with magnetic cell sorting using IgG conjugated 

magnetic Dynabeads(3). The MPCs were then expanded to passage five (P5). The lineage authenticity 

of these MPCs was confirmed using multilineage differentiation assays and flow cytometry, 

demonstrating that the MPCs expressed the characteristic MSC markers CD73, CD90, CD105, CD44 

and CD 146, but exhibited low expression of the haemopoietic and vascular endothelial markers: 

CD14, CD34 and CD45. Following culture, total cell count and cell viability were determined and 
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MPCs were suspended in cryopreservative medium (42.5% ProFreeze/7.5% DMSO/50% Alpha MEM) 

to the required concentration, cryopreserved, and stored in the vapour phase of a long-term liquid 

nitrogen until the time of use.  

2.3.2. Priming of MPCs 

Cells were thawed and viability confirmed as described in section 2.3.4. 1 x106 MPCs were seeded into 

24 well plates and incubated with high glucose DMEM (Dulbecco’s Modified Eagle Medium) 

containing 5μg/ml PPS for 24 hours. Following 24 hours of culture, media was removed from all wells 

and cells were washed twice with Phosphate Buffered Saline (PBS). Total cell count and viability were 

again confirmed as described below. The PPS primed MPCs (pMPC) were then suspended in 

cryopreservative medium (42.5% ProFreeze/7.5% DMSO/50% Alpha MEM) to the required 

concentration, cryopreserved, and stored in the vapour phase of a long-term liquid nitrogen until the 

time of use. This protocol is described in more detail in Wu et al.(4) in Appendix 1.  

2.3.3. Preparation of MPCs Prior to Administration  

Frozen MPCs and pMPCs were transferred to the surgical facility (Monash Animal Services) and vials 

were rapidly thawed in a 37ºC water bath immediately prior to administration. Vials were checked for 

damage or leakage. Cell preparations were inspected for cell clumping, discolouration or cloudiness 

and, if present, the cells were discarded. 

Cell viability and number were determined using a Neubauer haemocytometer in the following manner. 

After thawing the vials, 10 μL of MPC solution was diluted in 10 μL of 0.4% (v/v) trypan blue solution. A 

glass cover was placed over the haemacytometer chamber. 10 μL of the MPC/trypan blue solution 

was pipetted into each side of the haemacytometer chamber. Using a microscope with a 10x ocular 

lens, a live/dead cell count was performed. The number of cells per mL and the total number of cells in 

the original culture was calculated. If cell counts did not fall within +/-25% of that specified on the 

ampoule label, the vial was discarded. Percentage viability was calculated. If the cell viability was less 

than 85% a replacement ampoule was used.  

2.4. Cell Carriers and Cell Delivery Vehicles 

The cell carriers and delivery vehicles utilized in the preclinical trial described in Chapter 4 were 

selected due to their pre-existing clinical approval and experimental evidence demonstrating the ability 

to promote intervertebral disc regeneration(6). Pre-existing clinical approval was deemed essential to 

facilitate clinical translation.  

Pentosan Polysulfate (PPS): Supplied by Bene Pharmachem Gmb H & Co, Geretscried, Germany.  
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Gelfoam® absorbable gelatin sponge: Supplied by Pharmacia & Upjohn Co, division of Pfizer Inc, 

New York, USA. Stored at sterile at room temperature until use.  

Tisseel® fibrin glue: Supplied by Baxter Ltd Australia. Produced by Baxter Healthcare Corporation 

Westlake Village, CA, USA. Stored frozen at -20°C until thawed for immediate use.  

2.5. Experimental Animals 

2.5.1. Animal Type 

Species: Ovis Aries (sheep) 

Strain: Border-Leicester Merino crossbred sheep 

Source: Monash Animal Research Platform, Monash University, 246 Clayton Rd, Clayton, Vic, AUS 

Gender: Female 

Age: 2 – 4 years of age 

Weight: The weight range of the sheep was from 55-75kg.  

Identification: The sheep were ear tagged for identification, and tag identification numbers were 

recorded on all study related documentation. 

2.5.2. Animal Husbandry, Housing and Diet 

All animal experiments were conducted at Monash Animal Services, Monash University Clayton, 

Victoria, Australia. At all times sheep were under the supervision of suitably experienced and qualified 

animal house staff, including a qualified veterinary surgeon. All sheep were open pasture raised and 

freely ambulating prior to the trial. Animals underwent comprehensive veterinary review prior to inclusion 

in the study and acclimatised at Monash Animal Services for a period of two weeks prior to surgical 

intervention. After surgical intervention, animals were held for observation for up to one week in deep 

litter pens. Water was available ad libitum and sheep were fed Lucerne hay twice weekly with grass 

hay provided on all other days. Once the animals were deemed sufficiently recovered from surgery they 

were transferred to Monash Animal Services Churchill Gippsland Campus and placed in pastures. 

2.6. Surgical Procedure 

The following manuscript published in the Journal of Visualized Experiments (JoVE), “Ovine Lumbar 

Intervertebral Disc Degeneration Model Utilizing a Lateral Retroperitoneal Drill Bit Injury” 

describes the pre-operative care, anaesthetic protocol, post-operative care and surgical technique 
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used to approach the lumbar intervertebral disc and perform the drill bit injury. The same surgical 

approach to the intervertebral disc was utilised to perform the annulotomy injury model. The surgical 

technique used to perform the annulotomy injury is described following the JoVE manuscript.
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Abstract

Intervertebral disc degeneration is a significant contributor to the development of back pain and the leading cause of disability worldwide.
Numerous animal models of intervertebral disc degeneration have been developed. The ideal animal model should closely mimic the human
intervertebral disc with regard to morphology, biomechanical properties and the absence of notochordal cells. The sheep lumbar intervertebral
disc model fulfils these criteria. We present an ovine model of intervertebral disc degeneration utilizing a drill bit injury through a lateral
retroperitoneal approach. The lateral approach significantly reduces the incision and potential morbidity associated with the traditional anterior
approach to the ovine spine. Utilization of a drill-bit method of injury affords the ability to produce a consistent and reproducible injury, of precise
dimensions, that initiates a consistent degree of intervertebral disc degeneration. The focal nature of the annular and nucleus pulposus defect
more closely mimics the clinical condition of focal intervertebral disc herniation. Sheep recover rapidly following this procedure and are typically
mobile and eating within the hour. Intervertebral disc degeneration ensues and sheep undergo necropsy and subsequent analysis at periods
from eight weeks. We believe that the drill bit injury model of intervertebral disc degeneration offers advantages over more conventional annular
injury models.

Video Link

The video component of this article can be found at https://www.jove.com/video/55753/

Introduction

Lower back pain is the leading cause of disability worldwide1. Lumbar intervertebral disc degeneration associated discogenic pain is considered
a significant contributor to lower back pain2. There is an increasing demand for reliable animal models of intervertebral disc disease for
broadening the understanding of the degenerative process and for the investigation of potential therapies.

Numerous animal models of intervertebral disc degeneration exist3. Animals models used in the investigation of degenerative disc disease
range in size from mice4, to larger mammals such as dogs5, sheep6, and non-human primates7. Methods used to induce intervertebral disc
degeneration can be broadly classified into the categories of mechanical (e.g. intervertebral disc compression8 or surgical injury6), chemical (e.g.
chemical nucleolysis5) or, less commonly, spontaneous degeneration (e.g. the sand rat9).

Given the complexity of human intervertebral disc degeneration, a perfect animal model does not exist. However, important considerations
in choosing an appropriate animal model to mimic this condition closely have been identified3. Such considerations include the absence of
notochordal cells (primitive cells with possible progenitor cell function10 absent from the adult nucleus pulposus in humans, sheep, goats and
chondrodystrophic dogs but present in most mammals), similarities in animal and intervertebral disc size relative to humans, comparable
biomechanical forces to the clinical condition, mechanistic and ethical considerations3.

Non-human primates meet many of the above criteria. Baboon and macaque models of spontaneous intervertebral disc degeneration have
been described11,12,13. Both species spend large amounts of time in erect or semi-erect postures — a distinct advantage relative to other animal
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models. However, ethical and practical consideration (e.g. expense, housing, delayed onset of spontaneous degeneration) restrict their use in
many institutions.

The ovine spine is an established model of intervertebral disc degeneration, with advantages including cellular, biomechanical and anatomical
similarities to the human spine10,14,15. Despite the quadrupedal stature of sheep the ovine lumbar intervertebral disc is exposed to similar
stresses to the human disc14. The ovine model is also more widely accepted, from an ethical perspective, than non-human primate models.
Varied methods have been described to initiate the degenerative process, many of which require direct access to the intervertebral disc. Due to
the termination of the spinal cord in the sacral region and ossification of the posterior longitudinal ligament in the ovine lumbar spine, posterior
approaches to the intervertebral disc are technically challenging and less commonly used in the sheep16. The traditional access routes to the
sheep lumbar spine, i.e. via anterior or anterolateral approaches, require large abdominal incisions, are fraught with risks of hernia, and damage
to internal viscera and neurovascular structures16. The use of a relatively small lateral incision away from dependent abdominal areas may
decrease such risks17.

We present an ovine model of degenerative lumbar intervertebral disc disease using drill bit injury performed through a minimally invasive lateral
approach, and inspired by the work of Zhang et. al18. The goal of this protocol is to enable a reliable lumbar disc injury model that is readily
reproducible, produces a consistent injury, and is safe and well tolerated. This approach is well-suited to investigators seeking to induce a milder
degree of lumbar intervertebral disc degeneration than that observed with traditional surgical annulotomy (unpublished data) for the investigation
of either intervertebral disc degeneration or regenerative therapies. These findings will be described in a forthcoming publication.

Protocol

The protocol detailed in this manuscript follows the animal care guidelines of Monash University Animal Ethics. Animal ethics approval for this
protocol has been granted by Monash University Animal Ethics. Ethics approval number: MMCA/2014/55

1. Sheep Preparation

NOTE: Ewes aged two to four years were used.

1. Fast sheep for 18 h prior to anesthesia. Provide animals with access to water until 6-12 h prior to operation19.
2. Sedate animals by intravenous injection of medetomidine hydrochloride (0.015-0.020 mg/kg) to facilitate transfer to operating suite.

NOTE: The medetomidine hydrochloride serves to reduce animal stress and agitation associated with separation from other animals for
transfer to the operating suite.

3. Inject thiopentone (10-13 mL/kg) for induction of anesthesia upon arrival to the operating suite.
4. Administer prophylactic intravenous antibiotics (amoxicillin 1 g IV) immediately following thiopentone injection.
5. Intubate sheep using a size 7.5-9 mm (internal diameter) endotracheal tube20.
6. Maintain anesthesia using inhaled isoflurane (2-3%) in 100% oxygen at a flow rate of 2 L/min. Attach a pulse oximeter to the sheep's ear.
7. Closely monitor the sheep's vital signs (heart rate, respiratory rate and oxygen saturation via pulse oximeter and observation) and level of

consciousness.
NOTE: Indicators of light anesthesia such as spontaneous chewing, active regurgitation, and spontaneous movements should prompt
increase in the level of anesthesia. Red flag signs indicating urgent lightening of anesthesia include respiratory compromise and severe
bradycardia. Rotation of the eye is not a consistent indicator of depth of anesthesia in sheep19.

2. Disc Level and Incision

1. Collect the surgical tools needed for this procedure: veterinary clippers, 20 mL luer-lock syringe, 21G IV Needle, #4 scalpel handle, #22
scalpel blades, Gillies tissue forceps, Metzenbaum curved dissecting scissors, Deaver retractor, Hohmann retractor blade, 3.5 mm Brad point
drill bit, drill bit stop, drill, autoclavable veterinary drill bag, needle holder, 2-0 absorbable synthetic braided sutures, 3-0 absorbable synthetic
braided suture and Mayo suture scissors.

2. Prepare the operating suite. Clean the operative table and instrument stand with 70% ethanol. Autoclave all surgical instruments prior to
operation. Perform pre-operative anesthetic check.

3. Place the sheep on the operating table in the right lateral position.
4. Using electronic clippers, shave the region defined superiorly by the lower ribs, inferiorly by the iliac bone, medially by the contralateral

lumbar transverse processes and approximately 10 cm lateral to the ipsilateral lumbar transverse processes.
5. Palpate the iliac crest, lumbar transverse processes (L1-6) and costo-vertebral angle for the landmarks for surgical incision site. Mark these

landmarks with a sterile pen.
6. Prepare the lateral abdomen by disinfecting with chlorhexidine and alcoholic-iodide antiseptic wash.
7. Observe standard surgical aseptic techniques throughout the operation. The surgical team scrubs prior to the operation. Place a

sterile fenestrated square drape over the surgical site, and a large sterile square drape on the overhead table.
1. Sterilize all items to be used within the operative site prior to the operation. Monitor and maintain sterility of the surgical site throughout

the operation. Ensure all items introduced into the sterile field are sterile and transferred in a sterile fashion.

8. Use surgical loupe magnification and a headlight to facilitate visualization during the surgical procedure.
9. Make a longitudinal incision using the #22 scalpel blade attached to the #4 scalpel handle parallel to and 1 cm anterior to one to two lumbar

transverse processes above and below the intervertebral disc levels of interest.
NOTE: Further information regarding incision planning can be found in the discussion.

10. Use the monopolar diathermy to divide the underlying subcutaneous tissue and the lateral aspect of the abdominal wall musculature; direct
the dissection towards the tips of the lumbar transverse processes above and below the intervertebral discs of interest.

11. Divide the thoracolumbar fascia longitudinally at its attachment to the transverse processes.
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12. Visualize and preserve the underlying quadratus lumborum, psoas muscles and the traversing neurovascular bundles.
13. Maintain hemostasis through the procedure using diathermy.
14. Sweep the fingers between the plane of the peritoneum and posterior abdominal wall musculature at the exposed intervertebral disc levels to

perform digital blunt dissection.
15. Retract the quadratus lumborum and psoas muscles posterolaterally using a Deaver retractor to further expose of the intervertebral discs.
16. Palpate for the concave intervertebral bodies and the convex intervertebral discs.
17. Position the retractors immediately over the discs and take care to ensure lumbar vessels are not damaged.
18. Using surgical loupe magnification with a headlight, identify the lumbar vessels which are located approximately 1 cm caudal to the inferior

endplate.
19. Perform an intraoperative lateral X-ray to confirm the disc level.21

Note: Radiograph settings: 47kV; 4 mAs21

20. Depending on the disc levels desired, expose the intervertebral disc by separating the surrounding structures and attachments as
below.

1. For levels L3/4 and above, sweep aside the muscular attachments over the disc using digital blunt dissections.
2. For levels L4/5 and below, sharply divide the thicker tendinous muscular attachments over the disc using bipolar diathermy and

scissors.
NOTE: L6/S1 disc can be difficult to access due to obstruction by the iliac crest. If access cannot be accomplished via the lateral
approach an anterior approach may be utilized.

3. Drill Bit Injury

NOTE: Pre-operative planning includes the allocation of injury/treatment levels and control levels. Further information regarding level allocation
can be found in the discussion.

1. Define the drill bit entry point by observing the left lateral and anterior extremities of the intervertebral disc.
NOTE: The entry point is located at the midpoint of this left anterolateral quadrant (defined by the anterior and lateral extremities of the disc).
The drill bit is inserted at this entry point with a trajectory aimed towards the center of the intervertebral discs and directed slightly cranial to
perpendicular.

2. Fit a Brad-point drill bit into the power drill. Ensure the diameter of the drill bit is slightly less than the intervertebral disc height i.e.
~3.5 mm for lumbar intervertebral disc in 60-70 kg sheep.

1. Apply a drill bit stop to provide an unprotected drill bit length of approximately half the diameter of the lumbar intervertebral disc i.e. ~12
mm for lumbar intervertebral discs in 60-70 kg sheep.

3. Apply the drill bit to the entry point and direct it in a trajectory slightly cranial to the center of the intervertebral disc. The slight cranial
angulation is to minimize the risk of endplate injury.

4. Advance the drill bit slowly into the intervertebral disc with the drill on low power for 1 s. Adjust the trajectory in a slight cranial or caudal
fashion if excessive resistance is encountered
NOTE: Such excessive resistance likely indicates contact with the endplate.

4. Closure

1. Once hemostasis is achieved, irrigate the wound with Ringers' solution.
2. Perform layered closure, preferably using 2-0 absorbable synthetic braided sutures to the lateral abdominal wall tissues and continuous 3-0

undyed absorbable synthetic braided subcuticular suture to the skin.

5. Post-operative Management

1. Place a fentanyl transdermal patch (75 µg/h) in the inguinal region for post-surgical analgesia for 3 days.
2. Additionally, use intravenous buprenorphine (0.005-0.01 mg/kg) for top-up analgesia if needed.
3. Cease the inhalational anesthetic. When spontaneous breathing occurs, remove the endotracheal tube.
4. Allow the animal to recover in a holding cage under constant observation.

NOTE: The animal should not be left unattended until it has regained sufficient consciousness to retain sternal recumbency.
5. Once the animal is fully alert and standing, re-introduce food and water. Once fully recovered, return the animal to its operative facility holding

pen with other animals.
6. Monitor closely for 24 h and continue observation for one week. Monitor for evidence of post-surgical pain or distress.

NOTE: Post-operative transdermal fentanyl patch applied for three days should provide sufficient analgesia. Additional analgesic
requirements should prompt animal review.

7. Feed the sheep normally, and allow the sheep to carry out normal activities without restriction. Observe the sheep for any evidence of
neurological deficit such as lameness.
NOTE: The intervertebral disc defect produced by the drill bit injury method is on the anterolateral aspect of the disc and the injury depth is
limited by the drill bit stop to the mid nucleus. As the neural elements are located posterior/posterolateral to the intervertebral disc, the risk of
neural compromise secondary to symptomatic nucleus pulposus is remote. This anatomical characteristic of the model precludes the use of
neurological examination to distinguish intervertebral disc degeneration with and without nucleus pulposus herniation.

8. Return the sheep to the university farm to await euthanasia and necropsy at the end of the experimental period.
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6. Euthanasia

1. Perform sheep euthanasia at an appropriate time interval following drill bit intervertebral disc injury.
2. Inject intravenous pentobarbitone sodium (>100 mg/kg) for euthanasia.

Representative Results

Pre-operatively, sheep underwent baseline 3T magnetic resonance imaging (MRI) for assessment of underlying intervertebral disc morphology
and degeneration. Sheep underwent additional intra-operative lateral radiography for confirmation of intervertebral disc level and calculation of
disc height index. A pre-operative sagittal plane slice from 3T MRI and an intra-operative radiograph are demonstrated in Figure 1.

Figure 1: Pre-operative 3T MRI (A) and Intra-operative Lateral Radiograph (B). (A) Sagittal slice from 3T MRI (3T T2-weighted spin echo
sequence) of ovine lumbar spine demonstrating lumbar 1/2 (L1/2) to lumbosacral (L6/S1) intervertebral discs. Intervertebral discs have a
homogenous hyperintense appearance indicating no evidence of significant pre-operative intervertebral disc degeneration. Note that the ovine
lumbar spine normally has six lumbar vertebrae, and the ovine spinal cord terminates in the sacral region. (B) Intra-operative lateral radiograph
(settings: 47 kV; 4 mAs) demonstrating L1/L2 and L6/S1 intervertebral discs with the surgical instrument marking the L3/L4 intervertebral disc.
Scale bars = 25 mm. Please click here to view a larger version of this figure.

Following the surgery, sheep typically recovered and were independently mobile within 1 h. Sheep were observed closely for one week, and
subsequently returned to farmland until necropsy at 8 weeks following intervertebral disc injury. No adverse events occurred. At 8 weeks
following disc injury, sheep underwent necropsy, X-ray and MRI of lumbar spines, and processing of discs for histological and biochemical
analysis.

Representative post-operative images of the gross morphological appearance, and radiological 9.4T MRI images of injured sheep lumbar
intervertebral discs at 8 weeks (56 days) post injury are shown in Figure 2. The gross morphological image demonstrates the drill bit injury tract
penetrating the annulus fibrosus and extending into the nucleus pulposus. This is also evident in the 9.4T MRI. Comprehensive description and
analysis of the outcome of this approach will be described in a forthcoming publication detailing the model validation study.
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Figure 2: Gross Morphological and MRI Images of Injured Disc. (A). Gross morphological image of intervertebral disc demonstrating injury
tract penetrating annulus fibrosus (AF) and extending into nucleus pulposus (NP). (B). 9.4T MRI (T2-weighted fast spin echo sequence) also
demonstrating injury tract penetrating through AF into NP. Scale bar = 10 mm. Please click here to view a larger version of this figure.

Discussion

This minimally invasive lateral access approach is efficacious and safe with no post-operative herniae, abdominal wound dehiscence or
infection observed in this series. Use of the drill bit intervertebral disc injury model with a depth stop provides a reproducible method of inducing
a consistent intervertebral disc injury of known dimension (i.e. a 3.5 mm diameter x 12 mm depth injury in this study). In our experience,
this method produces a less severe degree of disc degeneration than that observed in conventionally described ovine scalpel blade lumbar
intervertebral disc annulotomy models6,22 (unpublished data). This will be described in a forthcoming publication.

In making the initial longitudinal skin incision (step 2.9), the exact length and location of the incision should be modified based on the desired disc
levels. More superior disc levels (T12/L1) can be reached by extending the incision to the costovertebral angle, whilst an incision extending to
the iliac crest will allow access to the lower lumbar spine (to L5/L6). A 10 cm cut will facilitate access to three to four disc levels, while a smaller
focused incision at 5 cm is necessary for access to single-discs. We prefer to perform injury at two levels, usually L2/L3 and L3/4. This enables
the adjacent L1/2 and L4/5 intervertebral disc levels to be utilized as non-injured internal controls. Once technically confident, the surgical
procedure on one sheep can be completed in less than one hour with minimal blood loss and discomfort18. The critical step and major technical
challenge of this technique is the avoidance of endplate injury during drill bit disc injury. Clearly defining the superior and inferior margins of the
intervertebral disc at the entry point of the drill-bit, is of the utmost importance. Slowly progressing the drill on low speed into the intervertebral
disc, starting approximately perpendicular with slight cranial angulation also minimizes the risk of endplate injury. Lengthening of the skin incision
may be required to obtain sufficient angulation of the drill.

Simple modifications to this technique include changes in drill bit size and depth, as these will be dictated by the size of the animal and
lumbar intervertebral discs. This approach can be used to reliably induce degeneration in the intervertebral discs from T12/L1 to L5/6.
The retroperitoneal approach may be used to access the intervertebral disc to induce degeneration by other mechanisms16 or administer
experimental therapeutic agents.

Limitations of this approach relate to the extent of the intervertebral disc injury and subsequent degeneration induced by this approach. If
an investigator seeks to induce severe intervertebral disc degeneration, other more aggressive methods of disc injury such as scalpel blade
annulotomy6 should be considered. The acute defect produced in the intervertebral disc by the drill bit method of injury is relatively small, and
may not be well suited to the administration of therapeutics at the time of injury.

The ovine spine was chosen for the intervertebral disc injury model for several reasons. Non-human primates, despite their anatomical and
biomechanical similarities to the clinical condition (i.e. large amounts of time in erect and semi-erect postures), present sufficient ethical
and practical considerations to prevent their utilization in many institutions. Although a quadruped, the sheep lumbar intervertebral disc is
anatomically comparable and exposed to similar biomechanical stresses to human lumbar intervertebral disc16,18. Sheep demonstrate the loss of
notochordal cells from the nucleus pulposus in early adulthood, as do humans10,23. Notochordal cells may have progenitor cell function and have
been demonstrated to influence the course of disc degeneration through regeneration of the disc matrix. Finally, from a pragmatic perspective,
sheep are hardy animals able to tolerate surgery well, are readily available, and present an economically feasible option16,18.

The goat18 is another animal model of lumbar disc degeneration that presents many of the advantages of the sheep model – similar size,
economic feasibility, resilience, and absence of notochordal cells in the adult24. Other large animal models present additional challenges - the
presence of notochordal cells in the porcine model, and ethical issues that may be associated with canine models. For a comprehensive review
of animal models of intervertebral disc degeneration, the reader is directed to a recent review by Daly et. al3.

As the ovine intervertebral disc demonstrates spontaneous loss of notochordal cells and undergo progressive degeneration with age23, it is
imperative to ensure consistency of sheep age in experiments. We prefer to use ewes aged two to four years, as at this age, notochordal cells
are now absent23. From our own experience, minimal spontaneous degeneration has occurred in sheep aged from two to four years despite
the loss of notochordal cells. Furthermore, the sheep vertebral body growth plate closes at approximately 24 months with vertebral body growth
having ceased months earlier25, minimizing the risk of any influence on disc regeneration from adjacent growth plate cells. Ewes were preferred
because they are less aggressive than their male counterparts facilitating easier animal handling. If male sheep are used, we recommend using
wethers.
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In a study by Zhang18 using a similar method of drill bit injury, where a drill bit measuring 4.5 mm in diameter was inserted 15 mm deep with
manual rotation of 360° to produce disc degeneration in goats, there was no statistically significant difference in radiographic Pfirrmann
degenerative score in the injured discs as compared to preoperative images. There was, however, demonstrable histological evidence of mild to
moderate disc degeneration26. In contrast in this study, gross morphological and 9.4T MRI analysis revealed evidence of significant degenerative
changes in the lumbar intervertebral discs, indicating the significant advantage of this approach.

The application and outcome of this method will be described in a forthcoming publication comparing the drill bit method of intervertebral disc
injury to the established annulotomy method in the ovine model. This method may also be used in future for the investigation of regenerative
therapies.
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2.6.1. Annulotomy Injury 

The microdiscectomy annulotomy injury was performed following surgical exposure of the intervertebral 

disc, as described in the manuscript “Ovine Lumbar Intervertebral Disc Degeneration Model 

Utilizing a Lateral Retroperitoneal Drill Bit Injury,” and as described by Oehme et al.(5,6). Following 

surgical exposure of the lumbar intervertebral disc of interest via a lateral retroperitoneal approach (see 

Figure 1), the annulotomy injury was performed by creating a 3mm x 5mm window incision in the 

annulus using a pituitary rongeur. The disc tissues collected (200.0 +/- 3.0 mg) consisted mainly of 

annulus fibrosus (AF) and the outer region of the nucleus pulposus (NP). The adjacent L1-2 and L4-5 

discs served as untreated controls. Animal recovery is described in the included manuscript above. 

 

Figure 1. A. Preoperative photo of the sheep in the right lateral position with the iliac crest (left curve 

lined), costal margin (right straight line), tips of the transverse process (upper dashed line) and spinous 

processes (lower dashed line) marked. B. Longitudinal skin incision made anterior to transverse 

process tips. C. Division of the thoracolumbar fascia at the tips of the transverse processes.  

D. Intervertebral disc revealed (arrow) following retraction of the psoas muscle laterally abdomen 

retracted medially. Diagram is taken from Oehme et al. (5). 

2.7. Post Mortem Analysis 

At six months following surgery, all animals were euthanased by intravenous injection of 150 mg/kg of 

pentobarbital (Sigma-Aldrich, Castle Hill, NSW, Australia) under veterinarian supervision. The lumbar 
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spines were then removed en bloc, a segment was isolated from the mid-sacrum to the thoracolumbar 

junction, placed on ice and transferred to Monash Biomedical Imaging for MRI analysis (Siemens Skyra 

Widebore 3T MRI, Siemens, Erlangen, Germany and Agilent 9.4T MRI Small Animal Scanner 

Agilent/Varian, Santa Clara, CA, USA). All spines were subjected to radiological analysis using 

conventional x-ray radiography and MRI. Spinal columns were then transected in the horizontal plane 

through their vertebral bodies using a band saw to yield spinal segments that included complete lumbar 

discs with the adjacent half of vertebral bodies attached. Subsequent gross morphological, 

biochemical and histological analysis of discs were undertaken using these spinal segments as 

described below. Spinal segments containing discs destined for histological analysis were transferred 

to phosphate buffered formalin.  

2.8. Radiographic Analysis 

2.8.1. X-ray Radiographic Analysis 

Lateral lumbar spinal digital x-rays (Radlink, Atomscope HF200A, Redondo Beach, CA, USA) of all 

sheep were obtained intra-operatively, prior to disc injury, and at the time of post-mortem assessment 

with the lumbar spine in situ.  

2.8.2. MRI Analysis 

All animals underwent pre-operative 3T MRI under general anaesthetic (Siemens Skyra Widebore 3T 

MRI, Siemens, Erlangen, Germany) and post-operative 3T and 9.4T MRI at the time of general 

anaesthetic at Monash Biomedical Imaging (MBI, Melbourne Australia). Due to the high-quality images 

available with the 3T MRI and the additional benefit of elimination of parallax error disc height index was 

calculated from the 3T MRI instead of standard radiographs. 

2.8.2.1. MRI Scanning Protocols 

3T MRI Scanning Protocol 

Animals were scanned on the Siemens 3-T Skyra scanner, using the whole-body coil as the transmitter 

with a combination of an 18-channel flexible body coil and spine coil as the receivers. After a localizer 

scan, sagittal T2 images were acquired according to the following sequence parameters: 

1) Sagittal T2-weighted imaging: TR/TE = 4000/103ms, NEX = 4, FOV = 380x190mm2, data matrix 

= 512 x 205, 28 slices with slice thickness = 1.5mm, voxel size = 0.7x0.7x1.5mm3, Flip angle = 146 

degree.  
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9.4T MRI Scanning Protocol 

Explanted lumbar spines were also scanned on the Agilent 9.4T Preclinical scanner. Localisation was 

performed with a T1 scout, the sample was then moved to position the relevant disc for imaging in the 

centre of the field and each disc was scanned separately in the axial plane according to the following 

sequence parameters: 

1) Gems-T1 weighted imaging: TR/TE: 200/4.69ms, FOV: 50x50mm2, data matrix: 192x192, slice 

thickness: 0.5, Slice: 10/11, FA: 40, Ave: 4, Dum: 5, PE Rewind, Gradient spoil 

2) Fsems-T2: TR: 3000ms, FOV:50x50mm2, data matrix: 192x192, slice thickness 0.5, ESP:8.22, 

Kzero:5, Ave:2, rep: 1,  

2.8.2.2. Disc Height Index  

Using standardized methods(7), disc height index (DHI) measurements were calculated and recorded 

by an observer blinded to the treatment regimen, using standard digital processing software (Osiris MD 

v8.0.2, Pixmeo, Geneva, Switzerland) based on 3T MRI T2 sagittal images. In this method the average 

intervertebral disc height was calculated by averaging the measurements obtained from the anterior, 

middle, and posterior portion of the intervertebral disc and dividing that by the average of the adjacent 

vertebral bodies. 

Following calculation of DHI for each spinal level (L1/2, L2/3, L3/4 and L4/5), absolute change in DHI 

and percentage change in DHI were calculated over each time point using Microsoft Excel for Mac 

15.33 software (Microsoft Corporation, Redmond, WA, USA). Individual DHI scores were then 

allocated into groups of actual treatment received and analysed using Kruskal-Wallis test of median 

values followed by Dunn’s multiple comparison test. Treated groups were compared using the two-

tailed Student t-test followed by Mann-Whitney U-tests using Prism 7.0c for Mac (GraphPad Software 

Inc., La Jolla, CA, USA). 

2.8.2.3. Qualitative MRI Assessment 

Sagittal 3T T2 MRI images were scored by three blinded observers using the Pfirrmann disc 

degeneration classification(8). Axial 9.4T T2 MRI images were scored for all criteria except intervertebral 

disc height, which was scored on images reconstructed in the sagittal plane. The classification system 

is presented below in Table 1.  
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Table 1 MRI scoring criteria using Pfirrmann classification(8) 

Grade Structure Distinction 

of Nucleus 

and 

Annulus 

Signal Intensity Height of 

Intervertebral Disc 

I Homogenous, 

bright white 

Clear Hyperintense, isointense 

to cerebrospinal fluid 

Normal 

II Inhomogeneous 

with or without 

horizontal bands 

Clear Hyperintense, isointense 

to cerebrospinal fluid 

Normal 

III Inhomogenous, 

gray 

Unclear Intermediate Normal to slight 

decreased 

IV Inhomogenous, 

gray to black 

Lost Intermediate to 

hypointense 

Normal to moderately 

decreased 

V Inhomogenous, 

black 

Lost Hypointense Collapsed disc space 

 

2.9. Disc Morphology Assessment 

Lumbar spinal disc segments allocated for gross morphological and biochemical analysis were 

sectioned in the horizontal (axial) plane using a 100.0 x 25.0 x 2.5mm blade to provide two 

complementary halves of the disc as shown in Figure 2. High resolution digital photographs were taken 

of the exposed complementary surfaces and each region as shown in Figure 2. These digital images 

were then scored by two blinded observers (CD, PG) using the scoring system shown in Table 2, that 

was adapted from the method described by Oehme et al.(9) and reported in Daly et al.(10). 
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Figure 2. Diagram showing the intervertebral disc segments used for gross morphological and 

biochemical analysis. AF1 is the site of intervertebral disc annulotomy injury. NP1 is the region of NP 

on the injured half of the intervertebral disc. NP2 is the half contralateral to the injury. Diagram is taken 

from Daly et al.(10). 

Table 2. Gross morphology criteria used to score AF and NP segmental regions shown in Figure 2 

for each disc* 

AF Morphological grades applied to each 

AF quadrant (AF1, AF2, AF3 & AF4) 

NP Morphological grades applied to each 

half (NP1 & NP2) of NP. 

Grade 0: Normal Disc 

Normal disc, no annular disruption, discoloration 

or hemorrhage. 

Grade 0: Normal NP 

No discoloration or hemorrhage 

Grade 1: Minor Disruption 

Annular disruption with minor discoloration and/or 

hemorrhage 

Grade 1: Minor Disruption 

Minor disruption, discoloration and/or 

hemorrhage.  <10% NP region. Minor fissuring 

and nuclear dehydration may be evident.  
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Grade 2: Moderate Disruption 

Annular disruption with medium discoloration and 

or hemorrhage. 

Grade 2: Moderate Disruption 

Medium disruption, discoloration and/or 

hemorrhage. 10-50% of NP region. Moderate 

fissuring and nuclear dehydration may be evident. 

Grade 3: Major Disruption 

Annular disruption with significant discoloration 

and/or hemorrhage. 

Grade 3: Major Disruption 

Significant disruption, discoloration and/or 

hemorrhage. 50-75% NP region. Major fissuring 

and nuclear dehydration may be evident. 

Grade 4: Complete Disruption 

Annular disruption with extensive discoloration 

and/or hemorrhage. 

Grade 4: Complete Disruption 

Extensive disruption, discoloration and/or 

hemorrhage. >75% NP region. Extensive fissuring 

and dehydration may be evident. 

*The sum of all regional scores (AF1, AF2, AF3, AF4, NP1 and NP2) yielded a total disc degeneration 

score between 0 (normal) and 24 (severely degenerated) for each disc. (AF=Annnulus Fibrosis, 

NP=nucleus pulposus). Table is adapted from the method described by Oehme et al.(9) and taken 

from Daly et al.(10). 

2.10. Biochemical Analysis 

2.10.1. Preparation of Tissue for Biochemical Analysis 

Following collection of the digital images for morphological assessment, discs from each lumbar spinal 

level were subjected to biochemical analysis. Specific disc regions utilised in the morphological 

assessment, and outlined in Figure 1, were analysed separately. The individual nucleus pulposus (NP) 

and annulus fibrosus (AF) were separated from each other and their vertebral attachments by careful 

dissection following the boundaries shown in Figure 1. Tissues from each region were finely diced, 

frozen in liquid N2 and powdered in a liquid Nitrogen cooled ball-mill. The powdered tissues were 

transferred to pre-weighed Eppendorf vials and weighed, lyophilised and then reweighed to constant 

weight to determine their anhydrous weights. Aliquots (in triplicate) of the dehydrated tissues were 

subsequently solubilized using a papain digestion buffer (50 mM sodium acetate [pH = 6.0]) containing 

2mg/ml papain (Sigma-Aldrich Chemicals, Sydney, NSW, Australia) by incubation at 60°C for 16 hours 

(11). The digested tissues were then centrifuged at 3000g for 15 minutes and supernatants diluted to a 

standard volume (the stock digest solution). Aliquots of the stock solution were analysed for sulphated 

glycosaminoglycan content (S-GAG) (an index of proteoglycan content) using the dimethylmethylene 

blue (DMMB) assay(12), hydroxyproline assay (to derive collagen content)(13) and Hoechst dye 33258 
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assay for DNA content(14) as an index of cell numbers as described below. The results of biochemical 

analyses were expressed as percentage of tissue dry weight for S-GAG, collagen and DNA. 

2.10.2. Determination of Tissue Sulphated Glycosaminoglycan Content 

The assay used to quantify S-GAG content described by Farndale et al.(12) was adapted for use in 

microtitre plates and a plate reader. Chondroitin-6-sulfate (Sigma-Aldrich Chemical, Sydney, Australia) 

was the standard used. Triplicate amounts of freeze dried disc tissues (2-4 mg) were digested with 

Papain buffer (50 mM sodium acetate (pH=6.0) containing 2 mg/mL papain (Sigma-Aldrich Chemical, 

Sydney, Australia) for 16 hours at 60°C(10). The sGAG concentration in diluted aliquots of the 

digested samples was obtained from the Chondroitin-6-sulfate standard solution diluted in the same 

papain buffer using the plate reader software.  

2.10.3. Determination of Tissue Collagen Content 

Triplicate aliquots of the papain digested tissues were hydrolysed in 6 M HCl for 16 hours at 110°C to 

release the hydroxyproline. The method described by Stegemann and Stalder(13) was used to 

determine the hydroxyproline content. Hydroxyproline values were multiplied by a factor of 7.4 to 

provide an index of the tissue collagen concentration.  

2.10.4. Determination of Tissue DNA Content 

The method of Kim et al.(14) was followed to quantify disc tissue DNA content. Triplicate samples of 

the papain digested tissues (prepared as described for sGAG analysis) were made up to known stock 

volumes with 50 mM Tris buffer containing 0.01M NaCl. Triplicate aliquots were pipetted into the wells 

of a microtitre plate followed by the addition of the Hoechst 33258 reagent (Sigma-Aldrich Chemicals, 

Sydney, Australia) also dissolved in Tris buffer/NaCl buffer pH 7.2. Fluorescence intensity was 

determined immediately by its emission at 450 nm (excitation at 350 nm) using a microtitre plate reader 

(Flouroskan II)(Thermo Fisher Scientific Australia, Scoresby, VIC, Australia).  

2.11. Histological Analysis 

2.11.1. Histological Preparation 

Harvested individual disc segments, consisting of the intervertebral disc with the sawn vertebral bodies 

attached, were placed in 10% neutral buffered formalin for eight days and then transferred to 70% 

ethanol for storage. The volume of vertebral bone was reduced down to the growth plate using a fine 

diamond saw. Prior to paraffin based tissue embedding, decalcification of the remaining vertebral bone 

was undertaken with multiple changes of 10% formic acid. Coronal paraffin sections of the entire disc 

segments, of the discectomy annulotomy injured and half of the control discs, were cut using a 

standard rotary microtome and stained using H & E, and Alcian Blue/Picrosirus red employing standard 
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protocols. The drill injured discs and remaining control discs were sectioned in an axial plane, in order 

to demonstrate the entire injury tract and adjacent tissue of the drill injury.  

As a result of the extended time required to completely decalcify the vertebral bone, coupled with 

marked disruption of the AF tissue integrity in the surgical zone, the quality of many of the disc tissue 

sections were considered unacceptable for quantitative histological scoring. Nevertheless, all 

histological sections were reviewed qualitatively. Images were analysed using Abrio software (CRI, 

Woburn, USA) that allowed additional qualitative assessments between the experimental groups to  

be determined.  

2.11.2. Birefringent Microscopic Analysis 

H & E sections from the specimens of the study described in Chapter 4 were examined by polarised 

light microscopy to identify changes of AF collagen fibre orientation using birefringence. Images were 

captured using a CCD camera mounted on a Leica DMIRB base microscope (Leica Microsystems 

Wetzlar GmbH, Wetzlar, Germany). 

2.12. Online Survey 

A survey of Australasian Neurosurgeons was conducted by email invitation sent to all full members of 

the Neurosurgical Society of Australasia. The survey consisted of 11 multi-choice questions conducted 

by an anonymized online survey. The survey was administered electronically via SurveyMonkey 

(SurveyMonkey, San Mateo, CA, USA).  

The survey questions are listed below: 
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Table 3. Survey questions and possible responses. The table lists all survey questions and possible 
responses (from Daly et al.(15)) 
 

Question Response 

Bilateral muscle dissection with bilateral diskectomy 

Bilateral muscle dissection with unilateral diskectomy 

Unilateral muscle dissection with unilateral 

diskectomy 

Unilateral muscle dissection with unilateral 

diskectomy via tubular system 

1. Which surgical technique do you 

perform as a standard procedure for 

lumbar diskectomy? 

Bilateral muscle dissection with bilateral diskectomy 

No magnification 

Loupes 

2. Do you use magnification when 

performing lumbar diskectomy 

operations and if so what kind? 

Microscope 

<2 weeks 

2-4 weeks 

4-8 weeks 

8-12 weeks 

3. In the absence of cauda equina 

syndrome or severe neurological 

deficit, what is the minimum duration 

of radicular pain a patient must report 

for you to offer lumbar diskectomy 

surgery? 

>12 weeks 

Day 0, upon returning to the ward 

Day 0, after a few hours 

Day 1 

4. In the absence of CSF leak when do 

you allow your lumbar diskectomy 

patients to mobilize following their 

operation? 

Day 2 

Never 

Rarely 

5. Do you prescribe inpatient post-

operative physiotherapy during 

admission following lumbar 

diskectomy? Sometime 
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Often  

Always 

Never 

Rarely 

Sometime 

Often 

6. Do you prescribe postoperative 

outpatient physiotherapy after 

diskharge following lumbar 

diskectomy? 

Always 

No sitting restrictions 

As comfort allows 

<30 mins per hour 

<15 mins per hour 

7. Do you advise sitting restrictions in the 

post-operative period following lumbar 

diskectomy? 

Avoid sitting entirely if possible 

I don't advise sitting restrictions 

Until comfortable 

<1 week 

1-2 weeks 

2-4 weeks 

4-8 weeks 

8. How long after lumbar diskectomy do 

you advise patients to restrict sitting 

time? 

>8 weeks 

I don't advise lifting restrictions 

<40kg 

<20kg 

<10kg 

9. Do you advise lifting restrictions in the 

post-operative period? 

<5kg 
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No lifting restrictions 

Until comfortable 

<1 week 

2-4 weeks 

4-8 weeks 

10. How long after microdiskectomy do 

you advise patients to restrict lifting? 

>8 weeks 

0-5 years 

6-10 years 

11-15 years 

16-20 years 

11. How many years have you been 

practicing as a Consultant 

Neurosurgeon? 

>20 years 

 

2.13. Statistical Analysis 

All data analysis and storage was performed using Prism 7.0c for Mac (GraphPad Software Inc., La 

Jolla, CA, USA) and Microsoft Excel for Mac (Version 15.33, Microsoft, Redmond, WA, USA). 

Parametric data were analysed using one-way ANOVA, and the Tukey’s multiple comparison test was 

performed when significant differences in means were observed. Nonparametric data were analysed 

using Kruskal-Wallis test of median values followed by Dunn’s multiple comparison test. Treated groups 

were compared using the two-tailed Student t-test followed by Mann-Whitney U-tests. Pearson chi-

squared statistic was used to assess the significance of relationships between surgeon seniority and 

response to variables in the survey of Australasian Neurosurgeons addressing lumbar discectomy peri-

operative practices. A p value < 0.05 was considered statistically significant.  
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Chapter 3. A Comparison of Two Ovine Lumbar 
Intervertebral Disc Injury Models for the 
Evaluation and Development of Novel 
Regenerative Therapies   

3.1. Introduction 

This chapter describes a comparison of two ovine models of the post lumbar discectomy intervertebral 

disc for consideration for use in the subsequent investigation of pentosan polysulfate primed 

mesenchymal progenitor cells for intervertebral disc regeneration. This chapter contains the manuscript 

for an experimental study entitled, “A Comparison of Two Ovine Lumbar Intervertebral Disc Injury 

Models for the Evaluation and Development of Novel Regenerative Therapies.” This manuscript has 

been submitted to The Global Spine Journal, and is currently under review.  

The candidate, Chris Daly, contributed to the experimental design, experimental procedures and the 

writing of the manuscript. Proportional contributions of co-authors are explained in the signed 

declaration on page xvii.  
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Large animal research 



Lumbar discectomy is the most commonly performed spinal surgical procedure. We 

investigated two large animal models of lumbar discectomy in order to study the 

regenerative capacity of mesenchymal stem cells following disc injury.  

 

:   

Twelve adult ewes underwent baseline 3T MRI followed by lumbar intervertebral disc 

injury by either drill bit (n = 6) or annulotomy (n = 6).  Necropsies were performed six 

months later. Lumbar spines underwent 3T and 9.4T MRI prior to histological, 

morphological and biochemical analysis.   

 



Drill bit injured (DBI) and annulotomy injured discs demonstrated increased Pfirrmann 

grades relative to uninjured controls (p<0.005), with no difference between the two models.  

Disc height index loss was greater in the annulotomy group compared to the DBI group 
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(p<0.005).  Gross morphology injury scores were higher in annulotomy than DBI discs (p < 

0.05) and both were higher than controls (p < 0.005). Proteoglycan content was reduced in 

the discs of both injury models relative to controls (p<0.005), but lower in the annulotomy 

group (p < 0.05). Total collagen content of the annulotomy group disc regions were higher 

than DBI and control discs (p<0.05). Histology revealed more matrix degeneration, 

vascular infiltration and granulation tissue in the annulotomy model. 

 



Although both models produced disc degeneration, the annulotomy model better replicated 

the pathobiology of human discs post discectomy.  We therefore concluded that the 

annulotomy model was a more appropriate model for the investigation of the regenerative 

capacity of mesenchymal stem cells administered post discectomy. 

 



Animal model 

Intervertebral disc 

Discectomy  

Regeneration 
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Lower back pain causes more global disability than any other condition worldwide1. Lower 

back pain commonly results from degenerative lumbar disc disease causing discogenic pain 

2. Lumbar disc degeneration is a complex process manifested by changes in cellular, matrix, 

endplate and the neurovascular components of the intervertebral disc. Intervertebral disc 

herniation is a common outcome of lumbar disc degeneration, whilst lumbar discectomy is 

the most commonly performed spinal surgical procedure3.  Lumbar discectomy 

successfully treats radicular symptoms associated with neural compression in over 80% of 

patients4.  However, the procedure fails to address the underlying pathophysiology of 

intervertebral disc degeneration responsible for the syndrome.  Moreover,  following 

lumbar discectomy up to one third of patients report low back pain5.  In addition, up to 18% 

of patients experience recurrent disc herniation6 with 12% undergoing reoperation within 

four years7. Ultimately 40% of these patients will undergo spinal fusion7.   

 

Given the significant disease burden resulting from disc degeneration and lower back pain 

numerous animal models have been developed to further understand the pathobiology of 

disc degeneration and examine potential modalities for its treatment8.  There are, however, 
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relatively few reports of large animal models of lumbar discectomy912.  Given the clinical 

ubiquity of discectomy, the inherent anatomical challenges to disc repair and the 

opportunity presented to initiate regenerative therapy at the time of surgical intervention, 

we sought to develop a suitable large animal model of discectomy that could be used to 

evaluate potential tissue regenerative therapies, such as transplantation of stem cells.  



Limited annular injury to ovine discs have been widely used to generate a model of disc 

degeneration1315. The ovine species has also been used to test implant devices and in the 

preclinical investigation of cellular therapies to support spinal fusion and disc reconstitution 

9,1618.  Ovine discs, like human discs, undergo chondroid metaplasia with skeletal 

maturation19, due to the loss of their notochordal cell remnants19,20.  Additionally, the ovine 

disc is closer in size and cellular phenotype20  to the human intervertebral disc than small 

animal models, important characteristics given the nutritional limitations associated with of 

the central regions of the disc.  Furthermore, despite its quadrupedal conformation, the 

sheep spine has been shown to exhibit significant biomechanical similarities to the human 

spine.  
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We have previously described the use of a modified ovine annulotomy model for 

investigation of the potential of mesenchymal progenitor cells (MPCs) formulated with the 

pharmaceutical agent, Pentosan Polysulfate (PPS), embedded in a biodegradable gelatin 

scaffold to promote intervertebral disc regeneration following lumbar discectomy in a pilot 

study9.  In this modified annulotomy model a full thickness 3 x 5mm annulotomy was 

performed with a scalpel blade and 200mg of annular and nuclear tissue removed with a 

pituitary rongeur.   PPS was used as it was known to enhance MPC viability and promote 

their differentiation to a chondrogenic phenotype whilst also inhibiting osteogenesis .  

Our pilot study demonstrated the feasibility of the modified annulotomy model and 

provided positive outcomes on the efficacy of the MPC+PPS formulation.  However, prior 

to further investigations of other potential therapeutic modalities of lumbar disc repair that 

required the use of a liquid hydrogel, we sought to determine the most appropriate large 

animal model for such applications. 

 

An earlier publication by Zhang et al.23 reported that disc degeneration could be induced in 

goat lumbar discs by using a drillbit to penetrate the AF through to the NP.  Using a 

subjective histological grading system this model was reported to provide more reliable 

degenerative changes than insertion of a horizontal surgical blade along the same path. In 
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principle the Zhang et al.23 model offers advantages in facilitating the injection of 

regenerative liquid hydrogels/cell combinations into the disc without the use of a solid 

scaffold, which was a requirement of using the Oehme discectomy model9. However, the 

study of Zhang et al.23 was performed in goats and did not include biochemical analysis of 

the injured intervertebral discs, thereby limiting the ability to directly compare these two 

models directly. 

 

In the present study, we evaluated the annulotomy and drillbit methods of surgically 

inducing disc failure using a homogeneous group of adult sheep and monitoring the relative 

outcomes six months later using both subjective and objective methods of assessment.      

 





With ethics approval from the Monash Medical Centre Animal Ethics Committee and 

conforming to the Australian code of practice for the care and use of animals for scientific 

purposes (8th edition, 2013), 12 adult (two to four years of age) BorderLeicester Merino 

crossbred ewes underwent preoperative 3 Tesla MRI (Siemens Skyra Widebore 3T MRI, 

Siemens, Erlangen, Germany) under general anesthetic.  Ewes were used in this study due 
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to their better temperament than males castrate or intact.  Sheep were raised in open 

pastures and ambulated freely prior to the trial.  All sheep were fasted for 24 hours prior to 

surgery and anesthetized using intravenous thiopentone (1015mg/kg) (Bayer Australia 

Ltd., Pymble, NSW, Australia) followed by intubation and isoflurane inhalation 

(Pharmachem, Eagle Farm, QLD, Australia) (23% in oxygen).   Sheep were placed in the 

right lateral position. Local anesthetic (bupivacaine 0.5%)(AstraZeneca Australia, 

Macquarie Park, NSW, Australia)  was administered subcutaneously and the L23 and L34 

lumbar intervertebral discs exposed via left lateral retroperitoneal approach, as previously 

described .  Intraoperative lateral radiographs (Radlink, Atomscope HF200A, Redondo 

Beach, CA, USA) were performed to confirm the correct levels.  Six sheep underwent 

microdiscectomy annulotomy injury, performed by the creation of a 3mm x 5mm annular 

window followed by disc resection using pituitary rongeurs.  The disc tissues collected 

(200.0 +/  3.0 mg) consisted mainly of annulus fibrosus (AF) with some nucleus pulposus 

(NP).  The adjacent L12 and L45 discs served as untreated controls.  Drill bit injury was 

performed on the L2/3 and L3/4 intervertebral discs of the remaining six sheep using a 

3.5mm Brad point drill bit (Carbatec, Melbourne, Victoria, Australia) with a drill bit stop 

applied at 12mm drill bit length (Drill Warehouse, Amazon, Seattle, USA) as described 

previously. 
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Following intervertebral disc injury the wound was closed using a routine layered 

procedure performed using absorbable sutures (Vicryl, Ethicon, NJ, USA).  Animals 

received a fentanyl patch (Duragesic 75 µg/hr, Jannsen LLC., North Ryde, NSW, Australia) 

and intravenous paracetamol (Pfizer Ltd., West Ryde, NSW, Australia) for postoperative 

analgesia.  Following recovery, animals were returned to the pen with other sheep and 

allowed free ambulation.  Sheep were returned to open pasture one week postsurgery.  

 



Six months postsurgery animals were euthanized by intravenous injection of 150 mg/kg of 

pentobarbital (SigmaAldrich, Castle Hill, NSW, Australia). The lumbar spines were then 

removed , a segment was isolated from the midsacrum to the thoracolumbar 

junction and transferred to Monash Biomedical Imaging for MRI analysis.  Spinal columns 

were then transected in the horizontal plane through their vertebral bodies, using a band 

saw, to provide spinal segments consisting of a complete lumbar disc with half of the 

adjacent vertebral bodies attached.  Subsequent gross morphological, biochemical and 

histological analysis of discs were undertaken using these spinal segments as described 
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below.  Spinal segments containing discs destined for histological analysis were transferred 

to phosphate buffered formalin.  

 



Using standardized methods, disc height index (DHI) measurements were calculated and 

recorded by an observer blinded to the treatment regimen, using standard digital processing 

software (Osiris MD v8.0.2, Pixmeo, Geneva, Switzerland).   

 

Sagittal 3T (Siemens Skyra Widebore 3T MRI, Siemens, Erlangen, Germany) T2 weighted 

MRI sequences of the entire lumbar spine explant were obtained for each animal.  Axial 

9.4T (Agilent 9.4T MRI Small Animal Scanner Agilent/Varian, Santa Clara, CA, USA) T1 

and T2 MRI sequences of the control and intervention lumbar intervertebral discs were 

taken for each animal.  Using sagittal 3T T2weighted sequences and 9.4T T2 sagittal 

reconstructions (Osiris MD v 8.0.2) four blinded observers (a neuroradiologist, 

neurosurgeon and two neurosurgery residents blinded to the treatment regimen) determined 

the Pfirrmann MRI disc degeneration scores for all lumbar discs. 
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Disc height index analysis was also performed using the preoperative and 3T MRI images 

obtained at necropsy, by an observer blinded to the intervention protocol.  The 3T MRI 

assessment of the disc height index eliminated the potential for parallax error while also 

producing consistent image quality for all discs.   





Lumbar spinal disc segments allocated for gross morphological and biochemical analysis 

were sectioned in the horizontal (axial) plane using a 100.0 x 25.0 x 2.5 mm blade to 

provide two complementary halves of the disc as shown diagrammatically in . High 

resolution digital photographs were taken of the exposed complementary surfaces and each 

region shown in  scored by a blinded observer following the criteria in  

described by Daly et al.   and adapted from the method of Oehme et al.  



 

After collection of the digital images of discs for morphological analysis all tissue regions 

shown in Fig. 1 were subjected to biochemical analysis.  The individual annulus fibrosus 

(AF) and nucleus pulposus (NP) from each region were separated from each other and their 

vertebral attachments by careful dissection using the boundaries shown in Fig. 1.  Tissues 
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from each region were finely diced, frozen in liquid N2 and powdered in a liquid Nitrogen 

cooled ballmill.  The powdered tissues were transferred to preweighed Eppendorf vials 

and weighed, lyophilised and reweighed to constant weight to determine their anhydrous 

weights.  Triplicate aliquots of the dehydrated tissues were solubilized using a papain 

digestion buffer (50 mM sodium acetate {pH = 6.0]) containing 2mg/ml papain (Sigma

Aldrich Chemicals, Sydney, NSW, Australia) by incubation at 60°C for 16 hours .  The 

digested tissues were centrifuged at 3000g for 15 minutes and supernatants diluted to 

standard volumes (the stock digest solution).  Aliquots of the stock solution were analysed 

for sulphated glycosaminoglycan (SGAG) (an index of proteoglycan content) levels using 

the dimethylmethylene blue (DMMB) assay and hydroxyproline assay (to derive collagen 

content).  The results of biochemical analyses were normalized and were expressed as 

percentage of tissue dry weight for SGAG and collagen. 

 

 

The individual disc segments, consisting of the intervertebral disc with attached hemisected 

vertebral bodies were in 10% neutral buffered formalin for eight days then stored in 70% 

ethanol. The volume of vertebral bone was reduced to the growth plate using a fine 

diamond saw. Prior to paraffin based tissue embedding, decalcification of the remaining 

Page 13 of 44

https://mc.manuscriptcentral.com/gsjournal

Global Spine Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



108

For Peer Review

vertebral bone was undertaken with multiple changes of 10% formic acid. Coronal paraffin 

sections of the entire disc segments for the annulotomy sheep and axial sections for the drill 

injured sheep were cut using a standard rotary microtome and stained using H & E.  Axial 

sections were taken from the drill injury disc to allow for visualization of the entire drill bit 

injury tract.  The annulotomy injured disc were only subjected to standard coronal plane 

sectioning.  

 

 

All data analysis and storage was performed using Microsoft Excel for Mac (Version 15.33, 

Microsoft, Redmond, WA, USA) and Prism 7.0c for Mac (GraphPad Software Inc., La 

Jolla, CA, USA).  Parametric data were analyzed using oneway ANOVA, and the Tukey’s 

multiple comparison test was performed when significant differences in means were 

observed. Nonparametric data were analyzed using KruskalWallis test of median values 

followed by Dunn’s multiple comparison test.  Groups were compared using the twotailed 

Student ttest followed by MannWhitney Utests.  A p value < 0.05 was considered 

statistically significant.
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The annulotomy injured discs demonstrated significantly greater loss of height than the drill 

injured and control discs (p<0.005).  However, both the annulotomy and drill injured discs 

demonstrated greater loss of height than control discs (p<0.005) (.  

 

  

Baseline preoperative 3T MRIs of all animals revealed no evidence of underlying disc 

degeneration at control or intervention levels (L1/2 to L4/5).  Scoring of drill bit and 

annulotomy injured discs demonstrated significantly increased Pfirrmann grades relative to 

control discs (both p<0.005), however there was no significant difference in Pfirrmann 

grades between the two injury groups (. 

 



The horizontal images obtained by 9.4T MRI allowed ready appreciation of the extent of 

annular disruption observed in the annulotomy vs. drill injured intervertebral discs (

and correlated well with gross morphological observations. However, the 9.4T MRI 
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Pfirrmann grades were consistent with 3T grades once sagittal reconstruction and grading 

was performed (. Significantly increased Pfirrmann grades were observed 

in the drill and annulotomy injured discs compared to control discs (p<0.005) with no 

significant difference between the two injury models. 

  



Gross morphological analysis was completed on a regional basis, with the data presented in 

Figure 4D showing the aggregate morphological scores.  Representative gross 

morphological digital images are displayed in  and their respective scores, 

determined using the criteria described in Table 1 and shown in Fig4D.  Drill injured discs 

generally demonstrated a more focal annular and nuclear tract injury( with 

minimal nucleus pulposus disorganization, in comparison to the annulotomy injured discs, 

which showed more widespread changes and blood degradation product staining (.  

Nonetheless, total disc gross morphological scores were significantly increased in both the 

drill bit injured and annulotomy injured intervertebral discs relative to control (p<0.005).  

Annulotomy injured intervertebral disc gross morphological scores were, however, 

significantly elevated relative to drill injured discs (p<0.05)(. 
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SGAG content was significantly reduced in the injured (NP1) () and contralateral 

NP region (NP2) () in both the drill and annulotomy injured discs relative to 

controls (p<0.005).  Furthermore, the annulotomy discs demonstrated significantly less 

NP1 SGAG and NP2 SGAG than the drill injured discs (p<0.005 and p<0.05 

respectively).  This relationship persisted for NP Total SGAG content (.  Total 

Disc SGAG content demonstrated a significant reduction in SGAG content in the 

annulotomy injured disc compared to both control (p<0.005) and drill injured discs 

(p<0.05) (.  There was no significant difference between control and drill injured 

total disc SGAG content. 

 



The collagen content of the annulotomy injury site AF (AF1) was significantly higher than 

both the control and drill injured discs (p<0.05) (.  Furthermore, the drill injury 

AF1 collagen content was significantly lower than control discs (p<0.05).  The annulus 

fibrosus adjacent to the injury site (AF4) also demonstrated a significant increase in 

collagen content in the annulotomy group relative to controls (p<0.01) (.  The 

nucleus pulposus, both ipsilateral and contralateral to the injury site, demonstrated 
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significantly higher collagen content in the annulotomy injured disc relative to both the 

control and drill injured discs (p<0.005 and p<0.05 respectively) (.  These 

differences were also reflected in the total NP and total disc (NP +AF) collagen content of 

the annulotomy group compared to both the drill injury and control discs (  

p<0.001 and p<0.005 respectively). 

 



Qualititative histological analysis revealed differences between the injury models with 

regard to the disc ultrastructure and extent of vascular infiltration and granulation tissue 

deposition.  Control discs demonstrate intact annulus fibrosi displaying multiple lamellae 

abutting the proteoglycan rich nucleus pulposus (

.  Axial H & E stained slides of drill injured disc demonstrate the focal nature of 

the disruption of AF and NP tissues induced by this injury model (.  

Relatively little vascular infiltration is evident.  Reduced proteoglycan content is evident on 

the drill injured disc (relative to the control disc  on the Safranin O Fast 

Green stained slides.  The annulotomy injured disc (demonstrates extensive 

disruption of lamellae with deposition of granulation tissue and infiltration within the injury 

site. High power microscope images highlighted the extent of vascular proliferation 
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occuring at the injury site of the AF (Marked reduction in proteolgycan content is 

also evident at the annulotomy injury site (.   

 

  

 

The results of the present study demonstrated that both the modified annulotomy injury 

model originally described by Oehme et. al.9 and a modification of the drill injury model 

described by Zhang et. al.23 induced degeneration in sheep lumbar discs six months 

following the surgical intervention.   Furthermore, as assessed from the disc height indices, 

gross morphological, biochemical and histological analyses, the annulotomy injury 

provoked more extensive degenerative changes in injured discs, than observed with the drill 

injury procedure.   

 

We suggest that the extent and nature of the degenerative changes induced in the discs of 

each model was determined by the relative magnitude of several time dependent 

mechanical and biological events that are known to dictate the pathology of disc 

degeneration. For example, surgical compromise of AF hoop stress tensile function and 

reduction in NP hydroelasticity would impose an immediate disturbance in the nature of the 
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mechanical stresses acting across the spinal unit and its adjacent structures. A secondary 

event elicited, would be an inflammation and an early repair response at the site of injury, 

with proliferation of the capillaries serving the outer AF, accompanied by deposition of 

granulation and fibrotic tissue within the defect site. Such events have been described in 

other animal models and are the sequellae of human disc herniation. 

    

Loss of proteoglycan and its associated water is a relatively early event in the 

pathophysiology of intervertebral disc degeneration.  The loss of these matrix 

components leads to marked changes in the mechanical properties of the intervertebral disc 

and adjacent structures, as intradiscal pressure is reduced and the ability of the disc to 

tolerate compressive loading diminishes.  Biomechanical studies have demonstrated such 

changes in the mechanical behavior of discs  that were proportional to the size of the  

annular defects 

 

The compromise of AF integrity and loss of NP material initiated in the annulotomy model 

closely mirrors the clinical condition of symptomatic lumbar intervertebral disc herniation.  

In the clinical setting, radicular symptoms are caused by herniated intervertebral disc 

material producing neural compression. This herniated AF and NP, and any additional 
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loose NP, is excised during conventional lumbar microdiscectomy. The creation of a full 

thickness annulotomy, with removal of 200mg of annular and nuclear tissue, differentiates 

this modified ovine annulotomy model from those recently reported by Shu et al. and 

most other ovine annular injury models in the literature13,14 in which partial thickness 

annular incisions are performed.  Such models may be more representative of spontaneous 

intervertebral disc degeneration, in which annular tears are often observed, than the post 

lumbar discectomy intervertebral disc.  

 

The model of  Zhang et al.23, demonstrated the ability of the drill bit injury to induce disc 

degeneration two months following surgery, confirmed histologically but not 

biochemically. Furthermore, the degeneration observed histologically did not produce 

correlative MRI changes such as increased 1.5T MRI Pfirrmann grades. Many prior studies 

of the intervertebral disc, including that of Zhang et al.23, were performed with 1.5T MRI 

scanners.  With the advance of technology 3T MRI scanners are commonly available in the 

clinical setting and the 9.4T MRI scanner is now available for preclinical studies.  Despite 

our use of both 3T and 9.4T MRI the MRI Pfirrmann grade findings did not directly 

parallel our histological, biochemical, morphological and disc height index observations. 

We suggest the discrepancy between the MRI and our other findings may be attributed to 
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the relatively low sensitivity of conventional MRI Pfirrmann Grades for detecting subtle 

degenerative differences.  The 9.4T MRI axial images () provided superior resolution 

of anatomical detail compared to conventional 1.5T and 3T MRI scanners, however, this 

additional data was not captured in the Pfirrmann grading system when the axial images 

were converted to the sagittal plane. Advanced quantitative radiological methods, such as 

T1rhoweighted MRI, may provide a more sensitive method of measuring early 

intervertebral disc degeneration radiologically using the clinical magnets currently 

available. 

 

The increase in collagen observed in the injury site AF and NP of the annulotomy injured 

disc reflects the normal tissue response to traumatic injury, with inflammation, capillary 

invasion and fibrotic granulation tissue deposition representing key matrix events.  The 

repair tissues that normally accumulate at these early injury sites, consist mainly of type I 

collagen, and are accompanied by the loss of proteoglycans as was observed for the  

annulotomy model but not drill bit model. In healthy discs and the early stages of disc 

degeneration, the chondrocytelike cells of the NP synthesize predominantly type II 

collagen.  However, as the disc degeneration progresses, these cells undergo a transition 

and synthesize type I collagen and less proteoglycans . Therefore, it is possible that the 
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endogenous NP cells of the injured discs in the annulotomy model also contributed to the 

deposition of fibrotic tissue. Additional studies of the collagen subtypes resident in the 

various regions of the injured discs from the annulotomy model are required to resolve this 

important question. The observed lack of a significant difference in collagen content 

between the drill injured disc and control discs, with the exception of AF1, is indicative of 

the relatively low grade degeneration changes induced in these tissues by either surgical 

approach.  

 

As a result of the extended time required to completely decalcify the vertebral bone, the 

quality of the disc tissue sections were unfortunately unacceptable for quantitative 

histological scoring.  Nevertheless, all histological sections were reviewed qualitatively.  

On histological examination, vascular invasion was noted in the annulotomy injured discs 

that was relatively absent from the drill bit injured discs.  Vascular invasion is consistent 

with histological observations from herniated and degenerate intervertebral discs in the 

clinical context.  In addition, the annulotomy injured discs demonstrated 

disorganization of the lamella pattern of the AF and adjacent NP.  In contrast, the drill bit 

injured disc demonstrated a focal lesion with minimal disruption of the AF and NP.  The 
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absence of significant tissue ingrowth observed in drill injured specimens is in agreement 

with the lack of a significant increase in collagen content in the drill injured AF.

 

There are, however, important differences between these preclinical models and the human 

intervertebral disc which contribute to the limitations of this study.  A limitation common 

to large animal models of intervertebral disc degeneration is the inability to assess low back 

pain.  The only animal models allowing for low back pain assessment are rodent 

models. Such models present challenges in regard to their differences to the human disc 

in size, anatomy, the presence of notochordal cells and ultimately translatability.  

Furthermore, in the clinical situation, the underlying disc demonstrates preexisting 

degeneration culminating in disc prolapse and neural compression.  The models we present 

are of normal intervertebral discs subjected to injury to induce intervertebral disc 

degeneration.  Discs with preexisting degeneration may have reduced capacity to repair or 

regenerate or may demonstrate a higher extent of degeneration following injury induction 

than the previously healthy discs included in this trial.  This is an important consideration 

in the context of investigating regenerative therapies for disc degeneration in the future.   
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The ovine intervertebral disc drillbit and annulotomy injury models both produce 

intervertebral disc degeneration at six months following injury.  However, the severity of 

degeneration associated with the annulotomy model was greater, as assessed by MRI, gross 

morphology, biochemical and histological analysis, than the drillbit model.  Moreover, the 

ovine annulotomy injury model better replicated the post discectomy lumbar intervertebral 

disc mechanistically and importantly more closely reproduced the known pathology of disc 

tissues examined post human disc herniation. 

  

On the basis of the aforementioned findings we concluded that the ovine annulotomy model 

provides a more suitable animal model for the evaluation of novel cellular modalities that 

targeted disc repair than the drillbit model. In this regard, we have subsequently utilized 

the ovine annulotomy model of microdiscectomy to compare the relative efficacy of two 

mesenchymal stem cell preparations in their ability to restore disc integrity six months post 

surgery.  
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Fig. 1. Diagram showing the Intervertebral disc segments used for gross morphological 

and biochemical analysis. AF1 is the site of intervertebral disc annulotomy injury.  NP1 is 

the region of NP on the injured half of the intervertebral disc. NP2 the complementary half 

of NP1.  (AF= annulus fibrosus, NP= nucleus pulposus).   

 

Fig. 2A. Necropsy Sagittal MRI of the drill injury lumbar spine and 2B. Annulotomy 

injured lumbar spine demonstrating increased Pfirrmann Grade in the injured disc (L2/3 

and L3/4) relative to control discs (L1/2 and L4/5). 2C.  Percentage Reduction in Disc 

Height Index. Annulotomy and drill injury discs demonstrated significantly greater loss of 

disc height than control discs.    Drill bit and annulotomy injured 

discs had significantly increased Pfirrmann grades relative to control discs however there 

was no significant difference in Pfirrmann grades between injury groups. (* signifies 

p<0.05, ** signifies p<0.005). 
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Fig. 3A 9-4T MRI axial images A. Control disc demonstrating intact AF and hyerintense NP. 

B. Drill injury disc demonstrating injury tract (arrow) extending to NP C. Annulotomy disc 

demonstrating broader injury tract (arrow) and decreased NP hyperintensity. D. 9.4T MRI 

Pfirrmann grades Drill injury and annulotomy injured discs demonstrated significantly 

higher 9.4T Pfirrmann Grades than control discs with no signifcant difference between 

injured groups. (AF= annulus fibrosus, NP= nucleus pulposus) (* signifies p<0.05, ** 

signifies p<0.005). 

 

Fig. 4. Representative examples of disc gross morphology. A. Control disc demonstrating 

intact AF and gelatinous white NP (scored as 0). B. Drill injury disc demonstrating injury 

tract extending to NP (arrow) with discolouration of NP and AF disruption at injury site 

(scored as 4) C. Annulotomy disc demonstrating broader AF injury (arrow) with extension 

to NP, loss of NP material, discolouration of NP and AF (scored as 6). D. Gross morphology 

scores Drill injury and annulotomy injured discs demonstrated significantly higher gross 

morphology scores than control discs.  Annulotomy discs demonstrated higher gross 

morphology scores than drill injury discs. (* signifies p<0.05, ** signifies p<0.005). 

Page 33 of 44

https://mc.manuscriptcentral.com/gsjournal

Global Spine Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



128

For Peer Review

 

Fig. 5.  Sulfated-GAG content (% dry weight).  A. NP1 GAG is significantly lower in 

annulotomy than drill-injured discs which is in turn less than control discs.  B. NP2 

demonstrates the same relationship with annulotomy injured discs lower than drill injured 

discs (p<0.05) which in turn are less than control discs   C. NP TOTAL GAG and D. TOTAL 

DISC GAG demonstrates the same series of relationships. (* signifies p<0.05, ** signifies 

p<0.005). 

 

Fig. 6. Collagen content (% dry weight).  A. AF1 Annulotomy group discs had significantly 

more collagen than both control and drill injured discs. B. AF4 Annulotomy group collagen 

was significantly higher than control discs.  C. NP-1 Annulotomy group collagen was 

significantly higher than both control and drill injury collagen.  D. NP2 collagen 

demonstrated the same pattern.  E. NP TOTAL also demonstrated an increase in collagen in 

the annulotomy group relative to the control group.  F. TOTAL DISC collagen was 

significantly increased in the annulotomy group relative to both control and drill injured 

discs. (* signifies p<0.05, ** signifies p<0.005). 
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Fig. 7. Sections stained with Hematoxylin & Eosin.  A. Control disc (axial section) 

demonstrating intact annulus fibrosus and adjacent nucleus pulposus.  B. Control disc 

(coronal section) demonstrating the coronal plane.  C. Drill injured disc demonstrating 

disruption of the annulus fibrous extending into the nucleus. D. Drill injured disc under 

higher power demonstrating superficial localized fibrosis (arrow) at external AF with 

minimal vascular infiltration.  E. Annulotomy injured disc demonstrating extensive 

lamellae disruption and vascular infiltration.    F. Annulotomy injured disc demonstrating 

lamellar structure under high power magnification with evidence of marked vascular 

invasion (arrow).  Scale bar = 200 um.  

 

Fig. 8. Sections stained with Safranin O and Fast Green. A. Control disc (axial section) 

demonstrating intact annulus fibrosus and adjacent nucleus pulposus.  B. Control disc 

(coronal section) demonstrating the coronal plane.  C. Drill injured disc demonstrating 

reduced Safranin O stain (indicative of reduced proteoglycan content) in the drill injured 

region of the nucleus pulposus (arrow).  D. Annulotomy injured disc demonstrating 

significant reduction in Safranin O stain in the injured region of the intervertebral disc 

(arrow). 
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Table 1.  Gross morphology criteria used to score segmental regions (AF and NP) shown in 

Figure 1 for each disc* 

 

AF Morphological grades applied to each 

AF quadrant  

NP Morphological grades applied to each 

half of NP. 

Grade 0: Normal Disc: Normal disc, no 

annular disruption, discoloration or 

hemorrhage. 

Grade 0:  Normal NP: No discoloration or 

hemorrhage 

Grade 1:  Minor Disruption:  Annular 

disruption with minor discoloration and/or 

hemorrhage 

Grade 1:  Minor Disruption: Minor 

disruption, discoloration and/or 

hemorrhage.  <10% NP region.  Minor 

fissuring and nuclear dehydration may be 

evident.  

Grade 2:  Moderate Disruption: Annular 

disruption with medium discoloration 

and/or hemorrhage. 

Grade 2:  Moderate Disruption: Medium 

disruption, discoloration and/or 

hemorrhage.  10-50% of NP region. 

Moderate fissuring and nuclear 

dehydration may be evident. 

Grade 3:  Major Disruption: Annular 

disruption with significant discoloration 

and/or hemorrhage. 

Grade 3:  Major Disruption: Significant 

disruption, discoloration and/or 

hemorrhage.  50-75% NP region. Major 

fissuring and nuclear dehydration may be 

evident. 

Grade 4: Complete Disruption: Annular Grade 4:  Complete Disruption: Extensive 
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*The sum of all regional scores (AF1, AF2, AF3, AF4, NP1 and NP2) yielded a total disc 

degeneration score between 0 (normal) and 24 (severely degenerated) for each disc. 

(AF=Annnulus Fibrosis, NP=nucleus pulposus). Table is described in Daly et al.26 and adapted 

from the method described by Oehme et al.13. 

 

disruption with extensive discoloration 

and/or hemorrhage. 

disruption, discoloration and/or 

hemorrhage.  >75% NP region. Extensive 

fissuring and dehydration may be evident. 
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Chapter 4. Mesenchymal progenitor cells primed with 
pentosan polysulfate promote lumbar 
intervertebral disc regeneration in an ovine 
model of microdiscectomy   

4.1. Introduction 

This chapter contains a manuscript for an experimental study entitled, “Mesenchymal progenitor cells 

primed with pentosan polysulfate promote lumbar intervertebral disc regeneration in an ovine 

model of microdiscectomy.” This manuscript has been published in The Spine Journal. This chapter 

describes a comparison of mesenchymal progenitor cells and pentosan polysulfate primed 

mesenchymal progenitor cells with regard to their ability to promote intervertebral disc regeneration in 

an ovine model of lumbar microdiscectomy. 

The candidate, Chris Daly, contributed to the experimental design, experimental procedures and the 

writing of the manuscript. Proportional contributions of co-authors are explained in the signed 

declaration on page xviii.  
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Abstract BACKGROUND CONTEXT: Neural compression associated with lumbar disc herniation is usually
managed surgically by microdiscectomy. However, 10%–20% of patients re-present with debilitat-
ing back pain, and approximately 15% require further surgery.
PURPOSE: Using an ovine model of microdiscectomy, the present study investigated the relative
potential of pentosan polysulfate-primed mesenchymal progenitor cells (pMPCs) or MPC alone im-
planted into the lesion site to facilitate disc recovery.
STUDY DESIGN: An ovine model of lumbar microdiscectomy was used to compare the relative
outcomes of administering MPCs or pMPCs to the injury site postsurgery.
METHODS: At baseline 3T magnetic resonance imaging (MRI) of 18 adult ewes was undertaken
followed by annular microdiscectomy at two lumbar disc levels. Sheep were randomized into three
groups (n=6). The injured controls received no further treatment. Defects of the treated groups
were implanted with a collagen sponge and MPC (5×105 cells) or pMPC (5×105 cells). After 6
months, 3T MRI and standard radiography were performed. Spinal columns were dissected, individual
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lumbar discs were sectioned horizontally, and nucleus pulposus (NP) and annulus fibrosus (AF) regions
were assessed morphologically and histologically. The NP and AF tissues were dissected into six
regions and analyzed biochemically for their proteoglycans (PGs), collagen, and DNA content.
RESULTS: Both the MPC- and pMPC-injected groups exhibited less reduction in disc height (p<.05)
and lower Pfirrmann grades (p≤.001) compared with the untreated injury controls, but morphologic
scores for the pMPC-injected discs were lower (p<.05). The PG content of the AF injury site region
(AF1) of pMPC discs was higher than MPC and injury control AF1 (p<.05). At the AF1 and con-
tralateral AF2 regions, the DNA content of pMPC discs was significantly lower than injured control
discs and MPC-injected discs. Histologic and birefringent microscopy revealed increased structural
organization and reduced degeneration in pMPC discs compared with MPC and the injured controls.
CONCLUSIONS: In an ovine model 6 months after administration of pMPCs to the injury site
disc PG content and matrix organization were improved relative to controls, suggesting pMPCs’
potential as a postsurgical adjunct for limiting progression of disc degeneration after
microdiscectomy. © 2017 Elsevier Inc. All rights reserved.

Keywords: Adult stem cells; Disc degeneration; Intervertebral disc; Mesenchymal precursor cells; Microdiscectomy;
Pentosan polysulfate

Introduction

Low back pain is the leading cause of disability world-
wide [1,2] and is strongly associated with disc degeneration
[3,4]. Disc degeneration is a multifactorial disease with etio-
logical contributions that include aging, physical activity,
obesity, hormonal dysregulation, and genetics [5]. The de-
generative process frequently extends to the annulus fibrosus
(AF) and, when coupled with physical activity, may lead to
annular failure, disc herniation, and subsequent compres-
sion of the neural elements producing radicular pain or
radiculopathy. When symptomatic herniation with neural com-
pression fails conservative management, it may be treated
surgically with lumbar microdiscectomy.

Lumbar microdiscectomy is the most common spinal op-
eration performed globally with over 300,000 such procedures
undertaken annually in the United States alone [6]. Unfortu-
nately, lumbar microdiscectomy, although relieving the radicular
symptoms, fails to address the underlying pathophysiology of
disc degeneration that contributed to the annular failure. Con-
sequently, many patients continue to experience back pain that
may be disabling in up to 10% of those who have undergone
microdiscectomy [5]. Recurrent disc herniation occurs in 5%–
15% of patients and reoperation may be required in 4%–25%
of this cohort [7]. A recent retrospective analysis of US na-
tional insurance databases revealed that 12% of patients subjected
to microdiscectomy will undergo reoperation for the same pro-
cedure within 4 years [7].Approximately 40% of these patients
will subsequently progress to fusion surgery within 4 years [7].

Given the global disease burden of back pain and the
failure of conventional therapies to address the underlying
pathobiology of disc degeneration, concerted efforts to
develop alternative modalities of treatment are currently
under investigation. Mesenchymal stem cells (MSCs) have
long been used in spinal surgery, originally in the form of
the iliac bone marrow explants, to promote bone fusion,
but more recently in their purified form where they have

been evaluated as potential candidates to support disc repair
[8–18]. Although these earlier studies were undertaken
using animal models of experimentally induced disc degen-
eration, several human clinical trials, using both autologous
and allogeneic MSCs, have been reported [19]. In general,
these clinical studies have demonstrated relief of symptoms
in patients with discogenic back pain, improved outcome
measures, and some have further shown improved interver-
tebral disc water content on magnetic resonance imaging
(MRI) or reduced spinal translational movement [20–25].

Mesenchymal stem cells can be derived from a variety of
tissues. However, the most frequently used source is from the
stromal tissue present within the perivascular niche of the bone
marrow. Aspirates obtained from bone marrow consist of a
heterogeneous population of cells from which MSCs may be
isolated by centrifugation, followed by their adherence to
plastic flasks and subsequent in vitro culture expansion [26].
MSCs prepared from adult human bone marrow by these
means contain a low abundance of highly proliferative, im-
mature mesenchymal progenitor cells (MPCs) capable of
extensive population doublings and are contaminated by low
proliferative colony-forming MSCs and non-mesenchymal cell
types [27,28]. Notably, studies show that MPCs are the major
colony-forming population present within the bone marrow
and exhibit higher plasticity than the mature stromal cells
[28–30]. MPCs can be readily isolated from the bone marrow
aspirates using the technique of magnetic-activated cell-
sorting-based immunoselection using monoclonal antibodies
that selectively bind to specific antigens expressed on the
surface of the MPCs [29,30]. Examples of these antibodies
include stromal cell surface marker-1 (STRO-1), STRO-3,
STRO-4, heat shock protein-90b, vascular cell adhesion
molecule-1, cluster of differentiation 106 (CD106), and CD146
[28–30].

A previous study by our group used immune-selected
STRO-3+MPCs, prepared from ovine bone marrow aspi-
rates, to investigate the reconstitution of lumbar discs in an
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ovine model of disc degeneration, mediated by injection of
the enzyme chondroitinase-ABC into the nucleus pulposus
(NP) [9]. Although this study demonstrated that MPCs were
effective in supporting recovery of disc proteoglycans (PGs)
and disc height index (DHI), this animal model failed to
replicate the hallmark pathologic features of human disc
degeneration, namely, loss of cell viability and the absence
of concentric tears within the AF, accompanied by vascular
invasion [31–33]. In addition, subsequent in vitro [34] and
in vivo [17] studies demonstrated that combination of MPC
with the pharmaceutical agent, pentosan polysulfate (PPS),
not only enhanced their proliferation and chondrogenic dif-
ferentiation but also suppressed osteogenesis. Using an ovine
model of lumbar disc degeneration, induced by the surgical
creation of a horizontal lesion in the periphery of their AFs,
it was reported [10] that 6 months after the injection of a
formulation of MPCs with PPS into the NP of degenerate
discs, increased disc height, reduced morphologic evidence
of matrix failure, and significantly elevated PG content of
their NP relative to controls were observed. The same ovine
formulation of MPCs and PPS used in the ovine disc degen-
eration model [10] was also evaluated in an ovine model of
microdiscectomy [8]. In this pilot study [8], a suspension of
allogeneic MPCs with PPS was applied to a gelatin sponge
scaffold placed in a full depth defect created in the AF of
ovine lumbar discs then closed with fibrin glue. The two
adjacent lumbar discs were used as untreated controls. Fol-
lowing euthanasia 6 months later, it was observed that the
microdiscectomy defects implanted with the MPC+PPS and
gelatin sponge exhibited significantly more new matrix re-
generation and preservation of disc height compared with
defects that were untreated or received the scaffold alone
[8].

Although the pilot study provided important information
in regard to a potential surgical adjunct to support disc
repair following microdiscectomy, since PPS was known to
promote regeneration of cartilage in osteoarthritic joints
[35], it was unclear whether the MPC or PPS were the
active mediators of the repair observed in this model or
whether both components acted synergistically. To resolve
this question, an in vitro study was undertaken to identify
the mechanism of action of combining PPS with MPCs
[36]. The results of this study indicated that the activation
of MPC by PPS in culture was mediated by its migration to
nucleus of the MPCs, where it upregulated specific gene
pathways responsible for cell replication, differentiation,
and biosynthesis of PGs [36]. Significantly, these studies
also demonstrated that after culturing the MPCs with PPS
for 24–48 hours, then eliminating the presence of PPS from
the cultures, the MPCs retained their genetic re-programing,
that is, they were now “primed” to differentiate to a chon-
drogenic phenotype, and as such would be superior to MPCs
alone in supporting repair of injured cartilaginous tissues
[36].

The objective of the present study was to test the hypoth-
esis that PPS-primed MPCs (pMPCs) administered into a disc

defect created by microdiscectomy were capable of facili-
tating repair.

Materials and methods

Surgical procedure

With ethics approval from the Monash Medical Centre
Animal Ethics Committee and conforming to the Australian
code of practice for the care and use of animals for scien-
tific purposes (8th edition, 2013), 18 adult Border-Leicester
Merino cross-bred ewes underwent preoperative 3 T MRI
(Siemens Skyra Widebore 3T MRI, Siemens, Erlangen,
Germany) under general anesthetic. All sheep were open
pasture raised and freely ambulating before the trial. Sheep
were fasted for 24 hours before surgery and anesthetized using
intravenous thiopentone (10–15 mg/kg) (Bayer Australia Ltd,
Pymble, NSW, Australia) followed by intubation and isoflurane
inhalation (Pharmachem, Eagle Farm, QLD, Australia) (2%–
3% in oxygen). Sheep were placed in the right lateral position.
Following the subcutaneous administration of local anesthet-
ic (bupivacaine 0.5%) (AstraZeneca Australia, Macquarie Park,
NSW, Australia), the L2–L3 and L3–L4 lumbar interverte-
bral discs were exposed via left lateral retroperitoneal approach,
as previously described [37,38]. Intraoperative lateral radio-
graphs (Radlink, Atomscope HF200A, Redondo Beach, CA,
USA) were performed to confirm the correct levels. The
microdiscectomy annulotomy injury was performed by cre-
ating a 3-mm×5-mm window incision in the annulus using
a pituitary rongeur. The disc tissues collected (200.0±3.0 mg)
consisted mainly of AF and the outer region of the NP. The
adjacent L1–L2 and L4–L5 discs served as untreated controls.

Following the microdiscectomy procedure, sheep were ran-
domized to one of the three treatment groups (six sheep per
group). The injury control group received no further therapy
and served to replicate current clinical practice. The MPC-
alone group received 0.5×106 MPCs delivered onto a 5×5×3-
mm gelatin sponge (Gelfoam, Pfizer Ltd, West Ryde, NSW,
Australia) placed within the defect followed by closure of the
outer region with a fibrin sealant (Tisseel, Baxter Interna-
tional Inc, Old Toongabbie, NSW, Australia) to prevent any
efflux of the cell suspension out of the defect.

The PPS-primed MPC (pMPC) group received 0.5×106

pMPC applied to the gelatin sponge and closed with fibrin
sealant by the same procedure as described for the MPC-
alone group.

After gelation of the fibrin, the wound was closed using
a routine layered procedure performed using absorbable sutures
(Vicryl, Ethicon, NJ, USA). Animals received a fentanyl patch
(Duragesic 75 �g/h, Jannsen LLC, North Ryde, NSW, Aus-
tralia) and intravenous paracetamol (Pfizer Ltd, West Ryde,
NSW, Australia) for postoperative analgesia. Following re-
covery, animals were returned to the pen with other sheep
and allowed free ambulation.

Sheep were transferred to open pasture 1 week postsurgery.
Necropsy was performed at 6 months.
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Primed and non-primed MPCs

A stock batch of the ovine MPCs used for these studies
were prepared from iliac crest bone marrow aspirates of adult
Border Leicester Merino crossbred sheep screened for my-
coplasma and other ovine pathogens using our published
procedures [30]. The protocol used for PPS priming of MPCs
derived from the MPC stock batch cultures has been de-
scribed previously [36]. The PPS used was commercially
available pharmaceutical grade PPS provided by
BenePharmachem GmbH & Co KG, Munich, Germany. The
phenotype of the MPCs and pMPC used for the study was
confirmed using multilineage differentiation assays and flow
cytometry that demonstrated that both MPCs and pMPCs ex-
pressed the characteristic MSC markers CD73, CD90, CD105,
CD44, and CD 146, but exhibited low expression of the he-
mopoietic and vascular endothelial markers: CD14, CD34,
and CD45 [29]. MPCs were stored in liquid nitrogen and trans-
ferred to the operating theater frozen then defrosted using the
standard procedures immediately before use. Before admin-
istration, cell numbers and viability were determined using
a Neubauer hemocytometer (Invitrogen, Carlsbard, CA, USA)
as previously described [8]. Where cell counts or viability were
less than 80%, cells were disposed of and a new vial used.

Necropsy

At 6 months following surgery, all animals were euthan-
ized by intravenous injection of 150 mg/kg of pentobarbital
(Sigma-Aldrich, Castle Hill, NSW, Australia). Lateral lumbar
spinal digital radiographs of all sheep were obtained with the
lumbar spine in situ. The lumbar spines were then removed
en bloc, a segment was isolated from the mid-sacrum to the
thoracolumbar junction, placed on ice, and transferred to
Monash Biomedical Imaging for MRI analysis (Siemens Skyra
Widebore 3T MRI). All spines were subjected to radiologi-
cal analysis using radiography and MRI. Spinal columns were
then transected in the horizontal plane through their verte-
bral bodies using a band saw to afford spinal segments that
included complete lumbar discs with half of the adjacent ver-
tebral bodies attached. Subsequent gross morphologic,
biochemical, and histologic analysis of discs were undertak-
en using these spinal segments as described below. Spinal
segments containing discs destined for histologic analysis were
transferred to phosphate buffered formalin.

Radiological analysis

Using standardized methods, DHI measurements were cal-
culated and recorded by an observer blinded to the treatment
regimen, using standard digital processing software (Osiris
MD v8.0.2, Pixmeo, Geneva, Switzerland).

Sagittal 3T T2-weighted MRI sequences of the entire
lumbar spine explant were obtained for each animal. Using
sagittal T2-weighted sequences, four blinded observers (a
neuroradiologist, a neurosurgeon, and two neurosurgery

residents blinded to the treatment regimen) determined the
Pfirrmann MRI disc degeneration scores for all lumbar discs.

Disc height index analysis was also performed using the
preoperative and 3T MRI images determined at necropsy by
an observer blinded to the intervention protocol. The 3T MRI
assessment of the DHI eliminated the potential for parallax
error while also producing consistent image quality for all
discs.

Gross morphologic analysis

Lumbar spinal disc segments allocated for gross morpho-
logic and biochemical analysis were sectioned in the horizontal
(axial) plane using a 100.0×25.0×2.5-mm blade to provide
two complementary halves of the disc as shown diagram-
matically in Fig. 1. High-resolution digital photographs were
taken of the exposed complementary surfaces and each region
shown in Fig. 1 scored by two blinded observers (CD, PG)
using the scoring system shown in Table that was adapted
from the method described by Oehme et al. [10].

Biochemical analysis

Following collection of the digital images of discs from
each lumbar spinal level for morphologic analysis, all tissue
regions shown in Fig. 1 were subjected to biochemical anal-
ysis. The individual NP and AF were separated from each other
and their vertebral attachments by careful dissection follow-
ing the boundaries shown in Fig. 1. Tissues from each region
were finely diced, frozen in liquid N2, and powdered in a liquid
Nitrogen cooled ball-mill. The powdered tissues were trans-
ferred to pre-weighed Eppendorf vials and weighed,
lyophilized, and then reweighed to constant weight to deter-
mine their anhydrous weights. Aliquots (3×) of the dehydrated
tissues were subsequently solubilized using a papain digestion

Fig. 1. Diagram showing the intervertebral disc segments used for gross mor-
phologic and biochemical analysis. AF1 is the site of intervertebral disc
annulotomy injury. NP1 is the region of NP on the injured half of the in-
tervertebral disc. NP2 is the complementary half of NP1. AF, annulus fibrosus;
NP, nucleus pulposus.
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buffer (50 mM sodium acetate {pH=6.0]) containing 2 mg/
mL papain (Sigma-Aldrich Chemicals, Sydney, NSW,
Australia) by incubation at 60°C for 16 hours [39]. The di-
gested tissues were then centrifuged at 3000g for 15 minutes
and supernatants diluted to a standard volume (the stock digest
solution). Aliquots of the stock solution were analyzed for
sulfated glycosaminoglycan content (S-GAG) (an index of
PG content) using the dimethylmethylene blue assay [40], hy-
droxyproline assay (to derive collagen content) [41], and
Hoechst dye 33258 assay for DNA content [42] as an index
of cell numbers. The results of biochemical analyses are ex-
pressed as percentage of tissue dry weight for S-GAG,
collagen, and DNA.

Histologic analysis

The individual disc segments, consisting of the interver-
tebral disc with the sawn vertebral bodies attached were in
10% neutral buffered formalin for 8 days then transferred to
70% ethanol for storage. The volume of vertebral bone was
reduced down to the growth plate using a fine diamond saw.
Before paraffin based-tissue embedding, decalcification of the
remaining vertebral bone was undertaken with multiple
changes of 10% formic acid. Coronal paraffin sections of the
entire disc segments were cut using a standard rotary micro-
tome and stained using hematoxylin and eosin (H&E), and
Alcian blue or Picrosirius red employing standard proto-
cols. However, because of the extended time required to
completely decalcify the vertebral bone, coupled with marked
disruption of the AF tissue integrity in the surgical zone, the
quality of the disc tissue sections cut from the untreated
microdiscectomy sections were considered unacceptable for
quantitative histologic scoring. Nevertheless, all histologic sec-
tions were reviewed qualitatively. In addition, the H&E sections
were examined by polarized light microscopy to identify
changes of AF collagen fiber orientation using birefringence.

Images were captured using a charge-coupled device camera
mounted on a Leica DMIRB base microscope (Leica
Microsystems Wetzlar GmbH, Wetzlar, Germany). Images
were analyzed using Abrio software (CRI, Woburn, MA, USA)
that allowed additional qualitative assessments between the
experimental groups to be determined.

Statistical analysis

All data analysis and storage was performed using Prism
7.0c for Mac (GraphPad Software Inc, La Jolla, CA, USA)
and Microsoft Excel for Mac (Version 15.33, Microsoft,
Redmond, WA, USA). Parametric data were analyzed using
one-way analysis of variance, and the Tukey multiple com-
parison test was performed when significant differences in
means were observed. Non-parametric data were analyzed
using Kruskal-Wallis test of median values followed by Dunn
multiple comparison test. Treated groups were compared using
the two-tailed Student t test followed by Mann-Whitney U
test. A p-value <.05 was considered statistically significant.

Results

Disc height

Using only the MRIs, it was demonstrated that the pMPC-
and MPC-treated discs’ loss of DHIs were significantly less
than the injury control discs (p<.05) (Fig. 2, Left). There was
no significant difference between pMPC- and MPC-treated
discs. However, the percentage loss of DHI observed between
all microdiscectomy-treated levels (pMPC, MPC, and injury)
and normal controls was significant (p<.05 for all groups).

Pfirrmann grades

Baseline preoperative MRIs revealed no evidence of un-
derlying disc degeneration. However, 3T MRI radiological

Table
Gross morphology criteria used to score AF and NP segmental regions shown in Fig. 1 for each disc*

AF Morphologic grades applied to each AF quadrant (AF1, AF2, AF3, and AF4) NP Morphologic grades applied to each half (NP1 and NP2) of NP.

Grade 0: Normal disc: Normal disc, no annular
disruption, discoloration, or hemorrhage.

Grade 0: Normal NP: No discoloration or hemorrhage.

Grade 1: Minor disruption: Annular disruption with
minor discoloration or hemorrhage.

Grade 1: Minor disruption: Minor disruption, discoloration, or
hemorrhage. <10% NP region. Minor fissuring and nuclear dehydration
may be evident.

Grade 2: Moderate disruption: Annular disruption
with medium discoloration or hemorrhage.

Grade 2: Moderate disruption: Medium disruption, discoloration, or
hemorrhage. 10%–50% of NP region. Moderate fissuring and nuclear
dehydration may be evident.

Grade 3: Major disruption: Annular disruption with
significant discoloration or hemorrhage.

Grade 3: Major disruption: Significant disruption, discoloration, or
hemorrhage. 50%–75% NP region. Major fissuring and nuclear
dehydration may be evident.

Grade 4: Complete disruption: Annular disruption
with extensive discoloration or hemorrhage.

Grade 4: Complete disruption: Extensive disruption, discoloration, or
hemorrhage. >75% NP region. Extensive fissuring and dehydration may
be evident.

AF, annulus fibrosus; NP, nucleus pulposus.
Table is adapted from the method described by Oehme et al. [10].
* The sum of all regional scores (AF1, AF2, AF3, AF4, NP1, and NP2) yielded a total disc degeneration score between 0 (normal) and 24 (severely de-

generated) for each disc.
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analysis demonstrated a significant reduction in Pfirrmann
grade for the MPC-treated (p<.001) and pMPC-treated
(p=.001) disc, relative to injured untreated discs (Fig. 2, Right).
As observed with DHI analysis, there was no significant dif-
ference in Pfirrmann grade between the MPC- and pMPC-
treated discs (Fig. 2, Right). The Pfirrmann grade for control
discs was significantly lower than injured and treated discs.

Gross morphologic analysis

Representative gross morphologic images and their scores,
determined using the scheme described in Table, for each ex-
perimental group are shown in Fig. 3. Total disc morphology
scores for the pMPC-treated group were significantly less than
injured controls (p<.05) (Fig. 3E). Combined NP gross mor-
phology scores for pMPC-treated discs, for regions NP1+NP2,
were significantly lower than injured discs (p<.05) but not
significantly different from normal controls (Fig. 3F).

Proteoglycan content as determined by sulfated-
glycosaminoglycans (S-GAG) analysis

Analysis of all AF injury sites (AF1), irrespective of treat-
ment, showed that the S-GAG content was reduced relative
to the corresponding region of the uninjured control discs.
However, the AF injury site (AF1) of pMPC-treated discs ex-
hibited significantly higher S-GAG levels, relative to both
injured (p<.05) and MPC-treated discs (p<.05) (Fig. 4A). In
the AF region, immediately adjacent to the injury site (AF4),
injured discs (p<.05) and pMPC-treated discs (p<.05) had sig-
nificantly higher S-GAG compared with MPC-treated discs
(Fig. 4B). Moreover, the S-GAG levels in the pMPC-
treated discs were not significantly different from controls
(Fig. 4B). No significant differences were observed between
groups in the AF2 and AF3 regions (data not shown).

Determination of the S-GAG content of the tissue from
the NP1 region of injured discs (Fig. 4C) showed that the
pMPC-treated discs contained higher S-GAG levels than either

the injury or MPC-treated discs; however, this difference did
not achieve statistical significance. All injured and treated discs
had significantly lower NP1 S-GAG content than controls.
The NP region, contralateral to the site of injury (NP2), dem-
onstrated no significant difference in S-GAG content between
untreated control and pMPC-treated discs and higher levels
than the corresponding injured disc NP2 region (p<.05) but
was not significantly different from MPC-treated discs
(Fig. 4D). Assessment of the combined S-GAG levels of the
NP1 and NP2 regions (total NP) revealed that the MPC- and
pMPC-treated discs had significantly higher total NP S-GAG
levels than injured discs (p<.05) but were not significantly
different from each other (Fig. 4E). Analysis of a total of
S-GAG levels for all disc regions showed that pMPC-
treated discs had significantly higher S-GAG content than
injured discs (p<.05).

Collagen content of disc regions

Biochemical analysis of the four AF regions revealed that
only the injury site AF (AF1) and AF4 regions showed sig-
nificant changes in collagen content relative to controls. For
the AF1 region of the pMPC-treated discs, the collagen content
was not significantly different from control discs. However,
the levels of this protein in the injury and MPC-treated discs
were higher than controls (Fig. 5A, B). In contrast for all
injured discs, treated or untreated, the collagen content of the
two NP regions were all higher than the corresponding un-
injured controls (Fig. 5C, D).

DNA

The DNA content of the AF1 regions was significantly
higher in injured untreated discs than in pMPC-treated discs
(p<.005) and control discs (p<.005) although not signifi-
cantly different from MPC-treated discs (Fig. 6A). In addition,
the DNA content of the region adjacent to the injury site (AF2)
was also found to be significantly less in pMPC-treated discs

Fig. 2. (Left) Percentage change in disc height index. The MPC- and pMPC-treated group demonstrated significantly less loss of DHI relative to non-treated
injury discs. However, the percentage decline in the control group was significantly less than all injured and treated groups (p<.05). (Right) 3T Pfirrmann
grades. MPC and pMPC Pfirrmann grades were significantly reduced relative to injured discs. All intervention groups had significantly increased Pfirrmann
grades relative to the control group. DHI, disc height index; MPC, mesenchymal progenitor cell; pMPC, pentosan polysulfate-primed mesenchymal progen-
itor cell. * p<.05; ** p≤.01; *** p≤.005; **** p≤.001.
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than injured discs (p<.05), but not significantly different from
control discs (Fig. 6B). Surprisingly, in this AF region (AF2),
the mean DNA content of the MPC-treated discs was found
to be lower than both pMPC-treated and untreated injured discs
(p<.05) (Fig. 6B).

The NP DNA content at the site of injury (NP1) was sig-
nificantly less in the pMPC-treated discs relative to the injured
discs (p<.05), whereas the level in the MPC-treated group was
equivalent to that of the untreated injury disc region (Fig. 6C).
Significantly lower DNA levels were also found in the con-
tralateral NP (NP2) region of the pMPC discs compared with
the untreated injured control discs (p<.005) and were equiv-
alent to control discs. MPC-treated discs also contained less
DNA content than injured discs (p<.05) (Fig. 6D). However,
the total DNA content of the NP of the pMPC- and MPC-
treated discs were similar and both were not significantly
different from control discs (Fig. 6E). Notably, only the

pMPC-treated discs exhibited significantly lower DNA content
than injured discs (p<.005) (Fig. 6E). Analysis of the total
DNA content of the AF regions of pMPC- and MPC-treated
discs both revealed significantly lower levels than the injured
disc controls (p<.001) (Fig. 6F).

Histology

Qualitative analysis of the histologic sections revealed
differences among the interventions with respect to their
vascular infiltration, PG content, and disc ultrastructure.
The normal control sections stained with H&E demonstrate
clearly the lamellation of the intact AF and the central
convex NP (Fig. 7A). Sections from normal controls stained
with Alcian blue and counterstained with Picrosirius red
(Fig. 8A) identified the high content of PGs in the disc NP
with lesser staining for PGs in the inner AF region. The

Fig. 3. Representative examples of disc gross morphology scoring. (A) Control uninjured AF and NP (scored as 0). (B) Injured disc disruption of AF with
discoloration and disruption of ipsilateral and contralateral NPs (scored as 7). (C) MPC reduced disruption of the NP relative to the injured disc is evident
(scored as 5). (D) pMPC relative preservation of NP structure and coloration evident. Minimal disruption to ipsilateral NP or AF evident (scored as 2). (E)
Total disc gross morphology scores. All injured and treated groups are significantly different from the control group. (F) Cumulative NP gross morphology
scores. The pMPC-treated discs have significantly lower gross morphology scores than untreated injury discs and are not significantly different from the control
discs (n=6 discs per group). AF, annulus fibrosus; NP, nucleus pulposus; MPC, mesenchymal progenitor cell, pMPC, pentosan polysulfate-primed mesen-
chymal progenitor cell. * p<.05; ** p≤.01; *** p≤.005; **** p≤.001.
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organized collagen distribution of the lamellae of the periph-
eral AF and subchondral bone was highlighted by the intensity
of the brown staining with the Picrosirius red dye (Fig. 8A).
The loss of Alcian blue staining for the NP and inner AF
regions in the section from the non-treated injured disc was
consistent with the loss of PGs from these regions (Fig. 8B).
Vascular infiltration at the injury site was a common
feature of injured discs but was most evident in the

MPC-treated groups, where the capillary infiltration into
the normally avascular inner AF and NP interface were
readily identified (Fig. 8D) as shown in detail in the H&E
stain (Fig. 7D).

A notable finding was the minimal capillary invasion in
sections from the pMPC-treated group (Figs. 7E, F and 8E,
F), relative to the injury and MPC-treated discs (Figs. 7C,
D and 8C, D). Relative preservation of the AF lamellae

Fig. 4. Sulfated-GAG content (% dry weight). (A) AF1 injured region of pMPC group demonstrates higher S-GAG levels than injury and MPC groups. All
injured and treated groups have significantly less GAG than control discs. (B) AF4 pMPC-treated discs have significantly higher GAG than MPC discs and
are not significantly different from control. Injured and MPC discs have significantly lower S-GAG levels than control discs. (C) NP1 MPC group demon-
strates significantly higher GAG levels than injury groups. (D) NP2 pMPC discs have higher S-GAG than injured discs and are not significantly different
from control discs. (E) Total NP MPC and pMPC discs had higher S-GAG than injured discs. (F) Total disc pMPC-treated discs demonstrated significantly
increased GAG compared with injury discs. GAG, glycosaminoglycans; S-GAG, sulfated glycosaminoglycans; AF, annulus fibrosus; NP, nucleus pulposus;
MPC, mesenchymal progenitor cell; pMPC, pentosan polysulfate-primed mesenchymal progenitor cell. * p<.05; ** p≤ign; *** p≤igni; **** p≤igni.
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structure could also be observed in the pMPC groups sec-
tions (using the Alcian blue or Picrosirius red stains; Fig. 8E,
F).

The structural integrity of the AF lamellae of the discs
was also investigated using birefringent light microscopy
(Fig. 9). In uninjured control discs (Fig. 9A), the unique
transition of the collagen lamellae sheets extended from the
caudal and cranial vertebral attachments through the carti-
laginous end plates. The random arrangement of the collagen
fibers in the NP did not elicit birefringence of the polarized
light and were only visualized as a dark field image (Fig. 9A).
As is evident in Fig. 9B, microdiscectomy provoked massive
disruption of the AF lamellae with the severed ends inter-
rupted by dark space. At the periphery of the AF, early
repair was evident by the random deposition of collagen,
surrounded by non-birefringent connective tissues and blood
vessels. In the MPC- and pMPC-treated groups, the birefrin-
gent images revealed the presence of more abundant collagen
fiber organization (Fig. 9C, D). However, for the injured
discs treated with the pMPCs, these collagen fibers were
more ordered and showed evidence of contiguous connec-
tions between the vertebral bodies within the inner and
central AF regions (Fig. 9C).

Discussion

The present studies demonstrated that both MPCs and PPS-
primed MPCs, when deposited onto a degradable collagen
sponge and implanted into a full annular defect then sealed
with fibrin, promoted disc repair to a greater extent than non-
treated injured control discs. However, biochemical analysis
revealed that the MPCs primed with PPS achieved deposi-
tion of higher levels of PG within injured discs than MPCs
alone. Moreover, the biochemical data were consistent with
the observations of improved matrix integrity, as identified
by histologic and birefringent microscopy and lower gross
morphologic scores. These data are supportive of our hy-
pothesis that short-term exposure, or “priming” of MPCs with
PPS, is capable of genetically re-programming MPCs toward
the chondrogenic lineage, thereby rendering these cells more
effective in supporting repair of injured disc tissues such as
occurs following microdiscectomy without the likelihood of
osteogenesis and potential spinal fusion [43].

Loss of PGs and their associated water from the disc is
an early event in the pathophysiology of disc degeneration
[44] and forms the basis for detecting degenerative changes
by MRI and application of the Pfirrmann scoring system [45].

Fig. 5. Collagen content (% dry weight). (A) AF1 MPC collagen content was significantly increased relative to control. (B) AF4 MPC was significantly higher
than control. (C) NP1 All injury and treatment groups were significantly higher than control. (D) NP2 All injury and treatment groups were significantly
higher than control. AF, annulus fibrosus; NP, nucleus pulposus; MPC, mesenchymal progenitor cell; pMPC, pentosan polysulfate-primed mesenchymal pro-
genitor cell. * p<.05; ** p≤.01; *** p≤.005; **** p≤.001.
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In the present study, the Pfirrmann scores and DHI changes
for the pMPC- and MPC-treated groups were found to be
equivalent but inconsistent with the biochemical findings which
showed that the level of PGs in the pMPC group were higher
than observed for the MPC group. We suggest that this dis-
crepancy between the MRI and biochemical findings could
be attributed to the relatively low sensitivity of conventional

MRI as a means of assessing early disc degeneration and DHI.
Moreover, the method for the determination of PG content
is objective, whereas the Pfirrmann scoring system depends
on subjective assessment.

Furthermore, as already discussed, disparity of the bio-
chemical results was not observed for the other parameters
examined in this study. Thus, the PG content of discs was

Fig. 6. DNA content (% dry weight). (A) AF1 pMPC-treated discs demonstrated significantly reduced DNA content compared with injured discs. Both MPC-
and pMPC-treated discs were not significantly different from control disc. (B) AF2 pMPC-treated discs are not significantly different from control discs and
demonstrate decreased DNA relative to injured discs. MPC DNA is significantly lower than control, injured discs, and pMPC discs. (C) NP1 pMPC discs
demonstrate significantly lower NP1 DNA than injured discs. (D) NP2 pMPC and MPC discs had significantly lower NP1 DNA than injured discs and were
not significantly different from control discs. (E) Total NP pMPC-treated discs have significantly lower NP-combined DNA content than injured discs. MPC-
and pMPC-treated discs are not significantly different from control discs. (F) Total AF pMPC- and MPC-treated discs demonstrate significantly reduced AF
total DNA relative to injured discs. MPC discs were not significantly different from control discs. AF, annulus fibrosus; NP, nucleus pulposus; MPC, mes-
enchymal progenitor cell; pMPC, pentosan polysulfate-primed mesenchymal progenitor cell. * p<.05; ** p≤.01; *** p≤.005; **** p≤.001.
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consistent with the gross morphology and histologic find-
ings, highlighting the limitations of current radiological
imaging techniques for quantitative investigations of the extent
of disc injuries and monitoring their repair.

T1rho-weighted MRI, an advanced quantitative MRI method,
correlates well with Pfirrmann degenerative grades while
also demonstrating a linear correlation between T1rho values
and NP glycosaminoglycan content [46]. Discs deemed healthy
on Pfirrmann grading demonstrate a wide distribution of
T1rho values, suggesting T1rho imaging may represent a more
sensitive method for the detection of early degenerative
changes [47]. The addition of T1rho-weighted MRI to con-
ventional MRI may aid in the radiological differentiation of
early stages of intervertebral disc degeneration in future
preclinical and clinical studies to evaluate novel modalities
of disc repair.

In the present study, the most significant changes ob-
served in collagen content occurred in the NP1 region of the
injured and treated discs where the levels were more than
double those of the corresponding normal controls. Apart from
the injured and MPC-treated discs, the collagen content of

the corresponding AF regions were not significantly differ-
ent from normal controls. Since each of these injured discs
had approximately the same amount of wet weight tissue
removed at the time of microdiscectomy, it is clear that the
injured disc has the capacity to mount a reparative re-
sponse. However, it is the nature of the repair tissues which
is of importance, particularly with respect to the ability of
the substitute to adequately replicate the complex biome-
chanical function demanded by the activities of spinal
movement and weight bearing [48,49]. In this regard, the adult
sheep used in our study showed no clinical signs of im-
paired functions for up to 6 months postsurgery, suggesting
that the repair tissue that filled the disc defects was suffi-
cient to maintain their normal functions, notwithstanding their
quadrupedal conformation. The morphologic, histologic, and
birefringent light microscopy studies provide some insight
into the composition and structure of the repair tissue de-
posited in the injured discs. The non-treated injured group
NP1 region contained granulation tissue heavily stained with
blood degradation products and exhibited minimal evidence
of reconstitution of annular collagen lamellae structure largely

Fig. 7. Sections stained with hematoxylin and eosin. (A) Control disc demonstrating intact AF with adjacent NP. (B) Injured disc with disruption of AF la-
mellae and vascular proliferation evident (arrow). (C) Injured disc demonstrating vascular proliferation (arrow) under higher magnification. (D) MPC-treated
disc with extensive vascular infiltration (arrow). (E) pMPC-treated disc demonstrating lamellar structure (arrow) and reduced vascular infiltration evident rel-
ative to B and C. (F) pMPC-treated disc demonstrating lamellar structure (arrow) under high-power magnification. Scale bar=200 um. AF, annulus fibrosus;
NP, nucleus pulposus; MPC, mesenchymal progenitor cell; pMPC, pentosan polysulfate-primed mesenchymal progenitor cell.
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replaced by primitive granulation or fibrous tissue that pro-
vided the high collagen content observed for this region.

The MPC-treated groups exhibited less staining arising from
blood degradation products and superior re-organization of
the lamellae structure of the AF, particularly for the discs in-
jected with the pMPCs. From these observations we suggest
that the presence of MPCs, and pMPCs in particular, within
the injured zone of the disc provide the appropriate trophic
factors and anti-catabolic mediators to facilitate the endog-
enous cells to respond to injury by synthesizing an extracellular
matrix appropriate for the mechanical demands imposed by
normal spinal functions.

The DNA content of a tissue is an imprecise index of its
cellularity [50,51]. Nevertheless, the elevation of DNA content
of the untreated injured discs reflects the increased cell
numbers associated with vascular invasion, elevated mono-
cyte and macrophage infiltration, and the deposition of
granulation tissue within the injured discs, as was evident from
the histologic and gross morphologic analysis (Figs. 3, 7, and
8) and previous reports [52,53]. Significantly, the DNA content
of disc tissues derived from the pMPC-treated group were

observed to be less than the untreated injury group values and
equivalent to the normal controls, suggesting partial attenu-
ation of neovascularization and granulation deposition in the
presence of the PPS-primed MPCs. It was also observed that
although the DNA content of the untreated injured discs was
generally higher than the levels in the normal control discs,
the injured discs that received the MPCs exhibited a lower
content of DNA in the AF2 region. Although this finding could
be interpreted to indicate inhibition of endogenous cell pro-
liferation or fragmentation of their DNA because of apoptosis,
our previous in vitro studies [34,36] suggest that this was not
the explanation. However, additional in vivo studies will be
required to resolve this issue.

Our earlier in vitro studies showed that priming of MPCs
with PPS upregulated genes encoding aggrecan core protein,
insulin-like growth factor 2, and the alpha-chains of type V
collagen, whereas the gene encoding the aggrecanase,
ADAMTS-4, was downregulated [36]. Although the results
of these in vitro studies may not directly translate to the in-
flammatory environment of the injured intervertebral disc, our
earlier microdiscectomy study using the same animal model

Fig. 8. Sections stained with Alcian blue or Picrosirius red. (A) Control disc demonstrating intact annulus fibrosus with adjacent nucleus pulposus. (B) Injured
disc with disruption of AF lamellae evident (arrow). (C) Injured disc demonstrating vascular proliferation (arrow) under higher magnification. (D) MPC-
treated disc demonstrating extensive vascular infiltration (arrow). (E) pMPC-treated disc demonstrating lamellar structure of AF (arrow). (F) pMPC-treated
disc under higher power demonstrating lamellar structure (arrow) with reduced vascular infiltration relative to injured and MPC-treated discs. Scale bar=200 um.
AF, annulus fibrosus; MPC, mesenchymal progenitor cell; pMPC, pentosan polysulfate-primed mesenchymal progenitor cell.
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and immunoselected MPC+PPS [8] where PGs from the ex-
perimental groups were extracted then subjected to size
exclusion chromatography in the presence and absence of
hyaluronan (HA) showed that PGs extracted from injured discs
implanted with MPC+PPS consisted of a larger population
of PG that aggregated with HA than PGs isolated from non-
treated injured or normal control discs. This finding indicated
that the G1–G2 globular region of the PG subunit core protein
was largely intact and thus capable of binding with HA to
form the large aggrecan complex [54]. On the basis of this
result we speculated that the degradation of aggrecans within
the injured discs in our ovine model was mediated by
aggrecanases or other proteinases whose activities were at-
tenuated in the presence of the PPS-primed MPCs.

In addition, it is feasible that the strong upregulation of
the IGF-2 gene in PPS-primed MPCs [36] once translated to
the corresponding protein could, in the hostile environment
of injured discs, be supportive of the processes of endog-
enous disc cell proliferation, differentiation, and extracellular
matrix deposition, which again would be supportive of the
ongoing tissue repair process [55,56]. However, additional
studies will be required to substantiate this suggestion.

Allogeneic bone marrow-derived MPCs were selected for
this study because of their high proliferative capacity and re-
tention of phenotype on culture expansion, immunoprivilege,
and previous application in other models of disc degenera-
tion [9] and clinical application [31–33]. Moreover, the ability
to use allogeneic MSCs as an “off-the-shelf” disc treatment
represents a major advantage over autologous therapies,

including chondrocytes from intervertebral disc or imma-
ture hyaline cartilage [34]. Although bone marrow-derived
MPCs possess osteogenic potential [17], which would rep-
resent a distinct problem in the context of intervertebral disc
regeneration, published human clinical trials of using allo-
geneic bone marrow-derived MSCs for the treatment of lumbar
intervertebral disc degeneration have not reported such a side
effect. Indeed, the cells promoted improvements in pain, dis-
ability, and Pfirrmann grade with no evidence of fusion [10].
Mesenchymal stem cells derived from other tissues, such as
adipose tissue-derived stromal cells (ADSCs) [10], have been
investigated for potential intervertebral disc therapy. ADCSs
have demonstrated the ability to promote intervertebral disc
regeneration in small and large animal models and produce
a PG- and collagen type 1-rich matrix [8]. However, ADSCs
required higher levels of transforming growth factors B2 or
additional growth factors to promote chondrogenic differen-
tiation relative to bone marrow-derived MSCs [8]. Interestingly,
periodontal ligament MSCs isolated from extracted teeth have
been shown to be very responsive to the positive effects of
low-dose PPS [57] but have yet to be evaluated in an animal
model of disc degeneration.

Limitations

We acknowledge there are several limitations of directly
translating the results of the present study to the clinical arena.
Firstly, the sheep used in this study, although mature, did not
demonstrate degenerative changes on their MRIs before

Fig. 9. Birefringent microscopy. (A) Control disc demonstrating intact lamellae of the annulus AF (arrow) adjacent to the NP where the collagen fibers are
randomly distributed and do not refract the polarized light. (B) Injured disc showing disruption of AF lamellae structure and the deposition of loose connec-
tive tissue (arrow) and vascular proliferation into the AF. (C) MPC-treated disc showing disorganized AF lamellae fragments adjacent to granulomous tissues
with blood vessel infiltration (arrow). (D) pMPC-treated disc shows a more organized AF lamellae assembly within the inner AF region and evidence of the
re-assembly of the AF fibers in the middle regions. However, outer AF is still a predominately disorganized connective tissue but with reduced vascular in-
filtration relative to B and C. Original magnification of ×20. Scale bar=500 um. AF, annulus fibrosus; MPC, mesenchymal progenitor cell; pMPC, pentosan
polysulfate-primed mesenchymal progenitor cell.
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microdiscectomy. However, the sheep discs, like human discs,
have few notochordal cells [58] and has been widely used
as a preclinical model for evaluating new therapeutic agents
and devices for human spinal applications [8,14,59–61]. A
second limitation relates to the anatomical differences between
the ovine and the human spines which dictated the surgical
approach we were compelled to use in the ovine setting. Tra-
ditionally, microdiscectomy in humans is performed via a
posterior approach. However, in the sheep spine, because of
the extension of the ovine spinal cord into the sacral region
and the ossification of the posterior longitudinal ligament, an
anterolateral approach was necessary to gain access to the
lumbar discs. Furthermore, the experimental time frame of
our study was limited to 6 months. Although this postoper-
ative follow-up period may not reflect the long-term outcomes
of the pMPC therapy on disc repair following microdiscectomy,
we were limited by the ethical and financial constraints of
animal experimentation in an academic setting.

Conclusion

Notwithstanding the above limitations, the results of the
present study suggest that pMPCs offer a potential modal-
ity for limiting the progression of disc degeneration following
microdiscectomy.
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Chapter 5. Perioperative care for lumbar 
microdiscectomy: a survey of Australasian 
Neurosurgeons   

5.1. Introduction 

Optimization of the discectomy procedure extends beyond the introduction of regenerative therapy at 

the time of lumbar discectomy. As detailed previously, despite being the most commonly performed 

spine surgery procedure worldwide, a significant lack of clarity and heterogeneity remains in post-

operative care following lumbar microdiscectomy. In order to gain an accurate assessment of the 

lumbar discectomy peri-operative care practices of Australasian neurosurgeons a survey was 

conducted with the support of the Neurosurgical Society of Australasia. 

This chapter contains a manuscript for a survey study entitled, “Perioperative care for lumbar 

microdiskectomy: a survey of Australasian Neurosurgeons.” This manuscript has been accepted for 

publication by the Journal of Spine Surgery. This chapter describes a survey of Australasian 

neurosurgeons regarding lumbar microdiscectomy perioperative practices. 

The candidate, Chris Daly, contributed to the survey design, conduct and interpretation and the writing 

of the manuscript. Proportional contributions of co-authors are explained in the signed declaration on 

page xix.  
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Title Perioperative care for lumbar microdiskectomy: a survey of Australasian Neurosurgeons
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Abstract Introduction: Lumbar microdiskectomy is the most commonly performed spine surgery procedure. Over time it has evolved to a minimally invasive

procedure.  Traditionally patients were advised to restrict activity following lumbar spine surgery.  However, post-operative instructions are

heterogeneous. The purpose of this report is to assess, by survey, the perioperative care practices of Australasian neurosurgeons in the minimally

invasive era. 

Methods: A survey was conducted by email invitation sent to all full members of the Neurosurgical Society of Australasia.  This consisted of 11

multi-choice questions relating to operative indications, technique, and post-operative instructions for lumbar microdiskectomy answered by an

electronically distributed anonymized online survey.

Results: The survey was sent to all Australasian Neurosurgeons. In total, 68 complete responses were received (28.9%). Most surgeons reported

they would consider a period of either four to eight weeks (42.7%) or eight to 12 weeks (32.4%) as the minimum duration of radicular pain adequate

to offer surgery. Unilateral muscle dissection with unilateral diskectomy was practiced by 76.5%. Operative microscopy was the most commonly

employed method of magnification (76.5%).  The majority (55.9%) always refer patients to undergo inpatient physiotherapy.  Sitting restrictions

were advised by 38.3%. Lifting restrictions were advised by 83.8%.

Discussion: Australasian neurosurgical lumbar microdiskectomy perioperative care practices are generally consistent with international practices

and demonstrate a similar degree of heterogeneity.  Recommendation of post-operative activity restrictions by Australasian neurosurgeons is still

common.  This suggests a role for the investigation of the necessity of such restrictions in the era of minimally invasive spine surgery.
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 Abstract

Introduction: Lumbar microdiskectomy is the most commonly 

performed spine surgery procedure. Over time it has evolved to a 

minimally invasive procedure.  Traditionally patients were advised to 

restrict activity following lumbar spine surgery.  However, post-

operative instructions are heterogeneous. The purpose of this report 

is to assess, by survey, the perioperative care practices of 

Australasian neurosurgeons in the minimally invasive era. 

Methods: A survey was conducted by email invitation sent to 

all full members of the Neurosurgical Society of Australasia.  This 

consisted of 11 multi-choice questions relating to operative 

indications, technique, and post-operative instructions for lumbar 

microdiskectomy answered by an electronically distributed 

anonymized online survey.

Results: The survey was sent to all Australasian 

Neurosurgeons. In total, 68 complete responses were received 

(28.9%). Most surgeons reported they would consider a period of 

either four to eight weeks (42.7%) or eight to 12 weeks (32.4%) as 

the minimum duration of radicular pain adequate to offer surgery. 

Unilateral muscle dissection with unilateral diskectomy was practiced 

by 76.5%. Operative microscopy was the most commonly employed 

method of magnification (76.5%).  The majority (55.9%) always refer 

patients to undergo inpatient physiotherapy.  Sitting restrictions were 

advised by 38.3%. Lifting restrictions were advised by 83.8%.  
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Discussion: Australasian neurosurgical lumbar 

microdiskectomy perioperative care practices are generally consistent

with international practices and demonstrate a similar degree of 

heterogeneity.  Recommendation of post-operative activity 

restrictions by Australasian neurosurgeons is still common.  This 

suggests a role for the investigation of the necessity of such 

restrictions in the era of minimally invasive spine surgery.  

Key Words: spine, diskectomy, perioperative care, 

neurosurgery, surveys and questionnaires
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Introduction

Lumbar microdiskectomy is the most commonly performed spine 

surgery procedure with over 300,000 operations performed annually 

in the United States alone(1).  

The first lumbar diskectomy for a patient with a pre-operative 

diagnosis of ruptured intervertebral disk is credited to Mixter and Barr

in 1932 and was performed via a multi-level lumbar laminectomy(2). 

Since the initial description of the lumbar diskectomy procedure the 

operation has progressed towards its current minimally invasive form.

In tandem with the reduction in invasiveness, some surgeons have 

reduced the restrictions imposed in post-operative care 

instructions(3).  However, significant heterogeneity in surgical 

technique and perioperative care still exists around the world(4-7) 

and there is a paucity of literature about the current state of play in 

Australia. 

Understanding current practices would be helpful to patients together

with care providers, including referring practitioners, nursing staff, 

physiotherapists and perhaps other surgeons.  The purpose of this 

survey is to determine current lumbar microdiskectomy perioperative 

practices amongst Australasian neurosurgeons.

Methods

6
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A survey of Australasian Neurosurgeons was conducted by email 

invitation sent to all full members of the Neurosurgical Society of 

Australasia (NSA).  All invitees received a further two email reminders.

The survey consisted of 11 multi-choice questions conducted by an 

anonymized online survey.  Statistical analysis was performed with 

Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA) and SPSS 

Statistics Version 24 (IBM Corp, Amonk, NY, USA).  Pearson chi-

squared statistic was used to assess the statistical significance of 

relationships between surgeon seniority and response to variables. 

Ethics approval was provided by Monash Human Research Ethics 

Committee.

Results 

The survey was sent to 235 Australasian Neurosurgeons (NSA 

Members).  71 responses were received of which 68 were complete 

(28.9% complete response rate).  Only complete responses were 

included in the attached report. The questions and results of the 

survey are detailed below in Table 1.

Surgical Procedure

The majority of surgeons (97.1%) performed a unilateral approach; 

76.5% of surgeons used a microdiskectomy retractor and 20.6% used 

a tubular retractor system to perform a unilateral muscle dissection 

7
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with unilateral diskectomy.  Only 2.9% of respondents performed 

bilateral muscle dissection with unilateral diskectomy.  

Magnification

The operative microscope was the most commonly employed method 

of magnification, practiced by 76.5% of surgeons.  The operative 

microscope was used by surgeons performing the unilateral muscle 

dissection technique with a microdiskectomy retractor (58.8%) and 

those utilizing a tubular retractor system (17.6%). Loupes were used 

by 20.6% of surgeons—16.2% using the unilateral approach with 

microdiskectomy retractor, 2.9% using the tubular retractor system 

and 1.5% using the bilateral muscle dissection approach.  Only 2.9% 

of surgeons elected to use no magnification and these were evenly 

split between the bilateral and unilateral muscle dissection approach. 

Operative Indications

In the absence of cauda equina syndrome or severe neurological 

deficit most surgeons reported that they would consider a period of 

either four to eight weeks (42.7%) or eight to 12 weeks (32.4%) of 

radicular pain the minimum duration of symptoms before offering 

surgery. Of the remaining surgeons 4.4% considered less than two 

weeks appropriate, 11.8% reported two to four weeks and 8.7% 

deemed more than 12 weeks an acceptable period of radicular pain 

after which surgery could be offered.

8
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Post-operative Management

The majority of surgeons (57.4%) mobilized patients upon returning to

the ward on the day of surgery.  Slightly less than one third of 

surgeons (32.4%) mobilized patients a few hours after surgery with 

the remainder (10.2%) mobilizing patients on day one following 

operation.

Post-operative Physiotherapy

Most surgeons (55.9%) always referred patients to inpatient 

physiotherapy.  Only 13.3% of surgeons state they never referred 

patients to undergo inpatient physiotherapy.  Outpatient 

physiotherapy referral practices were more varied, with 23.5% of 

surgeons indicating that they never referred patients for outpatient 

physiotherapy and 16.2% always referring patients for outpatient 

physiotherapy.  The remaining surgeons fell between these extremes.

Sitting Restrictions

Just over one third of surgeons (38.3%) recommended the application 

of sitting restrictions whilst the remainder (61.7%) recommended no 

restrictions beyond that afforded by comfort.  The breakdown of this 

advice can be seen in Table 1 and Fig. 1.

9
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When sitting restrictions were recommended the duration varied 

between avoiding sitting until comfortable (25%) and four to eight 

weeks (11.8%).  Sitting restrictions of two to four weeks were advised 

by 17.7% of surgeons.  Restrictions of one week or less were rarely 

recommended (1.5%).

Lifting Restrictions

 Lifting restrictions were advised by the majority of surgeons (83.8%). 

Lifting restrictions of <5kg (42.6%) and <10kg (39.7%) were most 

frequently offered. 16.2% of surgeons recommended no lifting 

restrictions (Fig. 2).  One surgeon contacted the authors directly to 

stress the importance of the avoidance of spinal flexion rather than 

lifting per se.

A majority of surgeons advised patients to follow lifting restrictions for

a period of four to eight weeks (52.9%).  The next most common 

period was two to four weeks (19.1%).  The application of restrictions 

until comfortable was advised by 13.2% of surgeons and no period of 

lifting restrictions advised by 7.4%.  A minority of surgeons advised 

extension of lifting restrictions beyond eight weeks (5.9%) or for less 

than one week (7.4%)(Fig. S4)

Seniority and Relationship to Advising Restrictions
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There was a representative range of surgeon experience in this study,

with surgeons of less than five years (25.0% of respondents) to more 

than 20 years of experience (36.8% of respondents) contributing to 

the survey.  Surgeons five years or less post fellowship were more 

likely to use the operative microscope (94.1%) than those six or more 

years post fellowship (69.2%). The only surgeons who did not use 

intraoperative magnification had more than 20 years experience post 

fellowship.  No relationship between surgical seniority and any other 

variable achieved statistical significance.  

Discussion

This is the first survey of Australasian neurosurgeons detailing the 

peri-operative management of patients undergoing lumbar 

diskectomy.  Australasian practice is generally consistent with 

international practice and demonstrates a similar degree of 

heterogeneity (4-7).

A limitation of this study is the 28.9% complete response rate. A trend

towards declining responses to clinician surveys has been noted 

previously(8,9).  Reasons cited for this trend include clinicians being 

“swamped by questionnaires”(10), a lack of incentive for 

involvement(10) and many clinicians having a policy of non-response 

(9).  Furthermore Australasian clinicians have been noted to be 

amongst the worst survey responders(8). The response rate is 
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comparable to the 36% rate in a survey of members of the 

International Society for the Study of the Lumbar Spine regarding 

post-operative activity restrictions(11).  The distribution of surgeon 

seniority in this survey approximates approximated that of the 

neurosurgical workforce as described in the 2016 Royal Australasian 

College of Surgeons Activities Report suggesting that responders are 

representative in this regard(12).  The potential for non-responder 

bias must, however, be recognized. 

Unilateral muscle dissection with unilateral diskectomy is the 

approach taken by the majority of Australasian neurosurgeons and is 

consistent with the reported practices of Dutch spine surgeons(4).  

The nature of the operative approach preferred by British, Canadian 

and Italian surgeons was not reported.

Concurrent with the trend towards reduced soft tissue dissection in 

lumbar diskectomy increased use of operative magnification has also 

been practiced (13).  The operating microscope was introduced to 

lumbar diskectomy surgery by Yasargil in 1967 and reported as part of

a series of patients in 1977(14).  Its use was subsequently 

popularized by the pioneering orthopaedic spine surgeon John 

McCulloch(13,15) and is the practice of over three quarters of 

Australasian neurosurgeons surveyed.  Canadian neurosurgeons 

report a similar practice with 70% using the microscope(5).  Similarly, 
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82.5% of neurosurgeons from Lombardy reported using either loupes 

or the operative microscope (the two were not distinguished in the 

Italian survey) while 17.5% reported no use of magnification, much 

higher than the 3% in our survey.  The figures for Dutch and British 

surgeons were not reported.  

Variation among spine surgeons regarding timing of surgery in 

patients with radicular pain has been noted in previous studies(4).  

The majority of Australasian neurosurgeons surveyed consider a 

period of four to eight weeks (42.65%) or eight to twelve weeks 

(32.35%) the minimum period of radicular pain a patient must report 

prior to being offered lumbar diskectomy surgery in the absence of 

cauda equina syndrome.  These figures are very similar to those 

reported by Dutch spine surgeons– 34% of surgeons indicated they 

would offer surgery to patients with four to eight weeks of symptoms 

and a further 42% would offer surgery at eight to 12 weeks (4).

Timing of surgery for lumbar disk herniation associated sciatica is a 

long-standing controversy amongst spine surgeons.  Surgical practice 

has swung from periods of early surgical intervention for acute 

radicular pain  (16) to the current approach favoured by most 

surgeons of performing a trial of conservative management lasting a 

number of weeks.  The evidence from randomized controlled trials 

suggests early surgical intervention may offer symptomatic benefit.  
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On as-treated analysis, the Spine Patient Outcomes Research Trial 

(SPORT)(17,18), demonstrated statistically significant benefits to 

surgery at all time-points from three months to four years(17,18).  

Similarly, the Sciatica Trial, comparing early (six to 14 weeks) surgery 

for sciatica with six months of conservative management and surgery 

thereafter if required, demonstrated faster pain relief and perceived 

recovery in those who received early surgery(19). 

Just over half of Australian neurosurgeons always prescribe post-

operative inpatient physiotherapy with less, only one in six, always 

prescribing outpatient physiotherapy.  International practice regarding

physiotherapy referral varied significantly: 85.7% of Dutch surgeons 

prescribed inpatient physiotherapy while only 6% of Italian 

neurosurgeons did the same.  This reflects the lack of clarity 

regarding the role of post-operative physiotherapy following lumbar 

microdiskectomy.  A recent Cochrane review of post-operative 

rehabilitation programs following lumbar microdiskectomy indicated 

that  there is, at best, low level evidence that physiotherapy programs

started four to six weeks post-surgery led to better function than no 

treatment(20).  

Post-operative activity restrictions are commonly imposed following 

lumbar diskectomy. This can be observed in our survey and a survey 

of international surgeons specifically addressing lifting restrictions 
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following spine surgery(11).   Our survey results reflect the 

persistence of this practice with approximately 40% of Australasian 

neurosurgeons recommending specific sitting restrictions.  A survey of

British spine surgeons indicated that 31% request their patients do 

not sit for between two days to six weeks following a spine surgical 

procedure(6).  The British survey does not provide further detail on 

sitting restrictions and data for post-operative sitting restrictions were

not available for Dutch, Italian or Canadian Spine Surgeons.  

Lifting restrictions were more common, with specific lifting restrictions

advised by the majority of Australasian neurosurgeons (83.2%).  

Approximately half of Australasian neurosurgeons advised the 

application of such restrictions for a period of four to eight weeks.   

The recommendation for lifting restrictions is relatively consistent 

with the practice among British spine surgeons and surgeons of the 

International Society for the Study of Lumbar Spine Surgery, 85%(6) 

and 96.3%(11) of whom respectively advised lifting restrictions(6).  

The variety of lifting restrictions demonstrated in this survey are 

consistent with earlier reports of European spine surgeon 

recommendations in which the authors noted a lack of consistency.

(11)  

The underlying rationale for sitting and lifting restrictions is that 

following surgery the spine is weaker due to disruption of the 
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functional spinal motion unit and thus potentially more prone to 

injury(11).   However, there appears to be little evidence to support 

this theory, empirically or biomechanically, or the imposition of such 

restrictions(11,21). The purpose of such restrictions in the era of 

microdiskectomy has been questioned in the literature since at least 

the mid 1990s(3,22).  Carragee et. al. reported a prospective study of 

152 patients who did not observe activity restrictions following lumbar

microdiskectomy.   This cohort achieved similar outcomes, with the 

exception of achieving earlier return to work, compared to literature 

reported outcomes for the standard practice of post-operative 

restrictions.  Bono et. al.(23) recently reported the first randomized 

controlled trial comparing post-operative activity restriction protocols 

following lumbar microdiskectomy.  No significant differences in 

outcomes or disk herniation recurrence rates were observed with 

activity restriction protocols of two or six weeks.  The study was, 

however, underpowered to detect a significant difference in 

reherniation rates.  We are currently performing the first randomized 

controlled trial comparing  a patient group observing no post-

operative activity restrictions with a control group observing a one 

month period of  activity restrictions(24).  Additionally, our study will 

track patient adherence to activity restrictions following spine surgery

through use of a wearable activity monitory, an innovation of 

importance given the difficulty of verifying patient adherence to 

activity restrictions through self-report.  

16
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Conclusion

In conclusion, the surgical techniques and magnification preference of

Australian neurosurgeons are generally consistent with their 

international colleagues. Sitting and lifting restrictions are still 

frequently advised by Australasian neurosurgeons. This survey 

demonstrates the heterogeneity in peri-operative practices of 

Australasian neurosurgeons and suggests the potential for 

investigation of the role of post-operative activity restrictions 

following lumbar microdiskectomy given the prevalence and variety of

these practices in the era of minimally invasive spine surgery.  
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Tables

Table 1. Survey questions and results.  The table lists all survey 

questions, responses and the percentage of surgeons who selected 

each response. 

Figures

Figure 1 Fig. 1 Sitting restrictions. Percentage of 

surgeons.

Figure 2

Lifting Restrictions. Percentage of surgeons.
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Table 1. Survey questions and results. The table lists all survey questions, responses and the 

percentage of surgeons who selected each response. 

Question Response Percentage 

Bilateral muscle dissection with 

bilateral diskectomy 

0.0% 

Bilateral muscle dissection with 

unilateral diskectomy 

2.9% 

Unilateral muscle dissection with 

unilateral diskectomy 

76.5% 

Unilateral muscle dissection with 

unilateral diskectomy via tubular 

system 

20.6% 

1. Which surgical technique do you 

perform as a standard procedure for 

lumbar diskectomy? 

Bilateral muscle dissection with 

bilateral diskectomy 

0.0% 

No magnification 2.9% 

Loupes 20.6% 

2. Do you use magnification when 

performing lumbar diskectomy 

operations and if so what kind? 

Microscope 76.5% 

<2 weeks 4.4% 

2-4 weeks 11.8% 

4-8 weeks 42.7% 

8-12 weeks 32.4% 

3. In the absence of cauda equina 

syndrome or severe neurological 

deficit, what is the minimum duration 

of radicular pain a patient must report 

for you to offer lumbar diskectomy 

surgery? 

>12 weeks 8.7% 

Day 0, upon returning to the ward 57.4% 

Day 0, after a few hours 32.4% 

Day 1 10.2% 

4. In the absence of CSF leak when do 

you allow your lumbar diskectomy 

patients to mobilize following their 

operation? 

Day 2 0.0% 
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Never 13.2% 

Rarely 8.8% 

Sometime 8.8% 

Often 13.3% 

5. Do you prescribe inpatient post-

operative physiotherapy during 

admission following lumbar 

diskectomy? 

Always 55.9% 

Never 23.5% 

Rarely 17.7% 

Sometime 35.2% 

Often 7.4% 

6. Do you prescribe postoperative 

outpatient physiotherapy after 

diskharge following lumbar 

diskectomy? 

Always 16.2% 

No sitting restrictions 22.0% 

As comfort allows 39.7% 

<30 mins per hour 20.6% 

<15 mins per hour 10.3% 

7. Do you advise sitting restrictions in the 

post-operative period following lumbar 

diskectomy? 

Avoid sitting entirely if possible 7.4% 

I don't advise sitting restrictions 30.9% 

Until comfortable 25.0% 

<1 week 1.4% 

1-2 weeks 13.2% 

2-4 weeks 17.7% 

4-8 weeks 11.8% 

8. How long after lumbar diskectomy do 

you advise patients to restrict sitting 

time? 

>8 weeks 0.0% 

I don't advise lifting restrictions 16.2% 9. Do you advise lifting restrictions in the 

post-operative period? 
<40kg 0.0% 



186 

<20kg 1.5% 

<10kg 39.6% 

 

<5kg 42.7% 

No lifting restrictions 7.4% 

Until comfortable 13.2% 

<1 week 1.5% 

2-4 weeks 19.1% 

4-8 weeks 52.9% 

10. How long after microdiskectomy do 

you advise patients to restrict lifting? 

>8 weeks 5.9% 

0-5 years 25.0% 

6-10 years 19.1% 

11-15 years 5.9% 

16-20 years 13.2% 

11. How many years have you been 

practicing as a Consultant 

Neurosurgeon? 

>20 years 36.8% 
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Chapter 6. Lumbar microdiscectomy and post-
operative activity restrictions: a protocol for 
a single blinded randomised controlled trial   

6.1. Introduction 

This chapter contains a manuscript for an experimental study entitled, “Lumbar microdiscectomy and 

post-operative activity restrictions: a protocol for a single blinded randomised controlled trial.”. 

This manuscript has been published in BMC Musculoskeletal Disorders. This chapter describes the 

protocol of a single blinded randomised controlled trial comparing post-operative regimens consisting of 

one month of activity restrictions with an equivalent period with no activity restrictions. In addition, an 

interim analysis of recruitment to date is provided. 

The candidate, Chris Daly, contributed to the trial design, conduct and the writing of the manuscript. 

Proportional contributions of co-authors are explained in the signed declaration on page xix.  
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6.2. Impact of post-operative activity restriction on lumbar 
microdiscectomy clinical outcome: a single blinded 
randomised controlled trial interim analysis 

Recruitment of patients in the post-operative activity restriction on lumbar microdiscectomy clinical 

outcome trial commenced in February 2016.   

A total of 106 patients were enrolled with 89 undergoing randomisation. Six patients did not undergo 

surgery, eight patients withdrew and three were ineligible. The first patient underwent surgery on 

5/2/2016. Median follow-up of enrolled patients is 7.8 months at the time of completion of this interim 

analysis. This data is presented in Figure 1. 

To date five patients have MRI confirmed intervertebral disc reherniation. Three underwent revision 

lumbar microdiscectomy, one received a nerve root block and the final patient was treated with 

conservative management. 

The target enrolment for the trial is 210 patients and is anticipated to be completed in 2020. 
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Figure 1. Lumbar microdiscectomy and post-operative activity restrictions trial flow diagram
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Lumbar microdiscectomy and post-operative
activity restrictions: a protocol for a single
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Abstract

Background: Lumbar microdiscectomy is the most commonly performed spinal surgery procedure, with over
300,000 cases performed annually in the United States alone. Traditionally, patients were advised to restrict
post-operative activity as this was believed to reduce the risk of disc reherniation and progressive instability.
However, this practice would often delay patients return to work. In contemporary practice many surgeons
do not restrict patient post-operative activity due to the perception this practice is unnecessary. We describe
a randomised controlled trial to assess the impact of activity restrictions on clinical outcome following lumbar
discectomy.

Methods/Design: The lumbar microdiscectomy and post-operative activity restriction trial is a multi-centre,
randomised, controlled single blinded trial. Two hundred ten patients due to undergo single level lumbar
microdiscectomy without a history of previous spine surgery, infection or fracture are randomised to be
advised either restricted or unrestricted activity for a period of 30 days following lumbar microdiscectomy.
Actual adherence with trial allocation will be monitored bioelectronically via a wearable device. Outcome
assessment at follow up will occur at 1, 3, 6 and 12 months. The primary outcome will be a composite
endpoint comprising changes in Visual Analogue Scale (Leg and Back), Oswestry Disability Index and the
absence of intervertebral disc reherniation or secondary intervention.

Discussion: This randomised controlled trial will directly compare post-operative protocols of activity
restrictions and no restrictions following lumbar discectomy with adherence monitored bioelectronically.

Trial Registration: Australian New Zealand Clinical Trials Registry: ACTRN12616001360404 (retrospectively
registered 30/09/2016).

Keywords: Lumbar Discectomy, Spine, Restrictions, Post-Operative, Sitting

Background
Lumbar microdiscectomy is the most commonly per-
formed spinal surgical procedure [1]. Lumbar microdis-
cectomy is indicated for radicular pain unresponsive to
conservative management (e.g. analgesia and physiother-
apy), neurological deficit (e.g. weakness) or for cauda
equina syndrome.

Lumbar microdiscectomy is minimally invasive,
patients typically mobilize the same day and are
discharged home the following day, making the oper-
ation suitable for day-procedure [2]. Traditionally
following surgery, patients have been advised to re-
strict sitting, lifting or resuming other activities of
everyday life, and are advised to either stand or lie for vari-
able periods [3]. Sitting imposes greater intradiscal pres-
sure than does standing [4] though evidence that
increased pressure increases disc reherniation risk is
lacking.
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Such restrictions impact upon patients’ ability to
return to work, travel or drive and basic comfort. It
has been suggested that activity restrictions may also
raise patient anxiety regarding reherniation risk.
Moreover, neurosurgical practice regarding activity
restriction varies, the dearth of evidence resulting in
absence of clear clinical guidelines for surgeons,
nurses, physiotherapists and occupational physicians.
If no difference in outcomes are observed between
groups in this randomised controlled trial future
patients would be able to rapidly resume their normal
activities, productivity, work and do so without fear
or associated psychological morbidity. This would
provide an evidence base to postoperative care and
consensus amongst surgeons.
Two prospective studies published in the 1990s re-

ported incidence of symptomatic recurrent disc
protrusions and reoperation, and time to return to work
in a cohort of patients whose movement was not re-
stricted post lumbar microdiscectomy. Compared to
rates in the literature among movement-restricted
patients, adverse outcomes in this cohort were not
considered higher [5, 6]. However, in the absence of a
control group and randomisation, the evidence from
such studies is relatively weak.
Bono et al. [7] recently published the first report of

a randomised controlled trial investigating post-
operative activity restrictions following lumbar discec-
tomy. This trial compared post-operative protocols
consisting of short (two weeks) and long (six weeks)
periods of activity restriction following lumbar discec-
tomy. The authors observed no significant difference
in outcome as assessed by Visual Analog Scale (VAS)
back or leg pain or Oswestry Disability Index (ODI).
Disc reherniation rates differed between the groups
observing short (11%) and long (7%) periods of activ-
ity restriction. This difference did not achieve statis-
tical significance or translate into an appreciable
difference in clinical outcome. However, the authors
noted the study was underpowered to detect a signifi-
cant difference in disc reherniation rate and calcu-
lated approximately 800 patients per arm would be
required to achieve sufficient statistical power.
All previous studies on post-operative restrictions

following lumbar discectomy have relied on self-
reported adherence to mobility restrictions. Non-
adherence is a well-recognized phenomena in spine
surgery trials with non-adherence rates in SPORT
approximately 40% at one year [8]. Such outcomes
are likely to be biased. Contemporary wearable elec-
tronic devices that can accurately record the patient’s
position (i.e. sitting/standing) enable empirical obser-
vation of patient adherence to a regimen of sitting
restrictions with great reliability. This trial will be the

first to track post-operative adherence to activity re-
strictions following lumbar discectomy and the impact
of adherence on outcomes.

Methods
Question
Is the outcome of patients without restrictions inferior
to those observing sitting and activity restrictions follow-
ing lumbar discectomy?

Objectives
The study aims to determine whether the outcome of
patients without imposed sitting and other behavioral re-
strictions post lumbar microdiscectomy are inferior to
those of patients with imposed restrictions, in terms of
disc reherniation, pain and disability outcome measures.

Design
The will be a randomised controlled surgeon and
assessor-blinded trial. The trial design is illustrated in
Fig. 1.

Hypothesis to be tested
That movement restriction following first episode lum-
bar microdiscectomy in adults results in improved out-
comes in disc reherniation rates, pain and disability
outcome measures.

Participants
The study will consist of patients aged 18–75 years old
who meet the inclusion criteria and are undergoing first-
episode lumbar microdiscectomy for symptomatic
lumbar disc prolapse in the participating private and
public hospitals in Melbourne, Victoria, Australia during
the trial period. Informed consent will be sought.
Inclusion Criteria.

Participants will be

1. Age 18–75 years
2. Suffering from radiculopathy or radicular pain with

concordant MRI evidence of lumbar disc herniation
at L3/4, L4/5 or L5/S1

Exclusion criteria

1. Previous history of lumbar surgery, spinal infection
or spinal fracture.

Trial sites
The trial is a multi-centre trial conducted in three
hospital in Melbourne, Victoria, Australia. The hospitals
are as follows:

Daly et al. BMC Musculoskeletal Disorders  (2017) 18:312 Page 2 of 8
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1. Monash Medical Centre, Clayton, Melbourne,
Victoria, Australia

2. Jessie McPherson Private Hospital, Clayton,
Melbourne, Victoria

3. Cabrini Hospital Malvern, Malvern, Melbourne,
Victoria, Australia

Treatment allocation Patients will be randomised to
one of two parallel treatment arms allocated in a 1:1 ra-
tio. Sealed numbered envelopes containing electronically
randomised group allocations and group specific post-

operative activity instructions will be prepared prior to
trial commencement. Following informed consent, a
sealed pre-randomised envelope will be allocated by the
study nurse to the patient and the patient label affixed
to the envelope. The envelope will then be handed to
the treating physiotherapist to be opened postopera-
tively. The study interventions are specifically detailed
on this instruction sheet and will be read by the physio-
therapist to the patient postoperatively. For both alloca-
tion groups, the study card instructions are discussed
and reinforced by the treating physiotherapist. The

Fig. 1 Lumbar microdiscectomy and post-operative activity restrictions trial flow diagram

Daly et al. BMC Musculoskeletal Disorders  (2017) 18:312 Page 3 of 8
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physiotherapist also gives the patient the activity moni-
tor and instructs them on how to use this. The patient
will receive a copy of the instruction card to take home
and is advised not to disclose their allocation group to
medical staff or assessors. The physiotherapist is not
involved in subsequent assessment of the patient.
Post-operatively both groups will be fitted with elec-

tronic monitoring devices, worn on either the thigh
under clothing or carried in the pocket, that will record
patient position (sitting/lying/standing) and activity
(walking/running/cycling). The devices will be taken off
when showering or bathing.

Control Treatment
Post-operative activity restrictions represent the trad-
itional standard of care following lumbar microdiscect-
omy. As such the control group will be advised to follow
post-operative activity restrictions for a period of one
month following lumbar microdiscectomy. The control
group will receive the following specific advice:
For the first one month following surgery:

1. Avoid sitting for longer than 15–30 min in any two
hour period

2. No bending, lifting, twisting, pulling or pushing
greater than 5 kg

3. Avoid heavy domestic work such as vacuuming,
laundry and making beds

And for the first two weeks following surgery:

4. Avoid strenuous sexual activity

The restrictions detailed above reflect post-operative
algorithms in current clinical practice. [unpublished data,
Daly et al.].

Investigational treatment
The investigational treatment arm will be the group
without sitting or other restrictions. They will be advised
to return to normal activities with no restrictions placed
on sitting, exercise, return to work, or other activities as
soon as they feel ready.

Outcomes
Primary endpoints
While there is no widely used definition of clinical
success following lumbar microdiscectomy it is gener-
ally accepted that such a definition should take ac-
count of outcome measures such as physical function,
disability and pain [9–11]. Intervertebral disc reher-
niation and reoperation are important considerations
as potential primary endpoints. In SPORT[12] 20% of
patients who underwent surgery rated their progress

as less than a major improvement at one year yet
only 6% had undergone reoperation. Thus, rehernia-
tion and reoperation alone do not account for the
majority of unsatisfactory patient outcomes following
lumbar discectomy. The use of a composite endpoint
allows for the capture of multiple outcomes that in-
fluence the overall success of a clinical intervention
while also allowing for increased statistical efficiency
and efficient resource utilisation [13, 14].
As such the primary endpoint to be assessed in this

trial consists of a composite of the following widely ac-
cepted outcome measures:

1. 18 point reduction in VAS lower back
2. 25 point reduction in VAS legs
3. 15 point improvement in ODI score
4. Absence of disc reherniation (defined as repeat

surgery at the same level)
5. No other secondary intervention (epidural or nerve

root injection, medial branch block)

Using the above definitions of treatment success we
would anticipate treatment success rates of ~70–90% in
keeping with those reported in the literature [8, 15]. This
allows the ability to detect a clinically significant differ-
ence in outcomes between the two groups (i.e. rates of
clinical success) with smaller groups than required for
the detection of differences in recurrence rates (i.e. event
rate of “clinical success” of approximately 70–90% as op-
posed to herniation event rate of 5–10%).
Utilisation of the personal wearable electronic device

will enable accurate assessment of patient adherence to
the allocated post-operative care group.

Secondary endpoints
Secondary endpoints will consist of the following surgi-
cal and functional endpoints.
Surgical endpoints:

1. Incidence to 12 months post-operatively of disc
reherniation requiring repeat surgery at the same
level

2. Incidence to 12 months post-operatively of other
parenteral pain management intervention such as
epidural or nerve root injection, medial branch block
for the primary illness, but excluding enteral or
dermal analgesia (fentanyl patches, TENS machine
or acupuncture).

Functional endpoints:

1. VAS lower back change score
2. VAS legs change score
3. ODI change score

Daly et al. BMC Musculoskeletal Disorders  (2017) 18:312 Page 4 of 8
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4. Days to return to work (including days to return to
modified duties and to normal duties.)

For functional endpoints, magnitude of change from
baseline, adjusted for baseline score will be compared
between treatment groups. Additionally, the proportion
achieving predefined success thresholds (change scores
of 18 for VAS back, 25 for VAS legs and 15 for ODI) will
be compared.

Duration of treatment
Patients will be instructed to follow the post-operative
advice- i.e. restrictions or no restrictions for a period of
one month. Monitoring of adherence using wearable
electronic activity monitors (Activ8, 2 M Engineering,
Netherlands) will be for 1 month.

Follow up schedule
With the assistance of a blinded investigator, participants
will complete online outcome questionnaires preopera-
tively, the day following surgery, and at home at one,
three, six and 12 postoperative months.
Questionnaires will include:

1. VAS lower back pain
2. VAS leg pain
3. ODI
4. Current situation/patient satisfaction questionnaire
5. SF-12/EuroQol (EQ-5D)(quality of life

questionnaire)

Patients will receive standard post-operative trial-
blinded neurosurgical outpatient review at approxi-
mately 30–60 days following surgery at trial sites.
Teleconsultation will occur at the three, six and
12 months. Patients will only receive further neurosurgi-
cal outpatient review if clinically indicated.

Participant timeline
The participant timeline is illustrated below in Table 1.

Randomisation and allocation concealment
Randomisation of treatment protocol to sequentially
numbered envelopes was performed by an electronic
randomisation tool. Sealed envelopes will be sequentially
assigned immediately following consent. The treating
physiotherapist is given a sealed envelope by the blinded
study nurse upon randomisation. This contains the pa-
tients assigned group and the appropriate post-operative
instructions. This is opened by the physiotherapist post
operatively.

Blinding
Blinding will be universal from consent till surgery. Post-
operatively the physiotherapist will open the envelope
and inform the patient of their assigned group. The
study nurse will complete all assessment of patients at
each time point and will be blinded as to patient ran-
domisation throughout the study. Participants will be
instructed not to inform study staff regarding their allo-
cation. Surgical staff will remain blinded throughout the
trial.

Non-Adherence
Patient data will be analysed on an intention to treat
basis. Non-adherence to post-operative activity protocol
may be determined by analysis of recorded activity from
the wearable device. This will be especially important in
light of the trial explaining to participants as part of con-
sent procedures the clinical uncertainty regarding move-
ment restriction, which may result in poor adherence in
the group subsequently assigned to restriction.

Sample size
As detailed earlier one randomised controlled trial inves-
tigating the role of post-operative activity restrictions in
outcome following microdiscectomy has recently been
reported [7]. The authors recruited 108 patients and
noted disc reherniation rates of 11% in the 2-week re-
striction group and 9% in the 6-week restriction group.
Previous studies have indicated a reherniation rate ran-
ging from 2 to 18% [16]. Annual reported reherniation
rates have been closer to 4–5% in large series [8, 17, 18].
The authors of the randomised controlled trial calcu-
lated it would be necessary to have 800 patients in each
arm in order to detect a statistically significant difference
in disc reherniation rate and that this may not be feas-
ible. We are in agreement with this assessment.
Reported rates of clinical success for lumbar discec-

tomy vary widely dependent on the criteria. Using the
criteria detailed in our composite primary outcome
we would anticipate a clinical success rate within the
broad range reported in the literature of approxi-
mately 70–90%.
In determining the power of this study, we assume

that approximately 80% of patients will meet the defin-
ition of treatment success. The calculation of sample size
can be based upon a threshold of a 20% difference in
treatment success as clinically significant (i.e. 80% suc-
cess vs. 64% success). In order to have 80% power to de-
tect a 20% difference in the binomial outcome of
treatment success defined at p = 0.05 the sample size
calculated would be 78 patients per group. If we allow
for an approximately 30% drop-out rate, this will bring
the calculated sample size to 105 patients per group for
a total of 210 patients in the trial.

Daly et al. BMC Musculoskeletal Disorders  (2017) 18:312 Page 5 of 8
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Analyses
Baseline characteristics
The baseline characteristics of patients and operative de-
tails will be recorded.

Statistical analysis
Hazard of reherniation and of parenteral analgesia will
be compared by treatment arms. Efficacy will be defined
as 1 minus hazard ratio of active vs restricted arms. Effi-
cacy less than absolute delta (see sample size) will be
deemed equivalent. Change from baseline adjusted for
baseline in functional scores will be compared across
treatment arms. Magnitude difference will be compared
using ranksum (Mann-Whitney-U) test.
Analysis will report both intention to treat and per

protocol results. Per protocol adherence to treatment
will compare time in movement by treatment arm using
t-test allowing for differential variance. Time in move-
ment should differ between arms. Two thresholds will
be defined a priori – a sedentary level below which will
be considered adherent to movement restriction, and an
activity level above which non-restriction will be deemed
to have occurred. These thresholds will be used to define
adherence. In sensitivity analysis we will examine impact
on trial outcomes of excluding those subjects allocated
to restriction who moved above this threshold and those
unrestricted who were sedentary. We will also conduct
sensitivity analysis by cross allocating such subjects.

Discussion
The longstanding practice of applying post-operative ac-
tivity restrictions following lumbar spine surgery was
based upon the hypothesis that such restrictions may re-
duce the risk of progressive instability or lumbar disc

reherniation [5]. Furthermore, prolonged sitting has
been suggested to decrease lumbar lordosis, increase
spinal loading and muscle activity and contribute to ac-
celerated disc degeneration and low back pain independ-
ent of previous operative intervention [19]. The
randomised controlled trial of Bono et al. [7] demon-
strated no significant difference in outcome measures
between patients who observed two weeks or six weeks
of activity restrictions though was underpowered to de-
tect differences in reherniation rates. The only prior
studies investigating the impact of removing post-
operative restrictions reported no increased risk of
reherniation or reoperation in patients not observing ac-
tivity restrictions following lumbar discectomy surgery
but these studies lacked a comparator group and their
design was subject to potential bias [5, 6]. Modern lum-
bar discectomy is now minimally invasive and results in
less tissue destruction, further undermining the hypo-
thetical rationale for activity restriction. In a recent sur-
vey of Australasian Neurosurgeons, many advised either
no sitting restrictions (22%) or sitting as comfort allows
(40%) [unpublished data, Daly et al.]. However, the vast
majority (84%) advised restricted lifting.
In an uncontrolled prospective cohort study [6]

patients who did not observe post-operative activity
restrictions returned to work earlier. Mean time to
return to work in the cohort was 1.2 weeks. Currently
extant recommendations suggest four to 16 weeks off
work following lumbar discectomy surgery.

Activity monitoring/adherence
The activity monitor will monitor and record patient
posture (i.e. lying, sitting or standing) and activity
(walking, running or cycling) over the one month

Table 1 Participant timeline template for schedule of enrolment, interventions and assessment

Daly et al. BMC Musculoskeletal Disorders  (2017) 18:312 Page 6 of 8



196

period following lumbar microdiscectomy. This device
is sensitive to acceleration. The validation report de-
scribed 90.8% correlation between activity monitor
output and video analysis [20]. Data is recorded over
the one month period on the stand-alone device and
then transferred to the study computer.

Conclusion
Back pain is the leading cause of disability worldwide
[21] and intervertebral disc degeneration is a signifi-
cant contributor to back pain. Lumbar microdiscect-
omy, performed for symptomatic intervertebral disc
herniation, is the most commonly performed spine
surgical procedure. Activity restrictions have tradition-
ally been recommended following this operation and
patients often advised to delay return to work for
four or more weeks with restrictions of similar
duration applied to other activities of daily life [6].
Clarification of the role of post-operative restrictions
will allow standardisation of post-operative care and
potentially allow patients to return to work more rap-
idly thus reducing the social and economic burden of
this condition.
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Chapter 7. General Discussion  
Lumbar discectomy remains the most commonly performed spine surgery procedure worldwide(1) and 

is successful in relieving symptoms and signs of neural compression in greater than 80% of patients(2). 

However, it fails to halt the underlying process of disc degeneration. As a result up to one third of 

patients progress to suffer back pain(3), which is disabling in up to 10%(4), 12% will undergo 

reoperation within four years and up to 40% of these patient will undergo fusion surgery(5). Thus, 

despite the efficacy of lumbar discectomy surgery in relieving radicular pain, the importance of 

improving the long-term outcome of this procedure, in an attempt to minimise disc reherniation, chronic 

low back pain and further surgery, is abundantly clear. Furthermore, despite being the most commonly 

performed spine surgical procedure, post operative care practice following lumbar discectomy remains 

markedly heterogenous(6-9). There is a particular lack of clarity surrounding post operative activity 

restrictions, which was first raised over 20 years ago(10). It is unclear if post operative restrictions 

minimise recurrent herniation, or alternatively, unnecessarily contribute to delayed patient return to 

work. The objective of this thesis is to attempt to address the shortcomings of lumbar microdiscectomy 

surgery in contemporary practice and thus aim to “re-engineer” this operation. A significant contributor 

to the unfavourable clinical sequelae of lumbar discectomy surgery is the failure of conventional lumbar 

discectomy surgery to address underlying disc degeneration. There is a real need to develop a therapy, 

which preferably can be administered at the time of microdiscectomy, to promote intervertebral disc 

regeneration of the injured disc. The first step in developing such a therapy for the post discectomy 

intervertebral disc is to have an appropriate animal model. As such the preclinical component of this 

thesis consisted of the development of an appropriate animal model of the post lumbar discectomy 

intervertebral disc and investigation and development of a novel cellular therapy for intervertebral disc 

degeneration to be delivered at the time of lumbar discectomy. These studies are described in 

experimental Chapters 3 and 4.  

The thesis then changes focus to improving contemporary lumbar microdiscectomy surgery by 

providing evidence into the best post operative clinical management of this patient cohort. Specifically, 

clarification of the role, if any, of post operative activity restrictions following lumbar discectomy is 

studied. In an attempt to understand current practice, a survey of Australasian neurosurgeons was 

performed in Chapter 5. This led to the development of a multicentre randomised controlled single 

blinded clinical trial comparing a post operative protocols of one month of activity restriction with a 

protocol of no activity restrictions. This is detailed in Chapter 6. 

Numerous animal models of lumbar intervertebral disc degeneration exist(11), however, relatively few 

large animal models of the post discectomy intervertebral disc have been developed. The sheep has 
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many desirable qualities as an animal model of intervertebral disc degeneration, including the lack of 

notochordal cells in the adult intervertebral disc(12), similarities in size to the human intervertebral disc 

and exposure to biomechanical similarities in spite of its quadrupedal stature(13). 

Numerous methods exist for inducing intervertebral disc degeneration in animal models (11,14-18). The 

features of the post discectomy intervertebral disc are distinct, resulting from a combination of 

intervertebral disc herniation and the surgical procedure. This particular scenario is not represented in 

most existing large animal models of disc degeneration. The disruption that occurs to the post 

microdiscectomy intervertebral disc is characterized by both an annular and nuclear defect. The defect 

in the nucleus and annulus has important mechanical consequences that impact on both the ability of 

the disc to tolerate and respond to mechanical challenges(19) and to the prospect of applying 

regenerative therapies to the intervertebral disc. Particular challenges that may present in the context 

of applying regenerative therapies include the higher potential of leakage from the annular defect(20) 

and the reduced nuclear contents, notably nucleus pulposus cells and proteoglycans. Given that one 

potential mechanism of action of cellular therapy is by effecting the local milieu and influencing the 

behaviour of resident cells(21), the nature of the population of remaining resident cells bears  

particular consideration.  

The two injury models, studied in this thesis, both induce a full thickness annular injury extending into 

the nucleus that would produce a consistent injury and defect. The established ovine annulotomy 

injury model of Osti(16) consists of a partial thickness annular incision and is commonly used in studies 

of intervertebral disc degeneration. However, it fails to replicate the unique anatomical challenges of 

the post discectomy intervertebral disc. The discectomy annulotomy model as described by Oehme et 

al.(22), in which a full thickness annular incision is created followed by removal of 200mg annulus 

fibrosis  and nucleus pulposus, was selected partly due to its obvious similarity to the lumbar 

discectomy procedure performed clinically. The drill bit injury model of Zhang et al.(23) also 

demonstrated similarities to the lumbar discectomy procedure by inducing a full thickness annular injury 

extending into the nucleus. The drill injury method offered the potential additional benefit of providing 

an injury that was technically easier to replicate. 

Comparison of these two models revealed the discectomy annulotomy model produced a greater 

degree of degeneration after six months than the drill bit injury model as assessed by disc height index 

changes, gross morphological, biochemical and histological analysis. Biochemical analysis 

demonstrated a significant reduction in nucleus pulposus and overall glycosaminoglycan content, with 

an associated increase in collagen content, in the discectomy annulotomy injured discs relative to the 

drill injured discs. Intra-operatively and at the time of necropsy the annular defect produced by the drill 

bit injury method was often not readily apparent whilst the discectomy annulotomy defect was clearly 
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evident at both time points. This can be appreciated in the gross morphological images in Fig. 4, page 

41, of the included manuscript in Chapter 3. The histological finding of neurovascular invasion in the 

discectomy annulotomy injured discs, which was absent in the drill injured disc, is also supportive of the 

appropriateness of the discectomy annulotomy model given similar findings in herniated and 

degenerative intervertebral discs clinically(24,25). This neurovascular invasion of degenerate lumbar 

intervertebral discs is hypothesized to be one of the mechanisms responsible for back pain(24). Given 

the incidence and morbidity of chronic low back pain following lumbar discectomy the importance of 

neurovascular invasion in the discectomy annulotomy model cannot be overstated. 

3T and 9.4T MRI Pfirrmann grades did not demonstrate any significant difference in outcome between 

these two injury models although both models produced significantly greater degeneration than normal 

controls. The discrepancy observed between the radiological analysis and other measures were 

attributed to the relative lack of sensitivity of the qualitative radiological analysis, relative to the higher 

degree of quantitative precision afforded by biochemical and disc height index analysis. This 

discrepancy between the results of qualitative radiological analysis and quantitative biochemical 

analysis has been observed in previous studies(22,26). Our group is currently researching methods to 

take full advantage of the superior resolution afforded by 9.4T MRI to better differentiate among stages 

of early disc degeneration(27). 

The results of this study indicated that the discectomy annulotomy injury model produced an injury 

more consistent with that of lumbar discectomy surgery with a clear annular and nuclear defect. This 

defect, in turn, also afforded opportunities for the administration of therapy at the time of the injury. In 

comparison, the drill bit injury model produced a less severe injury, extent of degeneration and also did 

not provide a defect affording administration of regenerative therapy at the surgical site, as would be 

the case following clinical lumbar discectomy. The drill bit injury method may provide an appropriate 

model of spontaneous disc degeneration with nuclear herniation, however, this remains to be explored.  

Although the two injury models discussed were considered to replicate closest the post lumbar 

discectomy intervertebral disc, neither are without shortcomings. As a quadrupedal animal model the 

ovine discectomy annulotomy model cannot completely replicate the bipedal intervertebral disc. Non-

human primate models of intervertebral disc degeneration have been described(28,29), and although 

such animals are quadrupedal for locomotion they do spend significant amounts of time in an erect 

posture, and as such may better model the bipedal human. An annulotomy injury performed on the 

intervertebral discs of such animals may afford a better large animal model of the post-discectomy 

intervertebral disc, however ethical and financial constraints would likely preclude such investigation in 

many institutions. The inability of either ovine model to allow an assessment of low back pain, the 

adverse clinical outcome most commonly experienced by patients following lumbar discectomy, is also 
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a significant limiting factor. Animal models of low back pain have been described, however, only for 

small animals to date(30-32). Translating findings from rodent models of intervertebral disc degeneration 

to the clinic is fraught with limitations due to presence of notochordal cells, and significant differences 

in anatomy and mechanical properties. These considerations noted, the ovine lumbar discectomy 

annulotomy model still represented one of the best available models of the post ovine lumbar 

intervertebral disc and as such was selected for the investigation in the regenerative studies described 

in Chapter 4. 

The failure of conventional therapy to adequately address intervertebral disc degeneration has led to 

extensive efforts by investigators globally to develop biological therapies for this condition(33). Cell 

therapy has been identified as possessing particular promise in this application and this has been 

demonstrated in multiple preclinical(22,26) and clinical studies(34-37) throughout the world. A multitude 

of cells have been investigated for this application including autologous disc chondrocytes (35,38), 

haematopoietic stem cells(39), embryonic stem cells(40) and induced pluripotent stem cells(41). 

However, the majority of investigators and reports to date have focused on two broad categories of 

cells, chondrocytes and mesenchymal stem cells. 

Chondrocytes are the intuitive choice as these are the cells present within the intervertebral disc that 

produce and maintain the proteoglycan rich extracellular matrix responsible for many of the mechanical 

properties of the disc. The potential of this approach has been repeatedly demonstrated in preclinical 

and clinical studies. Radiological and clinical outcome benefits have been demonstrated in patients 

with correlative biochemical, histological and radiological benefits observed in animal models(42,43). 

Furthermore, this therapy has been clinically available for many years in Germany although yet to 

receive FDA approval(44). 

However, the autologous disc chondrocyte approach has numerous disadvantages that reduce the 

likelihood that this approach will gain widespread acceptance. The requirement for harvest of cells from 

a diseased disc prior to administration to the degenerate disc limits the procedure to patients 

undergoing surgical intervention for one disc with another degenerate painful disc. The harvested cells 

must then be expanded in Good Manufacturing Practice (GMP) facilities. As such facilities are 

expensive, the application of this procedure may be limited to only large centres. Furthermore, the 

harvested cells are derived from a diseased disc and as such are likely to have reduced efficacy and a 

degree of senescence(45). Following cell culture and expansion these cells must be administered at a 

separate procedure. It is these limitations that increase the attractiveness of MSCs for application in 

intervertebral disc regeneration.  
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MSCs offer major advantages by way of their immunoprivilege(46) and thus have the ability to be used 

allogeneically, in an “off the shelf” capacity. This ability enables cells from young healthy donors to be 

used that may have greater functionality than those of the often older patient if such cells were 

autologous in origin(47). A further benefit of this “off-the-shelf” utilization is enabling the administration 

of cellular therapy as a single stage procedure, in contrast to the separate, metachronous, cell harvest 

and administration procedures necessary for autologous approaches. Mesenchymal progenitor cells 

are an immunoselected pure cell population that possess this same immunoprivilege while also 

demonstrating increased clonogenic, development and proliferative capacity compared with 

unfractionated MSCs(48).  

Our group has previously demonstrated that MPCs were able to promote intervertebral disc 

regeneration three months post administration of chondroitinase-ABC(17). However, the cABC model 

does not replicate the post-discectomy intervertebral disc, as degeneration occurs due to enzymatic 

degradation of chondroitin sulfate chains of the PGs, but not the collagenous or cellular components 

of the disc, that are affected by an annular and nuclear defect. In a subsequent study MPCs 

combined with pentosan polysulfate (PPS) were administered twelve weeks following partial thickness 

annular incision (26). Discs injected with MPC combined with PPS recovered disc height and their 

mean DHI was significantly greater than the DHI of controls with PPS alone and nil-injected discs. This 

demonstrated the ability of MPC combined with PPS to promote intervertebral disc regeneration in an 

animal model of disc degeneration induced by annular injury. However, again, this did not specifically 

replicate the post discectomy intervertebral disc. 

The pilot study of Oehme et. al (22) demonstrated the ability of a combination of MPC and PPS in a 

gelatin scaffold to promote intervertebral disc regeneration in an ovine discectomy annulotomy model, 

in which a full thickness annulotomy was performed with removal of 200mg of annular and nucleus 

pulposus tissue. The MPC and PPS treated discs demonstrated significant improvements in disc height 

index, MRI Pfirrmann grades, proteoglycan content and histological analysis at six months compared to 

untreated discs. Whilst providing some positive results, this pilot study was performed on only six sheep 

and lacked a MPC only group, precluding analysis as to the effect of MPC exposure to PPS on disc 

regeneration.  

In previous in vitro studies PPS has been demonstrated to promote MPC proliferation and 

chondrogenic differentiation(49). Additionally, in vitro priming of MPCs with PPS in culture for 24-48 hrs 

was demonstrated to promote upregulation of pathways for chondrogenic differentiation, proliferation 

and proteoglycan production(50). Priming of MPCs with PPS potentially affords regulatory advantages 

as it represents a manufacturing method rather than requiring co-administration of MPCs and PPS. 

Given the promising results of both the pilot study and the in vitro priming experiment a definitive study 
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investigating the potential of PPS primed MPCs to promote intervertebral disc regeneration following 

lumbar discectomy was required. The inclusion of a treatment group receiving unprimed MPCs would 

enable analysis of the effect of PPS priming of MPCs on the intervertebral disc regeneration. 

This definitive study is described in Chapter 4. Following annulotomy discectomy injury, sheep were 

randomised into three groups: the injury group (which received no further therapy), the MPC group 

(which received 0.5 x 106 unprimed MPCs in a gelatin matrix with fibrin sealant) and the pMPC group 

(which received 0.5 x 106 PPS primed MPCs in a gelatin matrix with fibrin seal ant). The study described 

in chapter 4 demonstrated that both PPS primed MPCs (pMPC) and MPCs, when inserted into the 

disc space in a gelatin matrix with fibrin sealant, promoted intervertebral disc regeneration compared to 

injured discs. However, the pMPC treated discs demonstrated evidence of superior regeneration as 

assessed by gross morphological, biochemical, histological and birefringent microscopic analysis. The 

pMPC treated discs demonstrated reduced gross morphological injury scores relative to the injured 

untreated discs with much less nuclear discolouration. The pMPC discs also demonstrated significantly 

increased AF and NP GAG content with reduced DNA content relative to the MPC treated discs. 

These findings correlated with reduced vascular infiltration and increased structural organization 

observed in the pMPC treated discs relative to MPC treated discs under histologic and birefringent 

microscopic analysis. The correlation of these quantitative and qualitative findings strongly suggested 

that the PPS priming of MPCS afforded additional benefits to the promotion of intervertebral  

disc regeneration. 

The observation that DNA content and vascular invasion of disc tissues derived from the pMPC-treated 

group was less than in the injury group suggests attenuation of neovascularization and scar tissue 

formation by the PPS primed MPCs. In this regard, it is noteworthy that our previous in vitro studies on 

pMPCs revealed the down-regulation of the surface antigen, CD146, that has recently been shown to 

be a high-affinity receptor for Netrin-1(51). This protein is a neuronal guidance molecule that promotes 

angiogenesis and vascular development of endothelium by interaction with CD146 receptors on 

endothelial cells(51). Given the decreased neovascularization in the pMPC-treated group, we 

speculate that CD146 down-regulation in pMPCs may be a contributing factor to this process, 

however additional studies will be required to confirm this suggestion. 

The invasion of nerves accompanying blood vessels is one of the hypothesized mechanisms for pain 

generation in discogenic back pain(24,52). The absence of vascular invasion in the pMPC treated 

discs may also correlate with reduced neural invasion and back pain. The animal models used in this 

model, unfortunately, as discussed previously, did not model back pain. Only small animal models to 

date have been able to provide some information on pain(30,31). Due to inherent difficulties translating 

findings of pain from small animal models to the human intervertebral disc, the observation of reduced 
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vascular invasion and neural invasion needs to be tested in a clinical trial where pain and disability can 

be properly assessed. 

Priming of MSCs to promote specific phenotypes that support a particular clinical application is not 

new(53). Interferon-gamma(54) or interleukin-17(55) are used to enhance immune suppression, 

interleukin-1 to promote an anti-inflammatory phenotype(56) and dexamethasone and transforming 

growth factor-ß three to promote chondrogenesis(57). Priming of MSCs towards a nucleus pulposus 

chondrocyte like phenotype has previously been reported with growth differentiation factor 6 and 

transforming growth factor-ß(58), FGF-2 and TGF-ß(59), hypoxic culture conditions(60) and culture in 

nucleus pulposus cell-derived acellular matrix(61). Hypoxic conditioning of mesenchymal stem cells 

during two-dimensional culture expansion and three-dimensional culture has been demonstrated to 

promote improved mechanical properties and increased glycosaminoglycan and collagen content in 

the nucleus pulposus of tissue engineered intervertebral discs(62). In a pilot clinical study five patients 

who received hypoxic culture expanded autologous mesenchymal stem cells for low back pain reported 

overall improvement, strength improvement and four reported improvements in mobility(63). This study 

shows the potential for the clinical application of priming of MSCs and MPCs in the context of 

promoting intervertebral disc regeneration, although larger randomised studies are required. Priming of 

MPCs with PPS is one of the few priming approaches with demonstrated efficacy in the promotion of 

intervertebral disc regeneration in a large animal model. PPS also has a long standing history of safe 

clinical utilization(64), in contrast to growth factors such as TGF-ß with known oncogenic potential(65). 

Furthermore, PPS provides a significant economic advantage as a cheap and clinically readily 

available drug compared to the relatively expensive growth factors cited in many other studies.  

The mechanism by which MPCs implanted into the intervertebral disc space effect disc regeneration 

remains the subject of some conjecture. There are three major hypothesized mechanisms of action. 

The first is local survival of the implanted MPCs with differentiation towards chondrogenic cells. Such 

cells would produce proteoglycan and other extracellular matrix components and thereby aid in the 

restoration of the structure of the intervertebral disc, in which the resident cells have limited capacity. 

Studies to date have had varying results with regard to demonstrating persistence and differentiation of 

implanted mesenchymal stem cells into the intervertebral disc. Henrikson et al.(66) demonstrated 

xenogeneic MSCs administered to porcine discs differentiated into cells resembling chondrocytes as 

determined by expression of aggrecan, collagen II, sox-9 and these cells had the capacity for disc 

matrix production. These xenogeneic cells persisted in the intervertebral disc at time points of up to six 

months. Autologous MSCs have also been demonstrated to differentiate towards a nucleus pulposus 

phenotype on implantation into the disc(67-69). However, Acosta et al.(70), and other investigators, 

have questioned the ability of implanted cells to remain viable within the avascular intervertebral disc 
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and demonstrated a lack of viable MSCs from three months onwards, following implantation in a 

porcine model(70). In a recent study utilizing MSCs co-labelled with a Positon Emission Tomography 

(PET) reporter gene and magnetic iron oxide nanoparticles, MSC viability in the intervertebral disc could 

not be demonstrated from four weeks onwards, despite the confirmation of the presence of cells in the 

disc(71). It is possible that the number of implanted cells could ultimately influence their survival in the 

intervertebral disc’s hostile environment(72). Of interest, in the xenogeneic porcine study of Henriksson 

et al.(66), MSCs survived for up to six months, but porcine intervertebral discs were injected with a 

lower dose of 0.5 x 106 MSCs. In the allogeneic MSC study of Acosta et al.(70), in which cell survival 

could not be demonstrated beyond three weeks, porcine intervertebral discs received 25 x 106 MSCs. 

In a study specifically assessing cell number as a determinant of cell viability Serigano et al.(73) 

demonstrated that administration of 106 MSCs lead to superior cell viability and extracellular matrix 

production relative to 105 or 107 cells. Hence, the influence of cell count must be taken into account in 

studies of stem cell survival following transplantation. The cell count used in the studies in chapter 4 

was approximately 0.5 x 106, similar to the recommendations of Serigano et al.(73) in the porcine model. 

There is mixed evidence supporting the chondrogenic differentiation of MSC following transplantation, 

however, it is likely that other significant mechanisms of action are involved, as will be discussed below.  

The second major hypothesized mechanism of action is localized release of factors from the MSCs 

influencing the local milieu and resident cells(21). MSCs and MPCs secrete cytokines and growth 

factors that may enhance NP proliferation, cell matrix synthesis and suppress mechanically mediated 

disc degeneration (74,75). MSCs can also prevent notochordal cells or NP progenitors from 

undergoing apoptosis. Yang et al.(69) reported inhibition of disc cell apoptosis and disc matrix repair by 

transplanting autologous MSCs, further supporting the paracrine mechanism of action theory. The 

paracrine hypothesis has even lead some investigators to propose the administration of MSC released 

vesicles, rather than MSCs, as a potential method of providing the therapeutic effects of MSCs without 

the administration of cells(21). A recent study demonstrated that bone marrow derived MSC exosomes, 

defined as “extracellular vesicles that are released from cells upon fusion of an intermediate endocytic 

compartment, the multivesicular body, with the plasma membrane”(76) typically containing numerous 

contents, such as cytokines, proteins, lipids, mRNA, which promote nucleus pulposus cell proliferation 

and expression of matrix proteins(75). In the same study, the reverse was also true as nucleus pulposus 

cell exosomes induced bone marrow derived MSC migration and differentiation towards an NP-like cell 

lineage(75). Such findings are supportive that MSCs promote intervertebral disc regeneration via 

paracrine mechanisms in addition to differentiation.  

The third major hypothesized mechanism of action is that MSCs have anti-inflammatory properties(77). 

A number of studies have reported the ability of MSCs to modulate the inflammation and immune 
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system functions in vitro and in vivo(78). MSCs have been shown to produce anti-inflammatory 

cytokines and inhibit pro-inflammatory cytokine production, it has been demonstrated that they can 

produce a reduction of inflammation associated cartilage destruction in animal models of arthritis (79-

82). A recent study demonstrated the ability of MSC conditioned medium to downregulate the 

expression of proinflammatory cytokines such as interlekukin-1ß (IL-1ß), IL-6 and tumour necrosis factor 

(TNF) produced in the pathogenesis of discogenic pain in an in vitro model of the degenerate disc(83). 

Furthermore, MSCs have been demonstrated to have additional effects that may provide benefit in disc 

degeneration such as down regulation of primary nociceptive afferent input with consequent 

improvement of chronic pain(84,85). Ultimately, further studies utilizing assays for the determination of 

the presence, differentiation and viability of cells in the intervertebral disc, and cytokine profiling need 

to be conducted in the future in order to determine the relative contribution of differentiation of MPCs, 

interaction with the local milieu and modulation of inflammation as mechanisms of intervertebral  

disc regeneration.  

The post microdiscectomy intervertebral disc presents additional challenges for cellular therapy. The 

presence of annular and nuclear defects increases the potential for cell leakage. Omlor et al. (86) 

reported that only 9% of transplanted MSC cells remain in the disc three days after injection in a 

porcine nucleotomized intervertebral disc model. Vadala et al.(20) found no evidence of GFP labelled 

MSCs in the disc in a rabbit model of disc degeneration at nine weeks, and concluded that cell 

leakage contributed to the development of peripheral osteophytes. No evidence of heterotopic 

ossification was observed in our studies. Furthermore, the evidence of significant regeneration in both 

the MPC and pMPC treated discs relative to the injured discs suggest at least the persistence of 

sufficient biologically active material to facilitate regeneration, as no evidence of regeneration was 

observed in the injured untreated discs. Additional studies utilizing iron oxide nanoparticle labelled 

MPCs are being conducted by our group to further investigate the fate of these cells. 

Ultimately, the efficacy of MPC transplantation into the intervertebral disc must be demonstrated in 

clinical trials for this promising therapy to progress. Phase II clinical trials of percutaneous intradiscal 

MPC injection to treat discogenic back pain have been completed and demonstrated significant 

reduction in pain, disability, opiate consumption and radiological translational movement of the disc in 

MPC treated patients relative to controls(34). Phase III trials are currently under way investigating this 

therapy. We are currently designing a modification of these clinical trials to specifically suit the 

microdiscectomy scenario. The aim is to treat the disc with PPS primed MPCs in a gelatin matrix with 

fibrin sealant at the time of the microdiscectomy operation. The other components are already in 

clinical use and as the MPCs have been used in other clinical trials without safety concerns, we are 

hopeful of ethical approval. Specifically, PPS is currently used to treat interstitial cystitis(87) and the 
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gelatin matrix and fibrin glue are used routinely in surgery. This clinical study is an exciting direct 

translation of this thesis and will provide important safety and efficacy data evaluating the potential of 

this therapy to target this unmet clinical need in this large patient group. 

In addition to optimizing lumbar microdiscectomy surgery by developing a cellular therapy to promote 

intervertebral disc regeneration this thesis also sought to optimize the post operative care of lumbar 

discectomy and thus facilitate patient recovery. The first lumbar discectomy for a patient with a pre-

operative diagnosis of ruptured intervertebral disc is credited to Mixter and Bar in 1932 and was 

performed via a multi-level laminectomy(88). Since that time the operation has evolved to its current 

minimally invasive form in which patients undergo the operation with the aid of microscopic visualization 

and will be discharged home the same day in many centres. Activity restrictions are advised for varying 

periods following discectomy surgery due to the hypothesis that such restrictions may reduce the risk of 

lumbar spine instability or reherniation of the treated intervertebral discs(10). In tandem with the 

evolution of the surgical procedure towards its current minimally invasive form, some surgeons have 

reduced the requirement for post operative restrictions. As a result there is significant heterogeneity in 

post operative practices with no Level I evidence to support either the application or absence of post 

operative activity restrictions at the time of commencement of this thesis(10,89). 

In order to better understand the current heterogeneity in practice this thesis sought to first gain an 

appreciation of perioperative practices amongst Australasian neurosurgeons through the performance 

of an online survey via the Neurosurgical Society of Australasia(90). The results of this survey are 

detailed in chapter 5. The major findings of this survey, with relevance to post operative care and 

activity restrictions, were that Australasian neurosurgeons demonstrated a similar degree of 

heterogeneity in post operative practices compared to their international counterparts. Sitting 

restrictions were advised by 38.3% of Australasian neurosurgeon and lifting restrictions advised by 

83.8%. These results were similar to those of British spine surgeons for sitting restrictions and lifting 

restrictions(6). Heterogeneity in post operative lifting recommendations were also observed among 

members of the International Society for Study of the Lumbar Spine(91). This emphasized the need for 

a well designed prospective clinical trial to answer this question.  

Prior to commencement of this thesis there was an absence of randomised controlled trials 

investigating the role of post operative activity restrictions following discectomy surgery. In the 1990s 

Carragee et al.(10,89) reported the outcome of a prospective clinical trial in which 152 patients did not 

follow activity restrictions following lumbar discectomy. This cohort demonstrated outcomes comparable 

to those reported in the literature for patients following traditional post operative advice with regard to 

sciatica, disc reherniation (11%) and reoperation (5%) over a minimum of two years of follow-up. 

Furthermore, one third of this cohort returned to work within one week of their surgery. This study 
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suggested the safety of the removal of activity restrictions following lumbar discectomy and the 

potential role for a randomised controlled trial in the future. 

A randomised controlled trial was designed, approved and implemented in this thesis to investigate the 

role, if any, of such restrictions. The protocol of this trial and the interim analysis is provided in Chapter 

6. Following the commencement of the trial described in Chapter 6, Bono et al.(92) released the results 

of their randomised controlled trial comparing two weeks of activity restrictions with six weeks of activity 

restrictions following lumbar microdiscectomy. This study suggested equivalent clinical outcomes 

irrespective of the length of post operative activity restrictions as assessed by VAS back pain, VAS leg 

pain and ODI scores up to one year of follow-up. Although, by the authors own admission, 

underpowered to detect a significant difference in reherniation rate, with a total of 108 patients 

recruited, the authors did note a difference in this rate with 6 (11%) of patients in the two week 

restrictions group and 4 (7%) of patients in the six week restriction group experiencing intervertebral 

disc reherniation. Further analysis indicated that recruitment of over 800 patients in each group would 

be required in order to detect a statistically significant difference in reherniation rate which, as the 

authors commented, may not be feasible. An additional technical challenge associated with this trial is 

the reliance on patient self-report to determine adherence to the activity regimen. 

The protocol described in chapter 6 attempts to overcome some of the limitations encountered by 

Bono et. al. and benefited from the input of Professor Bono as a reviewer of the protocol as part of the 

publication process. The inclusion of an activity monitor that reports on patient posture and activity, i.e. 

sitting, standing, lying, walking, running or cycling, will enable conclusions to be drawn regarding the 

role of activity restrictions with greater confidence in the adherence of patients to the prescribed 

regimen. Patient non-adherence is a well-recognized phenomenon within the spine surgery literature. 

Non-adherence rates exceeding 40% for interventions as significant as surgical vs. nonsurgical 

management have been observed(2). All studies to date on post operative activity restrictions have 

been reliant on patient self report to determine adherence to post operative instructions. The inclusion 

of an activity monitor will dramatically increase the power of this randomised clinical trial to arrive at 

meaningful conclusions regarding the role of post operative activity restrictions. Furthermore, the use of 

a composite endpoint (93-95), will allow a meaningful analysis of outcome to be performed with a 

smaller sample size than the 800 patients per allocation group required for a statistically significant 

analysis of reherniation rates. Composite endpoints provide a mechanism to incorporate multiple 

outcomes in a trial in which there is no obvious choice of one primary outcome while also allowing for 

increased statistical efficiency and efficient resource utilisation (95,96). To date, the trial has recruited 

just over 100 patients with a target enrolment of 210. Given the 12 month follow-up and recruitment 

rate to date the trial is anticipated to be completed in 2020. Upon completion and analysis this trial will 
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provide Level I evidence regarding the role of postoperative activity restrictions following lumbar 

microdiscectomy thus affording the opportunity to standardize care following the most commonly 

performed spine surgical procedure. Significantly, the inclusion of the activity monitor will allow 

meaningful analysis of the relationship between actual post operative patient activity and outcome, 

rather than mere self-reported activity. 

7.1. Conclusion 

Stem cells are one of the most promising therapies in development for the treatment of intervertebral 

disc degeneration. Phase II clinical studies have already demonstrated the potential of percutaneously 

delivered mesenchymal progenitor cells to promote intervertebral disc regeneration in the context of 

discogenic back pain (34) and Phase III studies are underway. Furthermore, clinical pilot studies have 

demonstrated the ability of autologous and allogeneic mesenchymal stem cells to promote 

improvements in patient pain and disability with associated radiological improvements(97,98). The study 

of the effects of PPS priming on MPCs reported in this thesis indicate that PPS priming promotes 

superior intervertebral disc regeneration to MPCs alone. The beneficial effects of PPS priming of MPCs 

were demonstrated on gross morphological, biochemical and histological analysis. Successful 

translation of this therapy presents an opportunity to dramatically improve the outcome of patients who 

would otherwise suffer progressive disc degeneration and its attendant sequelae following  

lumbar microdiscectomy. 

The most common adverse clinical sequelae following lumbar discectomy is chronic low back pain(3). 

Unfortunately, low back pain is not adequately assessed in available large animal models. Small animal 

model studies have demonstrated that MSCs have efficacy in producing long-term pain relief in 

persistent pain models with possible mechanisms including interaction with endogenous opioid 

receptors and down-regulation of primary afferent nociceptive input(84,85). Such findings strongly 

suggest clinical MPC therapy may provide additional therapeutic benefit beyond those measurable in 

large animal studies. A clinical trial to investigate PPS primed MPCs delivered at the time of lumbar 

microdiscectomy will commence in the near future and will offer the ability to investigate the efficacy of 

this therapy and its potential to improve the outcome of patients following lumbar microdiscectomy, 

including the incidence and morbidity of low back pain.  

Conventional MRI failed to appreciate the significant differences between the MPC and pMPC treated 

discs evident on biochemical and histological analysis in the study in chapter 4. This reflects the 

insensitivity of conventional MRI in assessing early disc degeneration relative to the quantitative 

biochemical analysis and the subtle gradations in degeneration that could be appreciated on gross 

morphological and histological analysis. Our group had demonstrated the potential of the application of 
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high-resolution 9.4T MRI scanners in differentiating stages of early intervertebral disc degeneration(27). 

Such advanced imaging technologies are powerful tools in the investigation of the pathogenesis of 

disc degeneration and following clinical translation and adoption ultimately may provide greater 

diagnostic accuracy through enabling visualization of neurovascular invasion of the intervertebral disc 

(99). This is the subject of ongoing investigation by our group.  

Re-engineering of lumbar microdiscectomy surgery extends beyond the development of novel biological 

therapies. The heterogeneity of post operative activity advice presents an incredible opportunity to 

positively impact the recovery and quality of life of patients following this very common procedure. The 

survey of Australasian neurosurgeons reported in chapter 5 demonstrated that marked heterogeneity in 

post operative care practices was present within even this relatively small neurosurgical community and 

was consistent with the global experience(7,8). The completion of an appropriately designed, 

adequately powered, single blinded, multicentre randomised controlled trial to address the role of post 

operative activity restrictions following lumbar microdiscectomy will produce Level I evidence regarding 

the impact of such restrictions on patient outcome and return to work. The novel innovation of inclusion 

of an activity tracker will ensure that patient outcomes in this trial may be correlated with the activity 

protocols observed and not merely the protocol advised.  

In summary, this thesis presented a novel cellular therapy for the treatment of disc degeneration at the 

time of lumbar microdiscectomy comprised of pentosan polysulfate primed mesenchymal progenitor 

cells in a gelatin matrix with fibrin sealant. This novel therapy demonstrated exceptional potential in an 

ovine model of the post lumbar discectomy intervertebral disc and is readably translatable, hence a 

pilot clinical study is planned in the near future. This thesis presented a single blinded multicentre 

randomised controlled trial to provide Level 1 evidence on the role of post operative activity restrictions 

following lumbar microdiscectomy. The completion of this trial has the potential to allow standardization 

of post operative activity advice following lumbar microdiscectomy surgery on the foundation of Level I 

evidence for the first time. The ultimate translation and widespread clinical application of this novel 

cellular therapy and the standardization of post operative activity advice has the potential to re-

engineer lumbar microdiscectomy surgery. 

7.2. References 

1. Parker SL, Xu R, McGirt MJ, Witham TF, Long DM, Bydon A. Long-term back pain after a single-

level discectomy for radiculopathy: incidence and health care cost analysis. J Neurosurg Spine. 

2010 Feb;12(2):178–82.  

2. Weinstein JN, Lurie JD, Tosteson TD, Tosteson ANA, Blood EA, Abdu WA, et al. Surgical versus 

nonoperative treatment for lumbar disc herniation: four-year results for the Spine Patient Outcomes 



211 

Research Trial (SPORT). Spine. 2008 Dec 1;33(25):2789–800.  

3. Parker SL, Mendenhall SK, Godil SS, Sivasubramanian P, Cahill K, Ziewacz J, et al. Incidence of 

Low Back Pain After Lumbar Discectomy for Herniated Disc and Its Effect on Patient-reported 

Outcomes. Clinical Orthopaedics and Related Research. 2015 Jun;473(6):1988–99.  

4. Yorimitsu E, Chiba K, Toyama Y, Hirabayashi K. Long-term outcomes of standard discectomy for 

lumbar disc herniation: a follow-up study of more than 10 years. Spine. 2001 Mar 15;26(6):652–7.  

5. Heindel P, Tuchman A, Hsieh PC, Pham MH, D’Oro A, Patel NN, et al. Reoperation Rates After 

Single-level Lumbar Discectomy. Spine. 2017 Apr;42(8):E496–E501.  

6. McGregor AH, Dicken B, Jamrozik K. National audit of post-operative management in spinal 

surgery. BMC Musculoskelet Disord. 2006 May 31;7(1):47.  

7. Arts MP, Peul WC, Koes BW, Thomeer RTWM, Leiden-The Hague Spine Intervention Prognostic 

Study (SIPS) Group. Management of sciatica due to lumbar disc herniation in the Netherlands: a 

survey among spine surgeons. J Neurosurg Spine. 2008 Jul;9(1):32–9.  

8. Cenic A, Kachur E. Lumbar discectomy: a national survey of neurosurgeons and literature review. 

Can J Neurol Sci. 2009 Mar;36(2):196–200.  

9. Zoia C, Bongetta D, Poli J, Verlotta M, Pugliese R, Gaetani P. Intraregional differences of 

perioperative management strategy for lumbar disc herniation: is the Devil really in the details? 

International Journal of Spine Surgery. International Journal of Spine Surgery; 2017 Jan 9;11(1):1–

6.  

10. Carragee EJ, Helms E, O'Sullivan GS. Are postoperative activity restrictions necessary after 

posterior lumbar discectomy? A prospective study of outcomes in 50 consecutive cases. Spine. 

1996 Aug 15;21(16):1893–7.  

11. Daly C, Ghosh P, Jenkin G, Oehme D, Goldschlager T. A Review of Animal Models of 

Intervertebral Disc Degeneration: Pathophysiology, Regeneration, and Translation to the Clinic. 

Biomed Res Int. 2016;2016(3):5952165–14.  

12. Hunter CJ, Matyas JR, Duncan NA. Cytomorphology of notochordal and chondrocytic cells from 

the nucleus pulposus: a species comparison. J Anat. 1st ed. 2004 Nov;205(5):357–62.  

13. Wilke HJ, Kettler A, Wenger KH, Claes LE. Anatomy of the sheep spine and its comparison to the 

human spine. Anat Rec. 1997 Apr;247(4):542–55.  

14. Alini M, Eisenstein SM, Ito K, Little C, Kettler AA, Masuda K, et al. Are animal models useful for 

studying human disc disorders/degeneration? Eur Spine J. 2008 Jan;17(1):2–19.  

15. Lotz JC. Animal models of intervertebral disc degeneration: lessons learned. Spine. 2004 Dec 

1;29(23):2742–50.  

16. Osti OL, Vernon-Roberts B, Fraser RD. 1990 Volvo Award in experimental studies. Anulus tears 

and intervertebral disc degeneration. An experimental study using an animal model. Spine. 1990 

Aug;15(8):762–7.  



212 

17. Ghosh P, Moore R, Vernon-Roberts B, Goldschlager T, Pascoe D, Zannettino A, et al. 

Immunoselected STRO-3+ mesenchymal precursor cells and restoration of the extracellular matrix 

of degenerate intervertebral discs. Journal of Neurosurgery: Spine. 2012 May;16(5):479–88.  

18. Goff CW, Landmesser W. Bipedal rats and mice; laboratory animals for orthopaedic research. J 

Bone Joint Surg Am. The American Orthopedic Association; 1957 Jun;39-A(3):616–22.  

19. Michalek AJ, Iatridis JC. Height and torsional stiffness are most sensitive to annular injury in large 

animal intervertebral discs. Spine J. 2012 May;12(5):425–32.  

20. Vadalà G, Sowa G, Hubert M, Gilbertson LG, Denaro V, Kang JD. Mesenchymal stem cells 

injection in degenerated intervertebral disc: cell leakage may induce osteophyte formation. J 

Tissue Eng Regen Med. 2012 May;6(5):348–55.  

21. Baglio SR, Pegtel DM, Baldini N. Mesenchymal stem cell secreted vesicles provide novel 

opportunities in (stem) cell-free therapy. Front Physiol. 2012;3:359.  

22. Oehme D, Ghosh P, Shimmon S, Wu J, McDonald C, Troupis JM, et al. Mesenchymal progenitor 

cells combined with pentosan polysulfate mediating disc regeneration at the time of 

microdiscectomy: a preliminary study in an ovine model. J Neurosurg Spine. 2014 Jun;20(6):657–

69.  

23. Zhang Y, Drapeau S, An HS, Markova D, Lenart BA, Anderson DG. Histological features of the 

degenerating intervertebral disc in a goat disc-injury model. Spine. 2011 Sep 1;36(19):1519–27.  

24. Freemont AJ, Peacock TE, Goupille P, Hoyland JA, O'Brien J, Jayson M. Nerve ingrowth into 

diseased intervertebral disc in chronic back pain. The Lancet. 1997 Jul;350(9072):178–81.  

25. Doita M, Kanatani T, Harada T, Mizuno K. Immunohistologic study of the ruptured intervertebral 

disc of the lumbar spine. Spine. 1996 Jan 15;21(2):235–41.  

26. Oehme D, Ghosh P, Goldschlager T, Itescu S, Shimon S, Wu J, et al. Reconstitution of 

degenerated ovine lumbar discs by STRO-3-positive allogeneic mesenchymal precursor cells 

combined with pentosan polysulfate. J Neurosurg Spine. 2016 May;24(5):715–26.  

27. Sher I, Daly CD, Goldschlager T, Oehme D, Chandra RV, Ghosh P. 9.4T MRI Complements the 

Pfirrmann Grade through Better Differentiation of the NP/AF. Global Spine Congress Milan 2017.  

28. Lauerman WC, Platenberg RC, Cain JE, Deeney VF. Age-related disk degeneration: preliminary 

report of a naturally occurring baboon model. J Spinal Disord. 1992 Jun;5(2):170–4.  

29. Platenberg RC, Hubbard GB, Ehler WJ, Hixson CJ. Spontaneous disc degeneration in the baboon 

model: magnetic resonance imaging and histopathologic correlation. J Med Primatol. 2001 

Oct;30(5):268–72.  

30. Millecamps M, Czerminski JT, Mathieu AP, Stone LS. Behavioral signs of axial low back pain and 

motor impairment correlate with the severity of intervertebral disc degeneration in a mouse model. 

Spine J. 2015 Dec 1;15(12):2524–37.  

31. Lai A, Moon A, Purmessur D, Skovrlj B, Winkelstein BA, Cho SK, et al. Assessment of functional 



213 

and behavioral changes sensitive to painful disc degeneration. J Orthop Res. 2015 Mar 

31;33(5):755–64.  

32. Olmarker K. Puncture of a lumbar intervertebral disc induces changes in spontaneous pain 

behavior: an experimental study in rats. Spine. 2008 Apr 15;33(8):850–5.  

33. Oehme D, Goldschlager T, Ghosh P, Rosenfeld JV, Jenkin G. Cell-Based Therapies Used to Treat 

Lumbar Degenerative Disc Disease: A Systematic Review of Animal Studies and Human Clinical 

Trials. Stem Cells Int. 2015;2015(2):946031–16.  

34. Bae HW, MD KA, Coric D, McJunkin T, Pettine KA, Hong HJ, et al. A Phase II Study 

Demonstrating Efficacy and Safety of Mesenchymal Precursor Cells in Low Back Pain Due to 

Disc Degeneration. The Spine Journal. Elsevier Inc; 2014 Nov 1;14(S):S31–2.  

35. Meisel HJ, Siodla V, Ganey T, Minkus Y, Hutton WC, Alasevic OJ. Clinical experience in cell-

based therapeutics: disc chondrocyte transplantation A treatment for degenerated or damaged 

intervertebral disc. Biomol Eng. 2007 Feb;24(1):5–21.  

36. Yoshikawa T, Ueda Y, Miyazaki K, Koizumi M, Takakura Y. Disc regeneration therapy using 

marrow mesenchymal cell transplantation: a report of two case studies. Spine. 2010 May 

15;35(11):E475–80.  

37. Pettine K, Suzuki R, Sand T, Murphy M. Treatment of discogenic back pain with autologous bone 

marrow concentrate injection with minimum two year follow-up. International Orthopaedics SICOT. 

2016 Jan;40(1):135–40.  

38. Ganey TM, Meisel HJ. A potential role for cell-based therapeutics in the treatment of intervertebral 

disc herniation. Eur Spine J. 2002 Oct;11 Suppl 2:S206–14.  

39. Haufe SMW, Mork AR. Intradiscal injection of hematopoietic stem cells in an attempt to rejuvenate 

the intervertebral discs. Stem Cells Dev. 2006 Feb;15(1):136–7.  

40. Sheikh H, Zakharian K, La Torre De RP, Facek C, Vasquez A, Chaudhry GR, et al. In vivo 

intervertebral disc regeneration using stem cell-derived chondroprogenitors. Journal of 

Neurosurgery: Spine. 2009 Mar;10(3):265–72.  

41. Chen J, Lee EJ, Jing L, Christoforou N, Leong KW, Setton LA. Differentiation of mouse induced 

pluripotent stem cells (iPSCs) into nucleus pulposus-like cells in vitro. PLoS ONE. 

2013;8(9):e75548.  

42. Hohaus C, Ganey TM, Minkus Y, Meisel HJ. Cell transplantation in lumbar spine disc degeneration 

disease. Eur Spine J. 2008 Nov 13;17(S4):492–503.  

43. Mageed M, Berner D, Jülke H, Hohaus C, Brehm W, Gerlach K. Is sheep lumbar spine a suitable 

alternative model for human spinal researches? Morphometrical comparison study. Lab Anim Res. 

2013 Dec;29(4):183–9.  

44. Pennicooke B, Moriguchi Y, Hussain I, Bonssar L, Härtl R. Biological Treatment Approaches for 

Degenerative Disc Disease: A Review of Clinical Trials and Future Directions. Cureus. 2016 Dec 



214 

20;8(11):1–8.  

45. Roberts S, Evans EH, Kletsas D, Jaffray DC, Eisenstein SM. Senescence in human intervertebral 

discs. Eur Spine J. 2006 Aug;15 Suppl 3:S312–6.  

46. Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringdén O. HLA expression and immunologic 

propertiesof differentiated and undifferentiated mesenchymal stem cells. Experimental Hematology. 

2003 Oct;31(10):890–6.  

47. Baker N, Boyette LB, Tuan RS. Characterization of bone marrow-derived mesenchymal stem cells 

in aging. Bone. 2015 Jan;70:37–47.  

48. Gronthos S. Molecular and cellular characterisation of highly purified stromal stem cells derived 

from human bone marrow. Journal of Cell Science. 2003 Mar 18;116(9):1827–35.  

49. Ghosh P, Wu J, Shimmon S, Zannettino AC, Gronthos S, Itescu S. Pentosan polysulfate 

promotes proliferation and chondrogenic differentiation of adult human bone marrow-derived 

mesenchymal precursor cells. Arthritis Res Ther. 2010;12(1):R28.  

50. Wu J, Shimmon S, Paton S, Daly C, Goldschlager T, Gronthos S, et al. Pentosan polysulfate 

binds to STRO-1+ mesenchymal progenitor cells, is internalized, and modifies gene expression: a 

novel approach of pre-programing stem cells for therapeutic application requiring their 

chondrogenesis. Stem Cell Res Ther. 2017 Dec 13;8(1):278.  

51. Tu T, Zhang C, Yan H, Luo Y, Kong R, Wen P, et al. CD146 acts as a novel receptor for netrin-1 

in promoting angiogenesis and vascular development. Cell Res. 2015 Mar;25(3):275–87.  

52. Coppes MH, Marani E, Thomeer RT, Groen GJ. Innervation of “painful” lumbar discs. Spine. 1997 

Oct 15;22(20):2342–9–discussion2349–50.  

53. Mastri M, Lin H, Lee T. Enhancing the efficacy of mesenchymal stem cell therapy. World J Stem 

Cells. 2014 Apr 26;6(2):82–93.  

54. Sivanathan KN, Gronthos S, Rojas-Canales D, Thierry B, Coates PT. Interferon-Gamma 

Modification of Mesenchymal Stem Cells: Implications of Autologous and Allogeneic Mesenchymal 

Stem Cell Therapy in Allotransplantation. Stem Cell Rev and Rep. 2014 Feb 9;10(3):351–75.  

55. Sivanathan KN, Rojas-Canales DM, Hope CM, Krishnan R, Carroll RP, Gronthos S, et al. 

Interleukin-17A-Induced Human Mesenchymal Stem Cells Are Superior Modulators of 

Immunological Function. Stem Cells. 2015 Jun 23;33(9):2850–63.  

56. Redondo-Castro E, Cunningham C, Miller J, Martuscelli L, Aoulad-Ali S, Rothwell NJ, et al. 

Interleukin-1 primes human mesenchymal stem cells towards an anti-inflammatory and pro-trophic 

phenotype in vitro. Stem Cell Research & Therapy; 2017 Mar 23;:1–11.  

57. Bornes TD, Adesida AB, Jomha NM. Articular Cartilage Repair with Mesenchymal Stem Cells After 

Chondrogenic Priming: A Pilot Study. Tissue Eng Part A. 2017 Nov 30.  

58. Clarke LE, McConnell JC, Sherratt MJ, Derby B, Richardson SM, Hoyland JA. Growth 

differentiation factor 6 and transforming growth factor-beta differentially mediate mesenchymal 



215 

stem cell differentiation, composition, and micromechanical properties of nucleus pulposus 

constructs. Arthritis Res Ther. 2014 Mar 12;16(2):R67.  

59. Zhou X, Tao Y, Wang J, Liang C, Wang J, Li H, et al. Roles of FGF-2 and TGF-beta/FGF-2 on 

differentiation of human mesenchymal stem cells towards nucleus pulposus-like phenotype. 

Growth Factors. 2015 Feb;33(1):23–30.  

60. Markway BD, Tan G-K, Brooke G, Hudson JE, Cooper-White JJ, Doran MR. Enhanced 

chondrogenic differentiation of human bone marrow-derived mesenchymal stem cells in low 

oxygen environment micropellet cultures. Cell Transplant. 2010;19(1):29–42.  

61. Yuan M, Yeung CW, Li YY, Diao H, Cheung KMC, Chan D, et al. Effects of nucleus pulposus 

cell-derived acellular matrix on the differentiation of mesenchymal stem cells. Biomaterials. 2013 

May;34(16):3948–61.  

62. Hudson KD, Bonassar LJ. Hypoxic Expansion of Human Mesenchymal Stem Cells Enhances 

Three-Dimensional Maturation of Tissue-Engineered Intervertebral Discs. Tissue Eng Part A. 2017 

Apr;23(7-8):293–300.  

63. Elabd C, Centeno CJ, Schultz JR, Lutz G, Ichim T, Silva FJ. Intra-discal injection of autologous, 

hypoxic cultured bone marrow-derived mesenchymal stem cells in five patients with chronic lower 

back pain: a long-term safety and feasibility study. J Transl Med. 2016 Sep 1;14(1):253.  

64. Anderson VR, Perry CM. Pentosan polysulfate: a review of its use in the relief of bladder pain or 

discomfort in interstitial cystitis. Drugs. 2006;66(6):821–35.  

65. Bierie B, Moses HL. TGF-beta and cancer. Cytokine Growth Factor Rev. 2006 Feb;17(1-2):29–

40.  

66. Henriksson HB, Svanvik T, Jonsson M, Hagman M, Horn M, Lindahl A, et al. Transplantation of 

human mesenchymal stems cells into intervertebral discs in a xenogeneic porcine model. Spine. 

2009 Jan 15;34(2):141–8.  

67. Sakai D, Mochida J, Iwashina T, Watanabe T, Nakai T, Ando K, et al. Differentiation of 

mesenchymal stem cells transplanted to a rabbit degenerative disc model: potential and limitations 

for stem cell therapy in disc regeneration. Spine. 2005 Nov 1;30(21):2379–87.  

68. Wei A, Tao H, Chung SA, Brisby H, Ma DD, Diwan AD. The fate of transplanted xenogeneic 

bone marrow-derived stem cells in rat intervertebral discs. J Orthop Res. 2008 Oct 13;27(3):374–9.  

69. Yang H, Wu J, Liu J, Ebraheim M, Castillo S, Liu X, et al. Transplanted mesenchymal stem cells 

with pure fibrinous gelatin-transforming growth factor-beta1 decrease rabbit intervertebral disc 

degeneration. Spine J. 2010 Sep;10(9):802–10.  

70. Acosta FL, Metz L, Adkisson HD, Liu J, Carruthers-Liebenberg E, Milliman C, et al. Porcine 

intervertebral disc repair using allogeneic juvenile articular chondrocytes or mesenchymal stem 

cells. Tissue Eng Part A. 2011 Dec;17(23-24):3045–55.  

71. Hang D, Li F, Che W, Wu X, Wan Y, Wang J, et al. One-Stage Positron Emission Tomography 



216 

and Magnetic Resonance Imaging to Assess Mesenchymal Stem Cell Survival in a Canine Model 

of Intervertebral Disc Degeneration. Stem Cells Dev. 2017 Sep 15;26(18):1334–43.  

72. Horner HA, Urban JP. 2001 Volvo Award Winner in Basic Science Studies: Effect of nutrient 

supply on the viability of cells from the nucleus pulposus of the intervertebral disc. Spine. 2001 

Dec 1;26(23):2543–9.  

73. Serigano K, Sakai D, Hiyama A, Tamura F, Tanaka M, Mochida J. Effect of cell number on 

mesenchymal stem cell transplantation in a canine disc degeneration model. J Orthop Res. 2010 

Oct;28(10):1267–75.  

74. Yang S-H, Wu C-C, Shih TT-F, Sun Y-H, Lin F-H. In vitro study on interaction between human 

nucleus pulposus cells and mesenchymal stem cells through paracrine stimulation. Spine. 2008 

Aug 15;33(18):1951–7.  

75. Lu K, Li H-Y, Yang K, Wu J-L, Cai X-W, Zhou Y, et al. Exosomes as potential alternatives to stem 

cell therapy for intervertebral disc degeneration: in-vitro study on exosomes in interaction of 

nucleus pulposus cells and bone marrow mesenchymal stem cells. Stem Cell Res Ther. 2017 May 

10;8(1):108.  

76. Edgar JR. Q&A: What are exosomes, exactly? BMC Biol. 2016 Jun 13;14(1):46.  

77. Abdalmula A, Dooley LM, Kaufman C, Washington EA, House JV, Blacklaws BA, et al. 

Immunoselected STRO-3(+) mesenchymal precursor cells reduce inflammation and improve 

clinical outcomes in a large animal model of monoarthritis. Stem Cell Res Ther. 2017 Feb 7;8(1):22.  

78. Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and disease. Nat Rev Immunol. 

2008 Sep;8(9):726–36.  

79. Augello A, Tasso R, Negrini SM, Cancedda R, Pennesi G. Cell therapy using allogeneic bone 

marrow mesenchymal stem cells prevents tissue damage in collagen-induced arthritis. Arthritis 

Rheum. 2007 Apr;56(4):1175–86.  

80. Liu Y, Mu R, Wang S, Long L, Liu X, Li R, et al. Therapeutic potential of human umbilical cord 

mesenchymal stem cells in the treatment of rheumatoid arthritis. Arthritis Res Ther. 

2010;12(6):R210.  

81. Mao F, Xu W-R, Qian H, Zhu W, Yan Y-M, Shao Q-X, et al. Immunosuppressive effects of 

mesenchymal stem cells in collagen-induced mouse arthritis. Inflamm Res. 2010 Mar;59(3):219–

25.  

82. González MA, Gonzalez-Rey E, Rico L, Büscher D, Delgado M. Treatment of experimental arthritis 

by inducing immune tolerance with human adipose-derived mesenchymal stem cells. Arthritis 

Rheum. 2009 Apr;60(4):1006–19.  

83. Miguélez-Rivera L, Pérez-Castrillo S, González-Fernández ML, Prieto-Fernández JG, López-

González ME, García-Cosamalón J, et al. Immunomodulation of Mesenchymal Stem Cells in 

discogenic pain. Spine J. 2017 Sep 19.  



217 

84. Guo W, Wang H, Zou S, Gu M, Watanabe M, Wei F, et al. Bone marrow stromal cells produce 

long-term pain relief in rat models of persistent pain. Stem Cells. 2011 Aug;29(8):1294–303.  

85. Guo W, Chu Y-X, Imai S, Yang J-L, Zou S, Mohammad Z, et al. Further observations on the 

behavioral and neural effects of bone marrow stromal cells in rodent pain models. Mol Pain. 

2016;12.  

86. Omlor GW, Bertram H, Kleinschmidt K, Fischer J, Brohm K, Guehring T, et al. Methods to monitor 

distribution and metabolic activity of mesenchymal stem cells following in vivo injection into 

nucleotomized porcine intervertebral discs. Eur Spine J. 2009 Dec 29;19(4):601–12.  

87. Hanno PM, Burks DA, Clemens JQ, Dmochowski RR, Erickson D, FitzGerald MP, et al. AUA 

guideline for the diagnosis and treatment of interstitial cystitis/bladder pain syndrome. Vol. 185, 

The Journal of urology. 2011. pp. 2162–70.  

88. Mixter WJ, Barr JS. Rupture of the intervertebral disc with involvement of the spinal canal. Vol. 211. 

New England Journal of Medicine; 1934. 6 p.  

89. Carragee EJ, Han MY, Yang B, Kim DH, Kraemer H, Billys J. Activity restrictions after posterior 

lumbar discectomy. A prospective study of outcomes in 152 cases with no postoperative 

restrictions. Spine. 1999 Nov 15;24(22):2346–51.  

90. Daly CD, Lim K-Z, Ghosh P, Goldschlager T. Perioperative care for lumbar microdiskectomy: a 

survey of Australasian Neurosurgeons. J Spine Surg. In press.  

91. Magnusson ML, Pope MH, Wilder DG, Szpalski M, Spratt K. Is there a rational basis for post-

surgical lifting restrictions? 1. Current understanding. Eur Spine J. Springer; 1999;8(3):170–8.  

92. Bono CM, Leonard DA, Cha TD, Schwab JH, Wood KB, Harris MB, et al. The effect of short (2-

weeks) versus long (6-weeks) post-operative restrictions following lumbar discectomy: a 

prospective randomized control trial. Eur Spine J. 2017 Mar;26(3):905–12.  

93. Pettine K, Hersh A. Kineflex lumbar artificial disc versus Charité lumbar total disc replacement for 

the treatment of degenerative disc disease: A randomized non-inferiority trial with minimum of 2 

years' follow-up. ESAS. Elsevier Inc; 2011 Dec 1;5(4):108–13.  

94. Blumenthal S, McAfee PC, Guyer RD, Hochschuler SH, Geisler FH, Holt RT, et al. A prospective, 

randomized, multicenter Food and Drug Administration investigational device exemptions study of 

lumbar total disc replacement with the CHARITE artificial disc versus lumbar fusion: part I: 

evaluation of clinical outcomes. Spine. 2005 Jul 15;30(14):1565–75–discussionE387–91.  

95. Freemantle N, Calvert M, Wood J, Eastaugh J, Griffin C. Composite outcomes in randomized trials: 

greater precision but with greater uncertainty? JAMA. 2003 May 21;289(19):2554–9.  

96. Ross S. Composite outcomes in randomized clinical trials: arguments for and against. Am J Obstet 

Gynecol. 2007 Feb;196(2):119.e1–6.  

97. Orozco L, Soler R, Morera C, Alberca M, Sánchez A, García-Sancho J. Intervertebral disc repair 

by autologous mesenchymal bone marrow cells: a pilot study. Transplantation. 2011 Oct 



218 

15;92(7):822–8.  

98. Noriega DC, Ardura F, Hernández-Ramajo R, Martín-Ferrero MÁ, Sánchez-Lite I, Toribio B, et al. 

Intervertebral Disc Repair by Allogeneic Mesenchymal Bone Marrow Cells: A Randomized 

Controlled Trial. Transplantation. 2017 Aug;101(8):1945–51.  

99. Sher I, Daly CD, Oehme D, Chandra RV, Ghosh P, Sher M, et al. Could the Transitional Zone be 

the Key to Predicting Degenerative Disc Disease? The Spine Journal. Elsevier Inc; 2017 Oct 

1;17(Supplement):S198. 



219 

Bibliography 
Abdalmula A, Dooley LM, Kaufman C, Washington EA, House JV, Blacklaws BA, et al. 

Immunoselected STRO-3(+) mesenchymal precursor cells reduce inflammation and improve clinical 

outcomes in a large animal model of monoarthritis. Stem Cell Res Ther. 2017 Feb 7;8(1):22.  

Acosta FL Jr., Metz L, Adkisson HD IV, Liu J, Carruthers-Liebenberg E, Milliman C, et al. Porcine 

Intervertebral Disc Repair Using Allogeneic Juvenile Articular Chondrocytes or Mesenchymal Stem 

Cells. Tissue Eng Part A. 2011 Dec;17(23-24):3045–55.  

Adams MA, Roughley PJ. What is Intervertebral Disc Degeneration, and What Causes It? Spine. 2006 

Aug 15;31(18):2151–61.  

Aguiar DJ, Johnson SL, Oegema TR Jr. Notochordal Cells Interact with Nucleus Pulposus Cells: 

Regulation of Proteoglycan Synthesis. Experimental Cell Research. 1999 Jan;246(1):129–37.  

Alini M, Eisenstein SM, Ito K, Little C, Kettler AA, Masuda K, et al. Are animal models useful for 

studying human disc disorders/degeneration? Eur Spine J. 2007 Jul 14;17(1):2–19.  

Anderson DG, Markova D, An HS, Chee A, Enomoto-Iwamoto M, Markov V, et al. Human umbilical 

cord blood-derived mesenchymal stem cells in the cultured rabbit intervertebral disc: a novel cell source 

for disc repair. Am J Phys Med Rehabil. 2013 May;92(5):420–9.  

Anderson DG, Popov V, Raines AL, O'Connell J. Cryopreserved Amniotic Membrane Improves Clinical 

Outcomes Following Microdiscectomy. Clin Spine Surg. 2017 May 26.  

Anderson VR, Perry CM. Pentosan polysulfate: a review of its use in the relief of bladder pain or 

discomfort in interstitial cystitis. Drugs. 2006;66(6):821–35.  

Andersson GB. Epidemiological features of chronic low-back pain. Lancet. 1999 Aug 

14;354(9178):581–5.  

Arts MP, Peul WC, Koes BW, Thomeer RTWM, Leiden-The Hague Spine Intervention Prognostic 

Study (SIPS) Group. Management of sciatica due to lumbar disc herniation in the Netherlands: a 

survey among spine surgeons. J Neurosurg Spine. 2008 Jul;9(1):32–9.  

Arts MP, Peul WC, Leiden-Hague Spine Intervention Prognostic Study Group. Timing and minimal 

access surgery for sciatica: a summary of two randomized trials. Acta Neurochir (Wien). 2011 

May;153(5):967–74.  



220 

Atlas SJ, Deyo RA, Keller RB, Chapin AM, Patrick DL, Long JM, et al. The Maine Lumbar Spine Study, 

Part II. 1-year outcomes of surgical and nonsurgical management of sciatica. Spine. 1996 Aug 

1;21(15):1777–86.  

Atlas SJ, Keller RB, Chang Y, Deyo RA, Singer DE. Surgical and nonsurgical management of sciatica 

secondary to a lumbar disc herniation: five-year outcomes from the Maine Lumbar Spine Study. Spine 

[Internet]. 2001 May 15;26(10):1179–87. Available from: 

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=11413434&retmode=ref&cm

d=prlinks 

Augello A, Tasso R, Negrini SM, Cancedda R, Pennesi G. Cell therapy using allogeneic bone marrow 

mesenchymal stem cells prevents tissue damage in collagen-induced arthritis. Arthritis Rheum. 2007 

Apr;56(4):1175–86.  

Bae HW, MD KA, Coric D, McJunkin T, Pettine KA, Hong HJ, et al. A Phase II Study Demonstrating 

Efficacy and Safety of Mesenchymal Precursor Cells in Low Back Pain Due to Disc Degeneration. 

The Spine Journal. Elsevier Inc; 2014b Nov 1;14(S):S31–2.  

Baglio SR, Pegtel DM, Baldini N. Mesenchymal stem cell secreted vesicles provide novel opportunities 

in (stem) cell-free therapy. Front Physiol. 2012;3:359.  

Bailey AS, Adler F, Min Lai S, Asher MA. A Comparison Between Bipedal and Quadrupedal Rats: Do 

Bipedal Rats Actually Assume an Upright Posture? Spine. 2001 Jul 15;26(14):E308.  

Baker N, Boyette LB, Tuan RS. Characterization of bone marrow-derived mesenchymal stem cells in 

aging. Bone. 2015 Jan;70:37–47.  

Barry F, Boynton RE, Liu B, Murphy JM. Chondrogenic Differentiation of Mesenchymal Stem Cells 

from Bone Marrow: Differentiation-Dependent Gene Expression of Matrix Components. Experimental 

Cell Research. 2001 Aug;268(2):189–200.  

Benneker LM, Heini PF, Anderson SE, Alini M, Ito K. Correlation of radiographic and MRI parameters 

to morphological and biochemical assessment of intervertebral disc degeneration. Eur Spine J. 2004 

Jun 26;14(1):27–35.  

Benoist M. The natural history of lumbar disc herniation and radiculopathy. Joint Bone Spine. 2002 

Mar;69(2):155–60.  

Benz K, Stippich C, Fischer L, Möhl K, Weber K, Lang J, et al. Intervertebral disc cell- and hydrogel-



221 

supported and spontaneous intervertebral disc repair in nucleotomized sheep. Eur Spine J. 2012 

Sep;21(9):1758–68.  

Bergknut N, Auriemma E, Wijsman S, Voorhout G, Hagman R, Lagerstedt A-S, et al. Evaluation of 

intervertebral disk degeneration in chondrodystrophic and nonchondrodystrophic dogs by use of 

Pfirrmann grading of images obtained with low-field magnetic resonance imaging. Am J Vet Res. 2011 

Jul;72(7):893–8.  

Bergknut N, Rutges JPHJ, Kranenburg H-JC, Smolders LA, Hagman R, Smidt H-J, et al. The dog as an 

animal model for intervertebral disc degeneration? Spine. 2012 Mar 1;37(5):351–8.  

Bernardo ME, Zaffaroni N, Novara F, Cometa AM, Avanzini MA, Moretta A, et al. Human bone marrow 

derived mesenchymal stem cells do not undergo transformation after long-term in vitro culture and do 

not exhibit telomere maintenance mechanisms. Cancer Res. 2007 Oct 1;67(19):9142–9.  

Bertolo A, Thiede T, Aebli N, Baur M, Ferguson SJ, Stoyanov JV. Human mesenchymal stem cell co-

culture modulates the immunological properties of human intervertebral disc tissue fragments in vitro. 

Eur Spine J. 2010 Dec 23;20(4):592–603.  

Bertram H, Kroeber M, Wang H, Unglaub F, Guehring T, Carstens C, et al. Matrix-assisted cell transfer 

for intervertebral disc cell therapy. Biochem Biophys Res Commun. 2005 Jun 17;331(4):1185–92.  

Bierie B, Moses HL. TGF-beta and cancer. Cytokine Growth Factor Rev. 2006 Feb;17(1-2):29–40.  

Blumenthal S, McAfee PC, Guyer RD, Hochschuler SH, Geisler FH, Holt RT, et al. A prospective, 

randomized, multicenter Food and Drug Administration investigational device exemptions study of 

lumbar total disc replacement with the CHARITE artificial disc versus lumbar fusion: part I: evaluation of 

clinical outcomes. Spine. 2005 Jul 15;30(14):1565–75–discussionE387–91.  

Boden SD, Davis DO, Dina TS, Patronas NJ, Wiesel SW. Abnormal magnetic-resonance scans of the 

lumbar spine in asymptomatic subjects. A prospective investigation. The Journal of Bone and Joint 

Surgery-American Volume. 1990 Mar;72(3):403–8.  

Bono CM, Leonard DA, Cha TD, Schwab JH, Wood KB, Harris MB, et al. The effect of short (2-

weeks) versus long (6-weeks) post-operative restrictions following lumbar discectomy: a prospective 

randomized control trial. Eur Spine J. 2017 Mar;26(3):905–12.  

Bornes TD, Adesida AB, Jomha NM. Articular Cartilage Repair with Mesenchymal Stem Cells After 

Chondrogenic Priming: A Pilot Study. Tissue Eng Part A. 2017 Nov 30.  



222 

Brox JI, Nygaard ØP, Holm I, Keller A, Ingebrigtsen T, Reikerås O. Four-year follow-up of surgical 

versus non-surgical therapy for chronic low back pain. Ann Rheum Dis. BMJ Publishing Group Ltd; 

2010 Sep;69(9):1643–8.  

Brox JI, Reikerås O, Nygaard Ø, Sørensen R, Indahl A, Holm I, et al. Lumbar instrumented fusion 

compared with cognitive intervention and exercises in patients with chronic back pain after previous 

surgery for disc herniation: a prospective randomized controlled study. Pain. 2006 May;122(1-2):145–

55.  

Brox JI, Sørensen R, Friis A, Nygaard Ø, Indahl A, Keller A, et al. Randomized clinical trial of lumbar 

instrumented fusion and cognitive intervention and exercises in patients with chronic low back pain and 

disc degeneration. Spine. 2003 Sep 1;28(17):1913–21.  

Burkhardt D, Hwa SY, Ghosh P. A novel microassay for the quantitation of the sulfated 

glycosaminoglycan content of histological sections: its application to determine the effects of 

Diacerhein on cartilage in an ovine model of osteoarthritis. Osteoarthritis and Cartilage. 2001 

Apr;9(3):238–47.  

Bush K, Cowan N, Katz DE, Gishen P. The natural history of sciatica associated with disc pathology. 

A prospective study with clinical and independent radiologic follow-up. Spine. 1992 Oct;17(10):1205–

12.  

Büttner-Janz K. Letter to the Editor concerning “Charité total disc replacement: clinical and 

radiographical results after an average follow-up of 17 years” (M. Putzier et al.). Eur Spine J. 2006 Mar 

4;15(4):510–3.  

Carragee EJ, Chu G, Rohatgi R, Hurwitz EL, Weiner BK, Yoon ST, et al. Cancer risk after use of 

recombinant bone morphogenetic protein-2 for spinal arthrodesis. J Bone Joint Surg Am. 2013 Sep 

4;95(17):1537–45.  

Carragee EJ, Don AS, Hurwitz EL, Cuellar JM, Carrino JA, Carrino J, et al. 2009 ISSLS Prize Winner: 

Does discography cause accelerated progression of degeneration changes in the lumbar disc: a ten-

year matched cohort study. Spine. 2009 Oct 1;34(21):2338–45.  

Carragee EJ, Han MY, Yang B, Kim DH, Kraemer H, Billys J. Activity restrictions after posterior lumbar 

discectomy. A prospective study of outcomes in 152 cases with no postoperative restrictions. Spine. 

1999 Nov 15;24(22):2346–51.  



223 

Carragee EJ, Helms E, O'Sullivan GS. Are postoperative activity restrictions necessary after posterior 

lumbar discectomy? A prospective study of outcomes in 50 consecutive cases. Spine. 1996 Aug 

15;21(16):1893–7.  

Cenic A, Kachur E. Lumbar discectomy: a national survey of neurosurgeons and literature review. Can 

J Neurol Sci. 2009 Mar;36(2):196–200.  

Centeno C, Markle J, Dodson E, Stemper I, Williams CJ, Hyzy M, et al. Treatment of lumbar 

degenerative disc disease-associated radicular pain with culture-expanded autologous mesenchymal 

stem cells: a pilot study on safety and efficacy. J Transl Med. 2017 Sep 22;15(1):197.  

Chen FH, Tuan RS. Mesenchymal stem cells in arthritic diseases. Arthritis Res Ther. 2008;10(5):223.  

Chen J, Lee EJ, Jing L, Christoforou N, Leong KW, Setton LA. Differentiation of mouse induced 

pluripotent stem cells (iPSCs) into nucleus pulposus-like cells in vitro. PLoS ONE. 2013;8(9):e75548.  

Ching C, Chow D, Yao F, Holmes AD. The effect of cyclic compression on the mechanical properties 

of the inter-vertebral disc: an in vivo study in a rat tail model. Clinical Biomechanics. 2003.  

Chou R. Commentary: Successful spinal fusion surgery: can we improve the odds? Spine J. 2013 

Feb;13(2):110–2.  

Cinotti G, Rocca Della C, Romeo S, Vittur F, Toffanin R, Trasimeni G. Degenerative changes of 

porcine intervertebral disc induced by vertebral endplate injuries. Spine. 2005 Jan 15;30(2):174–80.  

Clarke LE, McConnell JC, Sherratt MJ, Derby B, Richardson SM, Hoyland JA. Growth differentiation 

factor 6 and transforming growth factor-beta differentially mediate mesenchymal stem cell 

differentiation, composition, and micromechanical properties of nucleus pulposus constructs. Arthritis 

Res Ther. 2014 Mar 12;16(2):R67.  

ClinicalTrials.gov [Internet]. ClinicalTrials.gov. 2017b [cited 2017b Jul 11]. Available from: 

https://clinicaltrials.gov/ct2/results?term=stem+cell&cond=Disc%2C+Degenerative+Intervertebral 

Colombier P, Clouet J, Hamel O, Lescaudron L, Guicheux J. The lumbar intervertebral disc: From 

embryonic development to degeneration. Joint Bone Spine. 2014 Mar;81(2):125–9.  

Cook JV, Dickinson HO, Eccles MP. Response rates in postal surveys of healthcare professionals 

between 1996 and 2005: An observational study. BMC Health Serv Res. 2009 Sep 14;9(1):1129–8.  



224 

Copay AG, Glassman SD, Subach BR, Berven S, Schuler TC, Carreon LY. Minimum clinically 

important difference in lumbar spine surgery patients: a choice of methods using the Oswestry 

Disability Index, Medical Outcomes Study questionnaire Short Form 36, and pain scales. The Spine 

Journal. 2008 Nov;8(6):968–74.  

Coppes MH, Marani E, Thomeer RT, Groen GJ. Innervation of “painful” lumbar discs. Spine. 1997a 

Oct 15;22(20):2342–9–discussion2349–50.  

Coric D, Pettine K, Sumich A, Boltes MO. Prospective study of disc repair with allogeneic 

chondrocytes presented at the 2012 Joint Spine Section Meeting. J Neurosurg Spine. 2013 

Jan;18(1):85–95.  

Court C, Colliou OK, Chin JR, Liebenberg E, Bradford DS, Lotz JC. The effect of static in vivo bending 

on the murine intervertebral disc. The Spine Journal. 2001 Jul;1(4):239–45.  

Crevensten G, Walsh AJL, Ananthakrishnan D, Page P, Wahba GM, Lotz JC, et al. Intervertebral disc 

cell therapy for regeneration: mesenchymal stem cell implantation in rat intervertebral discs. Ann 

Biomed Eng. 2004 Mar;32(3):430–4.  

Daly C, Ghosh P, Jenkin G, Oehme D, Goldschlager T. A Review of Animal Models of Intervertebral 

Disc Degeneration: Pathophysiology, Regeneration, and Translation to the Clinic. Biomed Res Int. 

2016;2016(3):5952165–14.  

Daly CD, Ghosh P, Zannettino ACW, Badal T, Shimmon R, Jenkin G, et al. Mesenchymal progenitor 

cells primed with pentosan polysulfate promote lumbar intervertebral disc regeneration in an ovine 

model of microdiscectomy. Spine J. 2017a Oct 18.  

Daly CD, Lim K-Z, Ghosh P, Goldschlager T. Perioperative care for lumbar microdiskectomy: a survey 

of Australasian Neurosurgeons. J Spine Surg.  

Daly CD, Lim K-Z, Lewis J, Saber K, Molla M, Bar-Zeev N, et al. Lumbar microdiscectomy and post-

operative activity restrictions: a protocol for a single blinded randomised controlled trial. BMC 

Musculoskelet Disord. 2017b Jul 20;18(1):312.  

David T. Long-term results of one-level lumbar arthroplasty: minimum 10-year follow-up of the CHARITE 

artificial disc in 106 patients. Spine. 2007 Mar 15;32(6):661–6.  

Davidson ENB, Vitters EL, van Beuningen HM, van de Loo FAJ, van den Berg WB, van der Kraan 

PM. Resemblance of osteophytes in experimental osteoarthritis to transforming growth factor β-induced 



225 

osteophytes: Limited role of bone morphogenetic protein in early osteoarthritic osteophyte formation. 

Arthritis Rheum. 2007 Dec;56(12):4065–73.  

Davidson JN, Leslie I. A new approach in the biochemistry of growth and development. Nature. 1950 

Jan 14;165(4185):49–53.  

de Schepper EIT, Damen J, van Meurs JBJ, Ginai AZ, Popham M, Hofman A, et al. The association 

between lumbar disc degeneration and low back pain: the influence of age, gender, and individual 

radiographic features. Spine. 2010 Mar 1;35(5):531–6.  

Deyo RA, Weinstein JN. Low back pain. N Engl J Med. 2001 Feb 1;344(5):363–70.  

Doita M, Kanatani T, Harada T, Mizuno K. Immunohistologic study of the ruptured intervertebral disc of 

the lumbar spine. Spine. 1996 Jan 15;21(2):235–41.  

Dolan P, Adams MA. Recent advances in lumbar spinal mechanics and their significance for modelling. 

Clin Biomech (Bristol, Avon). 2001;16 Suppl 1:S8–S16.  

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini FC, Krause DS, et al. Minimal criteria 

for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy 

position statement. Cytotherapy. 2006;8(4):315–7.  

Easley NE, Wang M, McGrady LM, Toth JM. Biomechanical and radiographic evaluation of an ovine 

model for the human lumbar spine. Proc Inst Mech Eng H. 2008 Aug;222(6):915–22.  

Edgar JR. Q&A: What are exosomes, exactly? BMC Biol. 2016 Jun 13;14(1):46.  

Elabd C, Centeno CJ, Schultz JR, Lutz G, Ichim T, Silva FJ. Intra-discal injection of autologous, hypoxic 

cultured bone marrow-derived mesenchymal stem cells in five patients with chronic lower back pain: a 

long-term safety and feasibility study. J Transl Med. 2016a Sep 1;14(1):253.  

Elliott DM, Yerramalli CS, Beckstein JC, Boxberger JI, Johannessen W, Vresilovic EJ. The effect of 

relative needle diameter in puncture and sham injection animal models of degeneration. Spine. 2008 

Mar 15;33(6):588–96.  

Erasmus MC. Validation of the ACtive8 Activity Monitor: detection of body postures and movements 

[Internet]. 2013 [cited 2016 Nov 29]. Available from: https://www.activ8all.com/front15/wp-

content/uploads/2014/08/ReportActiv8_EMC.pdf 



226 

Farndale RW, Buttle DJ, Barrett AJ. Improved quantitation and discrimination of sulphated 

glycosaminoglycans by use of dimethylmethylene blue. Biochim Biophys Acta. 1986 Sep 

4;883(2):173–7.  

Feng G, Zhao X, Liu H, Zhang H, Chen X, Shi R, et al. Transplantation of mesenchymal stem cells 

and nucleus pulposus cells in a degenerative disc model in rabbits: a comparison of 2 cell types as 

potential candidates for disc regeneration. J Neurosurg Spine. 2011 Mar;14(3):322–9.  

Formica M, Divano S, Cavagnaro L, Basso M, Zanirato A, Formica C, et al. Lumbar total disc 

arthroplasty: outdated surgery or here to stay procedure? A systematic review of current literature. J 

Orthop Traumatol. Springer International Publishing; 2017 Jul 4;18(3):197–215.  

Freemantle N, Calvert M, Wood J, Eastaugh J, Griffin C. Composite outcomes in randomized trials: 

greater precision but with greater uncertainty? JAMA. 2003 May 21;289(19):2554–9.  

Freemont AJ. The cellular pathobiology of the degenerate intervertebral disc and discogenic back pain. 

Rheumatology (Oxford). 2009 Jan;48(1):5–10.  

Freemont AJ, Peacock TE, Goupille P, Hoyland JA, O'Brien J, Jayson M. Nerve ingrowth into diseased 

intervertebral disc in chronic back pain. The Lancet. 1997 Jul;350(9072):178–81.  

Friedenstein AJ, Chailakhjan RK, Lalykina KS. The development of fibroblast colonies in monolayer 

cultures of guinea-pig bone marrow and spleen cells. Cell Tissue Kinet. 1970 Oct;3(4):393–403.  

Fujikawa T, Oh S-H, Pi L, Hatch HM, Shupe T, Petersen BE. Teratoma formation leads to failure of 

treatment for type I diabetes using embryonic stem cell-derived insulin-producing cells. Am J Pathol. 

2005 Jun;166(6):1781–91.  

Ganey T, Hutton WC, Moseley T, Hedrick M, Meisel HJ. Intervertebral disc repair using adipose tissue-

derived stem and regenerative cells: experiments in a canine model. Spine. 2009 Oct 1;34(21):2297–

304.  

Ganey T, Libera J, Moos V, Alasevic O, Fritsch K-G, Meisel HJ, et al. Disc chondrocyte transplantation 

in a canine model: a treatment for degenerated or damaged intervertebral disc. Spine. 2003 Dec 

1;28(23):2609–20.  

Ganey TM, Meisel HJ. A potential role for cell-based therapeutics in the treatment of intervertebral disc 

herniation. Eur Spine J. 2002 Oct;11 Suppl 2:S206–14.  



227 

Gao S-G, Lei G-H, He H-B, Liu H, Xiao W-F, Wen T, et al. Biomechanical comparison of lumbar total 

disc arthroplasty, discectomy, and fusion: effect on adjacent-level disc pressure and facet joint force. J 

Neurosurg Spine. 2011 Nov;15(5):507–14.  

Ghosh P. The pathobiology of osteoarthritis and the rationale for the use of pentosan polysulfate for its 

treatment. Semin Arthritis Rheum. 1999a Feb;28(4):211–67.  

Ghosh P, Moore R, Vernon-Roberts B, Goldschlager T, Pascoe D, Zannettino A, et al. 

Immunoselected STRO-3+ mesenchymal precursor cells and restoration of the extracellular matrix of 

degenerate intervertebral discs. Journal of Neurosurgery: Spine. 2012 May;16(5):479–88.  

Ghosh P, Moore R, Vernon-Roberts B, Goldschlager T, Pascoe D, Zannettino A, et al. 

Immunoselected STRO-3+ mesenchymal precursor cells and restoration of the extracellular matrix of 

degenerate intervertebral discs. J Neurosurg Spine. 2012c May;16(5):479–88.  

Ghosh P, Wu J, Shimmon S, Zannettino AC, Gronthos S, Itescu S. Pentosan polysulfate promotes 

proliferation and chondrogenic differentiation of adult human bone marrow-derived mesenchymal 

precursor cells. Arthritis Res Ther. 2010;12(1):R28.  

Gibson JNA, Waddell G. Surgery for degenerative lumbar spondylosis: updated Cochrane Review. 

Spine. 2005 Oct 15;30(20):2312–20.  

Gillett NA, Gerlach R, Cassidy JJ. Age-related changes in the beagle spine. Acta Orthop. 1988.  

Goff CW, Landmesser W. Bipedal rats and mice; laboratory animals for orthopaedic research. J Bone 

Joint Surg Am. The American Orthopedic Association; 1957 Jun;39-A(3):616–22.  

Goldschlager T, Ghosh P, Zannettino A, Gronthos S, Rosenfeld JV, Itescu S, et al. Cervical motion 

preservation using mesenchymal progenitor cells and pentosan polysulfate, a novel chondrogenic 

agent: preliminary study in an ovine model. Neurosurg Focus. 2010 Jun;28(6):E4.  

Goldschlager T, Ghosh P, Zannettino A, Williamson M, Rosenfeld JV, Itescu S, et al. A comparison of 

mesenchymal precursor cells and amnion epithelial cells for enhancing cervical interbody fusion in an 

ovine model. Neurosurgery. 2011a Apr;68(4):1025–34–discussion1034–5.  

Goldschlager T, Rosenfeld JV, Ghosh P, Itescu S, Blecher C, McLean C, et al. Cervical interbody 

fusion is enhanced by allogeneic mesenchymal precursor cells in an ovine model. Spine. 2011b Apr 

15;36(8):615–23.  



228 

González MA, Gonzalez-Rey E, Rico L, Büscher D, Delgado M. Treatment of experimental arthritis by 

inducing immune tolerance with human adipose-derived mesenchymal stem cells. Arthritis Rheum. 

2009 Apr;60(4):1006–19.  

Gorenšek M, Jaksimović C, Kregar-Velikonja N, Gorensek M, Knezevic M, Jeras M, et al. Nucleus 

pulposus repair with cultured autologous elastic cartilage derived chondrocytes. Cell Mol Biol Lett. 

2004;9(2):363–73.  

Gronthos S. Molecular and cellular characterisation of highly purified stromal stem cells derived from 

human bone marrow. Journal of Cell Science. 2003 Mar 18;116(9):1827–35.  

Gronthos S, Fitter S, Diamond P, Simmons PJ, Itescu S, Zannettino ACW. A novel monoclonal 

antibody (STRO-3) identifies an isoform of tissue nonspecific alkaline phosphatase expressed by 

multipotent bone marrow stromal stem cells. Stem Cells Dev. 2007 Dec;16(6):953–63.  

Gronthos S, McCarty R, Mrozik K, Fitter S, Paton S, Menicanin D, et al. Heat shock protein-90 beta is 

expressed at the surface of multipotential mesenchymal precursor cells: generation of a novel 

monoclonal antibody, STRO-4, with specificity for mesenchymal precursor cells from human and ovine 

tissues. Stem Cells Dev. 2009 Nov;18(9):1253–62.  

Gruber HE, Hanley EN. Analysis of aging and degeneration of the human intervertebral disc. 

Comparison of surgical specimens with normal controls. Spine. 1998 Apr 1;23(7):751–7.  

Gruber HE, Johnson T, Norton HJ, Hanley EN. The sand rat model for disc degeneration: radiologic 

characterization of age-related changes: cross-sectional and prospective analyses. Spine. 2002a Feb 

1;27(3):230–4.  

Gruber HE, Johnson TL, Leslie K, Ingram JA, Martin D, Hoelscher G, et al. Autologous intervertebral 

disc cell implantation: a model using Psammomys obesus, the sand rat. Spine. 2002b Aug 

1;27(15):1626–33.  

Guo W, Chu Y-X, Imai S, Yang J-L, Zou S, Mohammad Z, et al. Further observations on the behavioral 

and neural effects of bone marrow stromal cells in rodent pain models. Mol Pain. 2016;12.  

Guo W, Wang H, Zou S, Gu M, Watanabe M, Wei F, et al. Bone marrow stromal cells produce long-

term pain relief in rat models of persistent pain. Stem Cells. 2011 Aug;29(8):1294–303.  

Guyer RD, McAfee PC, Banco RJ, Bitan FD, Cappuccino A, Geisler FH, et al. Prospective, 

randomized, multicenter Food and Drug Administration investigational device exemption study of lumbar 



229 

total disc replacement with the CHARITE artificial disc versus lumbar fusion: five-year follow-up. Spine 

J. 2009 May;9(5):374–86.  

Guyer RD, Pettine K, Roh JS, Dimmig TA, Coric D, McAfee PC, et al. Five-Year Follow-Up of a 

Prospective, Randomized Trial Comparing Two Lumbar Total Disc Replacements. Spine. 2016 

Jan;41(1):3–8.  

Hammer RE, Maika SD, Richardson JA, Tang JP, Taurog JD. Spontaneous inflammatory disease in 

transgenic rats expressing HLA-B27 and human beta 2m: an animal model of HLA-B27-associated 

human disorders. Cell. 1990 Nov 30;63(5):1099–112.  

Hang D, Li F, Che W, Wu X, Wan Y, Wang J, et al. One-Stage Positron Emission Tomography and 

Magnetic Resonance Imaging to Assess Mesenchymal Stem Cell Survival in a Canine Model of 

Intervertebral Disc Degeneration. Stem Cells Dev. 2017 Sep 15;26(18):1334–43.  

Hanno PM, Burks DA, Clemens JQ, Dmochowski RR, Erickson D, FitzGerald MP, et al. AUA guideline 

for the diagnosis and treatment of interstitial cystitis/bladder pain syndrome. Vol. 185, The Journal of 

urology. 2011. pp. 2162–70.  

Haufe SMW, Mork AR. Intradiscal injection of hematopoietic stem cells in an attempt to rejuvenate the 

intervertebral discs. Stem Cells Dev. 2006 Feb;15(1):136–7.  

Härtl R, Bonassar LJ, editors. Biological Approaches to Spinal Disc Repair and Regeneration for 

Clinicians. Biological Approaches to Spinal Disc Repair and Regeneration for Clinicians. New York: 

Georg Thieme Verlag; 2017a.  

Hegewald AA, Endres M, Abbushi A, Cabraja M, Woiciechowsky C, Schmieder K, et al. Adequacy of 

herniated disc tissue as a cell source for nucleus pulposus regeneration. J Neurosurg Spine. 2011 

Feb;14(2):273–80.  

Heindel P, Tuchman A, Hsieh PC, Pham MH, D'Oro A, Patel NN, et al. Reoperation Rates After 

Single-level Lumbar Discectomy. Spine. 2017 Apr 15;42(8):E496–E501.  

Henriksson HB, Svanvik T, Jonsson M, Hagman M, Horn M, Lindahl A, et al. Transplantation of human 

mesenchymal stems cells into intervertebral discs in a xenogeneic porcine model. Spine. 2009 Jan 

15;34(2):141–8.  

Hicks GE, Morone N, Weiner DK. Degenerative lumbar disc and facet disease in older adults: 

prevalence and clinical correlates. Spine. 2009 May 20;34(12):1301–6.  



230 

Higuchi M, Abe K, Kaneda K. Changes in the Nucleus Pulposus of the Intervertebral Disc in Bipedal 

Mice: A Light and Electron Microscopic Study. Clin Orthop Relat Res. 1983 May 1;175:251.  

Ho AD, Wagner W, Franke W. Heterogeneity of mesenchymal stromal cell preparations. Cytotherapy. 

2008;10(4):320–30.  

Hofstetter CP, Schwarz EJ, Hess D, Widenfalk J, Manira El A, Prockop DJ, et al. Marrow stromal cells 

form guiding strands in the injured spinal cord and promote recovery. Proc Natl Acad Sci USA. 2002 

Feb 19;99(4):2199–204.  

Hohaus C, Ganey TM, Minkus Y, Meisel HJ. Cell transplantation in lumbar spine disc degeneration 

disease. Eur Spine J. 2008a Dec;17 Suppl 4(S4):492–503.  

Holm S, Holm AK, Ekström L, Karladani A, Hansson T. Experimental disc degeneration due to endplate 

injury. J Spinal Disord Tech. 2004 Feb;17(1):64–71.  

Hoogendoorn RJ, Helder MN, Smit TH, Wuisman P. Notochordal cells in mature caprine intervertebral 

discs. Eur Cell Mater. 2005.  

Hoogendoorn RJ, Wuisman PI, Smit TH, Everts VE, Helder MN. Experimental intervertebral disc 

degeneration induced by chondroitinase ABC in the goat. Spine. 2007 Aug 1;32(17):1816–25.  

Hoogendoorn RJW, Helder MN, Kroeze RJ, Bank RA, Smit TH, Wuisman PIJM. Reproducible long-term 

disc degeneration in a large animal model. Spine. 2008 Apr 20;33(9):949–54.  

Horner HA, Urban JP. 2001 Volvo Award Winner in Basic Science Studies: Effect of nutrient supply on 

the viability of cells from the nucleus pulposus of the intervertebral disc. Spine. 2001 Dec 

1;26(23):2543–9.  

Hoy D, Brooks P, Blyth F, Buchbinder R. The Epidemiology of low back pain. Best Pract Res Clin 

Rheumatol. 2010 Dec;24(6):769–81.  

Hoy D, March L, Brooks P, Blyth F, Woolf A, Bain C, et al. The global burden of low back pain: 

estimates from the Global Burden of Disease 2010 study. Ann Rheum Dis. 2014 Jun;73(6):968–74.  

Huang B, Zhuang Y, Li C-Q, Liu L-T, Zhou Y. Regeneration of the Intervertebral Disc With Nucleus 

Pulposus Cell-Seeded Collagen II/Hyaluronan/Chondroitin-6-Sulfate Tri-Copolymer Constructs in a 

Rabbit Disc Degeneration Model. Spine. 2011 Dec 15;36(26):2252.  



231 

Hudson KD, Bonassar LJ. Hypoxic Expansion of Human Mesenchymal Stem Cells Enhances Three-

Dimensional Maturation of Tissue-Engineered Intervertebral Discs. Tissue Eng Part A. 2017 Apr;23(7-

8):293–300.  

Humzah MD, Soames RW. Human intervertebral disc: structure and function. Anat Rec. 

1988;220(4):337–56.  

Hunter CJ, Matyas JR, Duncan NA. Cytomorphology of notochordal and chondrocytic cells from the 

nucleus pulposus: a species comparison. J Anat. 1st ed. 2004a Nov;205(5):357–62.  

Hurri H, Karppinen J. Discogenic pain. Pain. 2004 Dec;112(3):225–8.  

Iatridis JC, Mente PL, Stokes IAF, Aronsson DD, Alini M. Compression-Induced Changes in 

Intervertebral Disc Properties in a Rat Tail Model. Spine. 1999 May 15;24(10):996.  

Ivo R, Nicklas A, Dargel J, Sobottke R, Delank K-S, Eysel P, et al. Brain structural and psychometric 

alterations in chronic low back pain. Eur Spine J. 2013 Sep;22(9):1958–64.  

Jeong JH, Jin ES, Min JK, Jeon SR, Park C-S, Kim HS, et al. Human mesenchymal stem cells 

implantation into the degenerated coccygeal disc of the rat. Cytotechnology. 2009 Jan;59(1):55–64.  

Jeong JH, Lee JH, Jin ES, Min JK, Jeon SR, Choi KH. Regeneration of intervertebral discs in a rat disc 

degeneration model by implanted adipose-tissue-derived stromal cells. Acta Neurochir (Wien). 2010 

Oct;152(10):1771–7.  

Johannessen W, Auerbach JD, Wheaton AJ, Kurji A, Borthakur A, Reddy R, et al. Assessment of 

Human Disc Degeneration and Proteoglycan Content Using T1ρ-weighted Magnetic Resonance 

Imaging. Spine. 2006 May;31(11):1253–7.  

Johannessen W, Vresilovic EJ, Wright AC, Elliott DM. Intervertebral disc mechanics are restored 

following cyclic loading and unloaded recovery. Ann Biomed Eng. 2004 Jan;32(1):70–6.  

Kandziora F, Pflugmacher R, Scholz M, Schnake K, Lucke M, Schröder R, et al. Comparison between 

sheep and human cervical spines: an anatomic, radiographic, bone mineral density, and 

biomechanical study. Spine. 2001 May 1;26(9):1028–37.  

Kawaguchi Y, Osada R, Kanamori M, Ishihara H, Ohmori K, Matsui H, et al. Association between an 

aggrecan gene polymorphism and lumbar disc degeneration. Spine. 1999 Dec 1;24(23):2456–60.  



232 

Kelly A, Griffith H, Jamjoom A. Results of day-case surgery for lumbar disc prolapse. British journal of 

neurosurgery. 1994.  

Kelsey JL, Githens PB, O'Conner T, Weil U, Calogero JA, Holford TR, et al. Acute prolapsed lumbar 

intervertebral disc. An epidemiologic study with special reference to driving automobiles and cigarette 

smoking. Spine. 1984 Sep;9(6):608–13.  

Keyes DC, Compere EL. The normal and pathologic physiology of the nucleus pulposus of the 

intervertebral disc. J Bone Joint Surg Am. The American Orthopedic Association; 1932a Oct 

1;14(4):897–938.  

Kiani C, Chen L, Wu YJ, Yee AJ, Yang BB. Structure and function of aggrecan. Cell Res. 2002 

Mar;12(1):19–32.  

Kiester DP, Williams JM, Andersson GBJ, Thonar EJ-MA, McNeill TW. The Dose-Related Effect of 

Intradiscal Chymopapain on Rabbit Intervertebral Discs. Spine. 1994 Apr 1;19(7):747.  

Kim YJ, Sah RL, Doong JY, Grodzinsky AJ. Fluorometric assay of DNA in cartilage explants using 

Hoechst 33258. Anal Biochem. 1988 Oct;174(1):168–76.  

Kimura T, Nakata K, Tsumaki N, Miyamoto S, Matsui Y, Ebara S, et al. Progressive degeneration of 

articular cartilage and intervertebral discs. International Orthopaedics SICOT. Springer-Verlag; 

1996;20(3):177–81.  

Kobayashi S, Baba H, Uchida K, Kokubo Y, Kubota C, Yamada S, et al. Effect of mechanical 

compression on the lumbar nerve root: localization and changes of intraradicular inflammatory 

cytokines, nitric oxide, and cyclooxygenase. Spine. 2005 Aug 1;30(15):1699–705.  

Kroeber MW, Unglaub F, Wang H, Schmid C, Thomsen M, Nerlich A, et al. New in vivo animal model 

to create intervertebral disc degeneration and to investigate the effects of therapeutic strategies to 

stimulate disc regeneration. Spine. 2002 Dec 1;27(23):2684–90.  

Lai A, Moon A, Purmessur D, Skovrlj B, Winkelstein BA, Cho SK, et al. Assessment of functional and 

behavioral changes sensitive to painful disc degeneration. J Orthop Res. 2015 May;33(5):755–64.  

Lauerman WC, Platenberg RC, Cain JE, Deeney VF. Age-related disk degeneration: preliminary report 

of a naturally occurring baboon model. J Spinal Disord. 1992 Jun;5(2):170–4.  

Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis I, et al. Mesenchymal stem cells for 



233 

treatment of steroid-resistant, severe, acute graft-versus-host disease: a phase II study. The Lancet. 

2008 May;371(9624):1579–86.  

Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringdén O. HLA expression and immunologic 

propertiesof differentiated and undifferentiated mesenchymal stem cells. Experimental Hematology. 

2003 Oct;31(10):890–6.  

Le Maitre CL, Freemont AJ, Hoyland JA. Accelerated cellular senescence in degenerate intervertebral 

discs: a possible role in the pathogenesis of intervertebral disc degeneration. Arthritis Res Ther. 

2007a;9(3):R45.  

Le Maitre CL, Pockert A, Buttle DJ, Freemont AJ, Hoyland JA. Matrix synthesis and degradation in 

human intervertebral disc degeneration. Biochem Soc Trans. Portland Press Limited; 2007c Aug;35(Pt 

4):652–5.  

Lee CK, Langrana NA. Lumbosacral spinal fusion. A biomechanical study. Spine. 1984 Sep;9(6):574–

81.  

Lee S, Moon CS, Sul D, Lee J, Bae M, Hong Y, et al. Comparison of growth factor and cytokine 

expression in patients with degenerated disc disease and herniated nucleus pulposus. Clinical 

Biochemistry. Elsevier B.V; 2009 Oct 1;42(15):1504–11.  

Leung VYL, Aladin DMK, Lv F, Tam V, Sun Y, Lau RYC, et al. Mesenchymal Stem Cells Reduce 

Intervertebral Disc Fibrosis and Facilitate Repair. Stem Cells. 2014 Jul 15;32(8):2164–77.  

Li Y, Cheng H, Liu Z-C, Wu J-W, Yu L, Zang Y, et al. In vivo study of pedicle screw augmentation 

using bioactive glass in osteoporosis sheep. J Spinal Disord Tech. 2013 Jun;26(4):E118–23.  

Liang C, Li H, Tao Y, Shen C, Li F, Shi Z, et al. New hypothesis of chronic back pain: low pH 

promotes nerve ingrowth into damaged intervertebral disks. Acta Anaesthesiol Scand. 2013 

Mar;57(3):271–7.  

Lim K-Z, Daly CD, Ghosh P, Jenkin G, Oehme D, Cooper-White J, et al. Ovine Lumbar Intervertebral 

Disc Degeneration Model Utilizing a Lateral Retroperitoneal Drill Bit Injury. J Vis Exp. 2017 May 

25;(123).  

Lindblom K. Intervertebral-disc degeneration considered as a pressure atrophy. J Bone Joint Surg Am. 

1957 Jul;39-A(4):933–45.  



234 

Link HD. Letter to the Editor concerning “Charité total disc replacement: clinical and radiographical 

results after an average follow-up of 17 years” (M. Putzier et al.). Eur Spine J. 2006 Mar 4;15(4):514–7.  

Lipson SJ, Muir H. Experimental intervertebral disc degeneration: morphologic and proteoglycan 

changes over time. Arthritis Rheum. 1981 Jan;24(1):12–21.  

Liu Y, Mu R, Wang S, Long L, Liu X, Li R, et al. Therapeutic potential of human umbilical cord 

mesenchymal stem cells in the treatment of rheumatoid arthritis. Arthritis Res Ther. 2010;12(6):R210.  

Livshits G, Cohen Z, Higla O, Yakovenko K. Familial history, age and smoking are important risk factors 

for disc degeneration disease in Arabic pedigrees. Eur J Epidemiol. 2001;17(7):643–51.  

Loeser RF, Shanker G. Autocrine stimulation by insulin-like growth factor 1 and insulin-like growth 

factor 2 mediates chondrocyte survival in vitro. Arthritis Rheum. 2000 Jul;43(7):1552–9.  

Lotz JC. Animal models of intervertebral disc degeneration: lessons learned. Spine. 2004 Dec 

1;29(23):2742–50.  

Lotz JC, Chin JR. Intervertebral disc cell death is dependent on the magnitude and duration of spinal 

loading. Spine. 2000 Jun 15;25(12):1477–83.  

Lu K, Li H-Y, Yang K, Wu J-L, Cai X-W, Zhou Y, et al. Exosomes as potential alternatives to stem cell 

therapy for intervertebral disc degeneration: in-vitro study on exosomes in interaction of nucleus 

pulposus cells and bone marrow mesenchymal stem cells. Stem Cell Res Ther. 2017 May 10;8(1):108.  

Luk KD, Ruan DK, Chow DH, Leong JC. Intervertebral disc autografting in a bipedal animal model. Clin 

Orthop Relat Res. 1997 Apr;(337):13–26.  

Luk KDK, Ruan DK, Lu DS, Fei ZQ. Fresh frozen intervertebral disc allografting in a bipedal animal 

model. Spine. 2003 May 1;28(9):864–9–discussion870.  

Luoma K, Riihimäki H, Luukkonen R, Raininko R, Viikari-Juntura E, Lamminen A. Low back pain in 

relation to lumbar disc degeneration. Spine. 2000 Feb 15;25(4):487–92.  

Macrin D, Joseph JP, Pillai AA, Devi A. Eminent Sources of Adult Mesenchymal Stem Cells and Their 

Therapeutic Imminence. Stem Cell Rev. 2017 Aug 15;78(12):7634.  

Mageed M, Berner D, Jülke H, Hohaus C, Brehm W, Gerlach K. Is sheep lumbar spine a suitable 

alternative model for human spinal researches? Morphometrical comparison study. Lab Anim Res. 2013 



235 

Dec;29(4):183–9.  

Magnusson ML, Pope MH, Wilder DG, Szpalski M, Spratt K. Is there a rational basis for post-surgical 

lifting restrictions? 1. Current understanding. Eur Spine J. Springer; 1999;8(3):170–8.  

Makhsous M, Lin F, Bankard J, Hendrix RW, Hepler M, Press J. Biomechanical effects of sitting with 

adjustable ischial and lumbar support on occupational low back pain: evaluation of sitting load and 

back muscle activity. BMC Musculoskelet Disord. 2009 Feb 5;10(1):133–11.  

Mao F, Xu W-R, Qian H, Zhu W, Yan Y-M, Shao Q-X, et al. Immunosuppressive effects of 

mesenchymal stem cells in collagen-induced mouse arthritis. Inflamm Res. 2010 Mar;59(3):219–25.  

Marchand F, Ahmed AM. Investigation of the laminate structure of lumbar disc anulus fibrosus. Spine. 

1990 May;15(5):402–10.  

Markway BD, Tan G-K, Brooke G, Hudson JE, Cooper-White JJ, Doran MR. Enhanced chondrogenic 

differentiation of human bone marrow-derived mesenchymal stem cells in low oxygen environment 

micropellet cultures. Cell Transplant. 2010;19(1):29–42.  

Mastri M, Lin H, Lee T. Enhancing the efficacy of mesenchymal stem cell therapy. World J Stem Cells. 

2014 Apr 26;6(2):82–93.  

Masuda K, Aota Y, Muehleman C, Imai Y, Okuma M, Thonar EJ, et al. A novel rabbit model of mild, 

reproducible disc degeneration by an anulus needle puncture: correlation between the degree of disc 

injury and radiological and histological appearances of disc degeneration. Spine. 2005a Jan 1;30(1):5–

14.  

Matsui H, Kanamori M, Ishihara H, Yudoh K, Naruse Y, Tsuji H. Familial predisposition for lumbar 

degenerative disc disease. A case-control study. Spine. 1998 May 1;23(9):1029–34.  

McAvoy BR, Kaner EF. General practice postal surveys: a questionnaire too far? BMJ. BMJ Publishing 

Group; 1996 Sep 21;313(7059):732–3–discussion733–4.  

McCulloch JA. Focus issue on lumbar disc herniation: macro- and microdiscectomy. Spine. 1996 Dec 

15;21(24 Suppl):45S–56S.  

McGirt MJ, Ambrossi GLG, Datoo G, Sciubba DM, Witham TF, Wolinsky J-P, et al. Recurrent disc 

herniation and long-term back pain after primary lumbar discectomy: review of outcomes reported for 

limited versus aggressive disc removal. Neurosurgery. 2009 Feb;64(2):338–44–discussion344–5.  



236 

McGregor AH, Ben Dicken, Jamrozik K. National audit of post-operative management in spinal surgery. 

BMC Musculoskelet Disord. BioMed Central; 2006a May 31;7(1):1.  

Mehrkens A, Matta A, Karim MZ, Kim S, Fehlings MG, Schaeren S, et al. Notochordal cell-derived 

conditioned medium protects human nucleus pulposus cells from stress-induced apoptosis. Spine J. 

2017 Apr;17(4):579–88.  

Meir AR, Freeman BJC, Fraser RD, Fowler SM. Ten-year survival and clinical outcome of the AcroFlex 

lumbar disc replacement for the treatment of symptomatic disc degeneration. Spine J. 2013 

Jan;13(1):13–21.  

Meisel HJ, Ganey T, Hutton WC, Libera J, Minkus Y, Alasevic O. Clinical experience in cell-based 

therapeutics: intervention and outcome. Eur Spine J. 2006 Aug;15 Suppl 3:S397–405.  

Meisel HJ, Siodla V, Ganey T, Minkus Y, Hutton WC, Alasevic OJ. Clinical experience in cell-based 

therapeutics: disc chondrocyte transplantation A treatment for degenerated or damaged intervertebral 

disc. Biomol Eng. 2007 Feb;24(1):5–21.  

Melrose J, Burkhardt D, Taylor TKF, Dillon CT, Read R, Cake M, et al. Calcification in the ovine 

intervertebral disc: a model of hydroxyapatite deposition disease. Eur Spine J. 2009 Apr;18(4):479–89.  

Melrose J, Roberts S, Smith S, Menage J, Ghosh P. Increased nerve and blood vessel ingrowth 

associated with proteoglycan depletion in an ovine anular lesion model of experimental disc 

degeneration. Spine. 2002 Jun 15;27(12):1278–85.  

Melrose J, Shu C, Young C, Ho R, Smith MM, Young AA, et al. Mechanical destabilization induced by 

controlled annular incision of the intervertebral disc dysregulates metalloproteinase expression and 

induces disc degeneration. Spine. 2012a Jan 1;37(1):18–25.  

Melrose J, Smith SM, Little CB, Moore RJ, Vernon-Roberts B, Fraser RD. Recent advances in annular 

pathobiology provide insights into rim-lesion mediated intervertebral disc degeneration and potential 

new approaches to annular repair strategies. Eur Spine J. 2008 Jun 27;17(9):1131–48.  

Melrose J, Taylor T, Ghosh P, Holbert C. Intervertebral disc reconstitution after chemonucleolysis with 

chymopapain is dependent on dosage: An experimental study in beagle dogs. Spine. 1996.  

Mesoblast Ltd. Durable three-year outcomes in degenerative disc disease after a single injection of 

Mesoblast's cell therapy [Internet]. Mesoblast 2017 ASX Announcements. Available from: 

http://investorsmedia.mesoblast.com/phoenix.zhtml?c=187006&p=irol-asxnews&nyo=0 



237 

Michalek AJ, Iatridis JC. Height and torsional stiffness are most sensitive to annular injury in large animal 

intervertebral discs. Spine J. 2012 May;12(5):425–32.  

Miguélez-Rivera L, Pérez-Castrillo S, González-Fernández ML, Prieto-Fernández JG, López-González 

ME, García-Cosamalón J, et al. Immunomodulation of Mesenchymal Stem Cells in discogenic pain. 

Spine J. 2017 Sep 19.  

Miljkovic ND, Cooper GM, Marra KG. Chondrogenesis, bone morphogenetic protein-4 and 

mesenchymal stem cells. Osteoarthritis and Cartilage. 2008 Oct;16(10):1121–30.  

Millecamps M, Czerminski JT, Mathieu AP, Stone LS. Behavioral signs of axial low back pain and motor 

impairment correlate with the severity of intervertebral disc degeneration in a mouse model. Spine J. 

2015 Dec 1;15(12):2524–37.  

Miura K, Okada Y, Aoi T, Okada A, Takahashi K, Okita K, et al. Variation in the safety of induced 

pluripotent stem cell lines. Nat Biotechnol. 2009 Aug;27(8):743–5.  

Mixter WJ, Barr JS. Rupture of the intervertebral disc with involvement of the spinal canal. Vol. 211. 

New England Journal of Medicine; 1934a. pp. 210–5.  

Miyamoto S, Yonenubo K, Oono K. Experimental Cervical Spondylosis in the Mouse. Spine. 1991 Oct 

1;16:S495.  

Miyamoto T, Muneta T, Tabuchi T, Matsumoto K, Saito H, Tsuji K, et al. Intradiscal transplantation of 

synovial mesenchymal stem cells prevents intervertebral disc degeneration through suppression of 

matrix metalloproteinase-related genes in nucleus pulposus cells in rabbits. Arthritis Res Ther. 

2010;12(6):R206.  

Mobbs RJ, Phan K, Malham G, Seex K, Rao PJ. Lumbar interbody fusion: techniques, indications and 

comparison of interbody fusion options including PLIF, TLIF, MI-TLIF, OLIF/ATP, LLIF and ALIF. J 

Spine Surg. 2015 Dec;1(1):2–18.  

Mochida J, Sakai D, Nakamura Y, Watanabe T, Yamamoto Y, Kato S. Intervertebral disc repair with 

activated nucleus pulposus cell transplantation: a three-year, prospective clinical study of its safety. 

Eur Cell Mater. 2015 Mar 20;29:202–12–discussion212.  

Moore RJ, Vernon-Roberts B, Fraser RD, Osti OL, Schembri M. The origin and fate of herniated lumbar 

intervertebral disc tissue. Spine. 1996 Sep 15;21(18):2149–55.  



238 

Moskowitz RW, Ziv I, Denko CW, Boja B, Jones PK, Adler JH. Spondylosis in sand rats: a model of 

intervertebral disc degeneration and hyperostosis. J Orthop Res. 1990 May;8(3):401–11.  

Nachemson AL. Disc pressure measurements. Spine. 1981 Jan;6(1):93–7.  

Natarajan RN, Andersson GBJ, Patwardhan AG, Verma S. Effect of Annular Incision Type on the 

Change in Biomechanical Properties in a Herniated Lumbar Intervertebral Disc. J Biomech Eng. 

2002;124(2):229–8.  

National Guideline Centre (UK). Low Back Pain and Sciatica in Over 16s: Assessment and 

Management. London: National Institute for Health and Care Excellence (UK); 2016 Nov.  

NC-IUBMB. Enzyme Nomenclature 1992: Recommendations of the Nomenclature Committee of the 

International Union of Biochemistry and Molecular Biology on the Nomenclature and Classification of 

Enzymes. San Diego: Academic Press, Inc; 1992.  

Nie H, Chen G, Wang X, Zeng J. Comparison of Total Disc Replacement with lumbar fusion: a meta-

analysis of randomized controlled trials. J Coll Physicians Surg Pak. 2015 Jan;25(1):60–7.  

Nomura T, Mochida J, Okuma M, Nishimura K, Sakabe K. Nucleus pulposus allograft retards 

intervertebral disc degeneration. Clin Orthop Relat Res. 2001 Aug;389(389):94–101.  

Norcross JP, Lester GE, Weinhold P, Dahners LE. An in vivo model of degenerative disc disease. J 

Orthop Res. 2003 Jan;21(1):183–8.  

Noriega DC, Ardura F, Hernández-Ramajo R, Martín-Ferrero MA, Sánchez-Lite I, Toribio B, et al. 

Intervertebral Disc Repair by Allogeneic Mesenchymal Bone Marrow Cells: A Randomized Controlled 

Trial. Transplantation. 2017a Aug;101(8):1945–51.  

Noriega DC, Ardura F, Hernández-Ramajo R, Martín-Ferrero MÁ, Sánchez-Lite I, Toribio B, et al. 

Intervertebral Disc Repair by Allogeneic Mesenchymal Bone Marrow Cells: A Randomized Controlled 

Trial. Transplantation. 2017b Aug;101(8):1945–51.  

Nuckley DJ, Kramer PA, Del Rosario A, Fabro N, Baran S, Ching RP. Intervertebral disc degeneration 

in a naturally occurring primate model: radiographic and biomechanical evidence. J Orthop Res. 2008 

Sep;26(9):1283–8.  

O'Connell GD, Vresilovic EJ, Elliott DM. Comparison of animals used in disc research to human lumbar 

disc geometry. Spine. 2007 Feb 1;32(3):328–33.  



239 

Oegema TR, Johnson SL, Aguiar DJ, Ogilvie JW. Fibronectin and its fragments increase with 

degeneration in the human intervertebral disc. Spine. 2000 Nov 1;25(21):2742–7.  

Oegema TRJ, Cooper KM, Wakano K, Chao EY. Chymopapain, Chemonucleolysis, and Nucleus 

Pulposus Regeneration A Biochemical and Biomechanical Study. Spine. 1984 Mar 1;9(2):135.  

Oehme D, Ghosh P, Goldschlager T, Itescu S, Shimon S, Wu J, et al. Reconstitution of degenerated 

ovine lumbar discs by STRO-3-positive allogeneic mesenchymal precursor cells combined with 

pentosan polysulfate. J Neurosurg Spine. 2016 May;24(5):715–26.  

Oehme D, Ghosh P, Goldschlager T, Shimmon S, Wu J, Stuckey S, et al. Radiological, morphological, 

histological and biochemical changes of lumbar discs in an animal model of disc degeneration suitable 

for evaluating the potential regenerative capacity of novel biological agents. J Tissue Sci Eng. 

2015;06(02):1–10.  

Oehme D, Ghosh P, Shimmon S, Wu J, McDonald C, Troupis JM, et al. Mesenchymal progenitor cells 

combined with pentosan polysulfate mediating disc regeneration at the time of microdiscectomy: a 

preliminary study in an ovine model. J Neurosurg Spine. 2014a Jun;20(6):657–69.  

Oehme D, Goldschlager T, Ghosh P, Rosenfeld JV, Jenkin G. Cell-Based Therapies Used to Treat 

Lumbar Degenerative Disc Disease: A Systematic Review of Animal Studies and Human Clinical Trials. 

Stem Cells Int. 2015c;2015(2):946031–16.  

Oehme D, Goldschlager T, Rosenfeld J, Danks A, Ghosh P, Gibbon A, et al. Lateral surgical approach 

to lumbar intervertebral discs in an ovine model. ScientificWorldJournal. Hindawi Publishing 

Corporation; 2012a;2012(8):873726–5.  

Olmarker K. Puncture of a lumbar intervertebral disc induces changes in spontaneous pain behavior: 

an experimental study in rats. Spine. 2008 Apr 15;33(8):850–5.  

Omarker K, Myers RR. Pathogenesis of sciatic pain: role of herniated nucleus pulposus and 

deformation of spinal nerve root and dorsal root ganglion. Pain. 1998 Nov;78(2):99–105.  

Omlor GW, Bertram H, Kleinschmidt K, Fischer J, Brohm K, Guehring T, et al. Methods to monitor 

distribution and metabolic activity of mesenchymal stem cells following in vivo injection into 

nucleotomized porcine intervertebral discs. Eur Spine J. 2009a Dec 29;19(4):601–12.  

Omlor GW, Nerlich AG, Wilke HJ, Pfeiffer M, Lorenz H, Schaaf-Keim M, et al. A new porcine in vivo 

animal model of disc degeneration: response of anulus fibrosus cells, chondrocyte-like nucleus 



240 

pulposus cells, and notochordal nucleus pulposus cells to partial nucleotomy. Spine. 2009b Dec 

1;34(25):2730–9.  

Oosterhuis T, Costa LOP, Maher CG, de Vet HCW, van Tulder MW, Ostelo RWJG. Rehabilitation 

after lumbar disc surgery. Ostelo RW, editor. Cochrane Database Syst Rev. Chichester, UK: John 

Wiley & Sons, Ltd; 2014;3:CD003007.  

Orozco L, Soler R, Morera C, Alberca M, Sánchez A, García-Sancho J. Intervertebral disc repair by 

autologous mesenchymal bone marrow cells: a pilot study. Transplantation. 2011 Oct 15;92(7):822–8.  

Ostelo RWJG, Deyo RA, Stratford P, Waddell G, Croft P, Korff Von M, et al. Interpreting change 

scores for pain and functional status in low back pain: towards international consensus regarding 

minimal important change. Spine. 2008. pp. 90–4.  

Osti OL, Vernon-Roberts B, Fraser RD. 1990 Volvo Award in experimental studies. Anulus tears and 

intervertebral disc degeneration. An experimental study using an animal model. Spine. 1990 

Aug;15(8):762–7.  

Osti OL, Vernon-Roberts B, Fraser RD. 1990 Volvo Award in Experimental Studies: Anulus Tears and 

Intervertebral Disc Degeneration: An Experimental Study Using an Animal Model. Spine. 1990c.  

Pang X, Yang H, Peng B. Human umbilical cord mesenchymal stem cell transplantation for the 

treatment of chronic discogenic low back pain. Pain Physician. 2014 Jul;17(4):E525–30.  

Panjabi MM, Krag MH, Chung TQ. Effects of disc injury on mechanical behavior of the human spine. 

Spine. 1984 Oct;9(7):707–13.  

Parker SL, Mendenhall SK, Godil SS, Sivasubramanian P, Cahill K, Ziewacz J, et al. Incidence of Low 

Back Pain After Lumbar Discectomy for Herniated Disc and Its Effect on Patient-reported Outcomes. 

Clinical Orthopaedics and Related Research. 2015 Jun;473(6):1988–99.  

Parker SL, Xu R, McGirt MJ, Witham TF, Long DM, Bydon A. Long-term back pain after a single-level 

discectomy for radiculopathy: incidence and health care cost analysis. J Neurosurg Spine. 2010 

Feb;12(2):178–82.  

Patel AA, Spiker WR, Daubs M, Brodke D, Cannon-Albright LA. Evidence for an Inherited 

Predisposition to Lumbar Disc Disease. J Bone Joint Surg Am. 2011 Feb;93(3):225–9.  

Peng B, Wu W, Hou S, Li P, Zhang C, Yang Y. The pathogenesis of discogenic low back pain. J 



241 

Bone Joint Surg Br. 2005 Jan;87(1):62–7.  

Pennicooke B, Moriguchi Y, Hussain I, Bonssar L, Härtl R. Biological Treatment Approaches for 

Degenerative Disc Disease: A Review of Clinical Trials and Future Directions. Cureus. 2016 Dec 

20;8(11):1–8.  

Pettine K, Hersh A. Kineflex lumbar artificial disc versus Charité lumbar total disc replacement for the 

treatment of degenerative disc disease: A randomized non-inferiority trial with minimum of 2 years' 

follow-up. ESAS. Elsevier Inc; 2011 Dec 1;5(4):108–13.  

Pettine K, Suzuki R, Sand T, Murphy M. Treatment of discogenic back pain with autologous bone 

marrow concentrate injection with minimum two year follow-up. International Orthopaedics SICOT. 

2016 Jan;40(1):135–40.  

Pettine KA. Autogenous Point of Care Bone Marrow Concentrate (BMC) for the Treatment of Lumbar 

Degenerative Disc Disease: IRB Controlled Prospective Study. The Spine Journal. 2014.  

Pettine KA, Murphy MB, Suzuki RK, Sand TT. Percutaneous injection of autologous bone marrow 

concentrate cells significantly reduces lumbar discogenic pain through 12 months. Stem Cells. 2015 

Jan;33(1):146–56.  

Pettine KA, Suzuki RK, Sand TT, Murphy MB. Autologous bone marrow concentrate intradiscal 

injection for the treatment of degenerative disc disease with three-year follow-up. International 

Orthopaedics SICOT. 2017 Jul 26;41(10):2097–103.  

Peul WC, van Houwelingen HC, van den Hout WB, Brand R, Eekhof JAH, Tans JTJ, et al. Surgery 

versus prolonged conservative treatment for sciatica. N Engl J Med. 2007 May 31;356(22):2245–56.  

Pfirrmann CW, Metzdorf A, Zanetti M, Hodler J, Boos N. Magnetic resonance classification of lumbar 

intervertebral disc degeneration. Spine. 2001 Sep 1;26(17):1873–8.  

Phillips FM, Reuben J, Wetzel FT. Intervertebral disc degeneration adjacent to a lumbar fusion. An 

experimental rabbit model. J Bone Joint Surg Br. 2002 Mar;84(2):289–94.  

Phillips FM, Slosar PJ, Youssef JA, Andersson G, Papatheofanis F. Lumbar spine fusion for chronic low 

back pain due to degenerative disc disease: a systematic review. Spine. 2013 Apr 1;38(7):E409–22.  

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. Multilineage potential of 

adult human mesenchymal stem cells. Science. 1999 Apr 2;284(5411):143–7.  



242 

Platenberg RC, Hubbard GB, Ehler WJ, Hixson CJ. Spontaneous disc degeneration in the baboon 

model: magnetic resonance imaging and histopathologic correlation. J Med Primatol. 2001 

Oct;30(5):268–72.  

Pluijm SMF. Collagen type I  1 Sp1 polymorphism, osteoporosis, and intervertebral disc degeneration in 

older men and women. Ann Rheum Dis. 2004 Jan 1;63(1):71–7.  

Pohlmeyer K. Zur vergleichenden Anatomie von Damtier, Schaf und Ziege. Osteologie und postnatale 

Osteogenese. 1985.  

Pope MH, Magnusson ML, Wilder DG, Goel VK, Spratt K. Is there a rational basis for post-surgical 

lifting restrictions? 2. Possible scientific approach. Eur Spine J. Springer; 1999;8(3):179–86.  

Postacchini F, Postacchini R. Operative management of lumbar disc herniation : the evolution of 

knowledge and surgical techniques in the last century. Acta Neurochir Suppl (Wien). 2011;108:17–21.  

Psaltis PJ, Paton S, See F, Arthur A, Martin S, Itescu S, et al. Enrichment for STRO-1 expression 

enhances the cardiovascular paracrine activity of human bone marrow-derived mesenchymal cell 

populations. J Cell Physiol. 2010 May;223(2):530–40.  

Putzier M, Funk JF, Schneider SV, Gross C, Tohtz SW, Khodadadyan-Klostermann C, et al. Charité 

total disc replacement--clinical and radiographical results after an average follow-up of 17 years. Eur 

Spine J. 2006 Feb;15(2):183–95.  

Pye SR, Reid DM, Adams JE, Silman AJ, O'Neill TW. Influence of weight, body mass index and lifestyle 

factors on radiographic features of lumbar disc degeneration. Ann Rheum Dis. BMJ Publishing Group 

Ltd and European League Against Rheumatism; 2007 Mar;66(3):426–7.  

Quattrocchi CC, Alexandre AM, Pepa Della GM, Altavilla R, Zobel BB. Modic changes: anatomy, 

pathophysiology and clinical correlation. Acta Neurochir Suppl (Wien). 2011;108:49–53.  

Quinnell RC, Stockdale HR. Some Experimental Observations of the Influence of a Single Lumbar 

Floating Fusion on the Remaining Lumbar Spine. Spine. 1981;6(3):263.  

RACS. Royal Australasian College of Surgeons 2016 Annual Activities Report. 2017 Mar pp. 41–2.  

Radcliff KE, Kepler CK, Jakoi A, Sidhu GS, Rihn J, Vaccaro AR, et al. Adjacent segment disease in the 

lumbar spine following different treatment interventions. Spine J. 2013 Oct;13(10):1339–49.  



243 

Redondo-Castro E, Cunningham C, Miller J, Martuscelli L, Aoulad-Ali S, Rothwell NJ, et al. Interleukin-1 

primes human mesenchymal stem cells towards an anti-inflammatory and pro-trophic phenotype in vitro. 

Stem Cell Research & Therapy; 2017 Mar 23;:1–11.  

Risbud MV, Guttapalli A, Tsai T-T, Lee JY, Danielson KG, Vaccaro AR, et al. Evidence for skeletal 

progenitor cells in the degenerate human intervertebral disc. Spine. 2007 Nov 1;32(23):2537–44.  

Roberts S, Evans EH, Kletsas D, Jaffray DC, Eisenstein SM. Senescence in human intervertebral 

discs. Eur Spine J. 2006 Aug;15 Suppl 3:S312–6.  

Rohlmann A, Bergmann G, Graichen F, Mayer HM. Influence of muscle forces on loads in internal 

spinal fixation devices. Spine. 1998 Mar 1;23(5):537–42.  

Ross S. Composite outcomes in randomized clinical trials: arguments for and against. Am J Obstet 

Gynecol. 2007 Feb;196(2):119.e1–6.  

Rousseau M-AA, Ulrich JA, Bass EC, Rodriguez AG, Liu JJ, Lotz JC. Stab incision for inducing 

intervertebral disc degeneration in the rat. Spine. 2007 Jan 1;32(1):17–24.  

Ruan D-K, Xin H, Zhang C, Wang C, Xu C, Li C, et al. Experimental intervertebral disc regeneration 

with tissue-engineered composite in a canine model. Tissue Eng Part A. 2010 Jul;16(7):2381–9.  

Saal JA, Saal JS. Nonoperative treatment of herniated lumbar intervertebral disc with radiculopathy. An 

outcome study. Spine. 1989 Apr;14(4):431–7.  

Sahlman J, Inkinen R, Hirvonen T, Lammi MJ, Lammi PE, Nieminen J, et al. Premature vertebral 

endplate ossification and mild disc degeneration in mice after inactivation of one allele belonging to the 

Col2a1 gene for Type II collagen. Spine. 2001 Dec 1;26(23):2558–65.  

Sakaguchi Y, Sekiya I, Yagishita K, Muneta T. Comparison of human stem cells derived from various 

mesenchymal tissues: superiority of synovium as a cell source. Arthritis Rheum. 2005 Aug;52(8):2521–

9.  

Sakai D, Mochida J, Iwashina T, Hiyama A, Omi H, Imai M, et al. Regenerative effects of transplanting 

mesenchymal stem cells embedded in atelocollagen to the degenerated intervertebral disc. 

Biomaterials. 2006 Jan;27(3):335–45.  

Sakai D, Mochida J, Iwashina T, Watanabe T, Nakai T, Ando K, et al. Differentiation of mesenchymal 

stem cells transplanted to a rabbit degenerative disc model: potential and limitations for stem cell 



244 

therapy in disc regeneration. Spine. 2005 Nov 1;30(21):2379–87.  

Sakai D, Mochida J, Yamamoto Y, Nomura T, Okuma M, Nishimura K, et al. Transplantation of 

mesenchymal stem cells embedded in Atelocollagen gel to the intervertebral disc: a potential 

therapeutic model for disc degeneration. Biomaterials. 2003 Sep;24(20):3531–41.  

Sakuma M, Fujii N, Takahashi T, Hoshino J, Miyauchi S, Iwata H. Effect of chondroitinase ABC on 

matrix metalloproteinases and inflammatory mediators produced by intervertebral disc of rabbit in vitro. 

Spine. 2002 Mar 15;27(6):576–80.  

Schalkwijk J, Joosten LA, van den Berg WB, van Wyk JJ, van de Putte LB. Insulin-like growth factor 

stimulation of chondrocyte proteoglycan synthesis by human synovial fluid. Arthritis Rheum. 1989 

Jan;32(1):66–71.  

Serigano K, Sakai D, Hiyama A, Tamura F, Tanaka M, Mochida J. Effect of cell number on 

mesenchymal stem cell transplantation in a canine disc degeneration model. J Orthop Res. 2010 

Oct;28(10):1267–75.  

Setton LA, Chen J. Mechanobiology of the intervertebral disc and relevance to disc degeneration. J 

Bone Joint Surg Am. 2006 Apr;88 Suppl 2(suppl_2):52–7.  

Sheikh H, Zakharian K, La Torre De RP, Facek C, Vasquez A, Chaudhry GR, et al. In vivo 

intervertebral disc regeneration using stem cell-derived chondroprogenitors. J Neurosurg Spine. 2009 

Mar;10(3):265–72.  

Sheng S-R, Wang X-Y, Xu H-Z, Zhu G-Q, Zhou Y-F. Anatomy of large animal spines and its 

comparison to the human spine: a systematic review. Eur Spine J. 2010a Jan;19(1):46–56.  

Sher I, Daly CD, Goldschlager T, Oehme D, Chandra RV, Ghosh P. 9.4T MRI Complements the 

Pfirrmann Grade through Better Differentiation of the NP/AF. Global Spine Congress Milan 2017.  

Sher I, Daly CD, Oehme D, Chandra RV, Ghosh P, Sher M, et al. Could the Transitional Zone be the 

Key to Predicting Degenerative Disc Disease? The Spine Journal. Elsevier Inc; 2017 Oct 

1;17(Supplement):S198.  

Shu CC, Smith MM, Smith SM, Dart AJ, Little CB, Melrose J. A Histopathological Scheme for the 

Quantitative Scoring of Intervertebral Disc Degeneration and the Therapeutic Utility of Adult 

Mesenchymal Stem Cells for Intervertebral Disc Regeneration. IJMS. 2017 May 12;18(5).  



245 

Silberberg R. Histologic and Morphometric Observations on Vertebral Bone of Aging Sand Rats. Spine. 

1988 Feb 1;13(2):202.  

Silberberg R, Aufdermaur M, Adler JH. Degeneration of the intervertebral disks and spondylosis in aging 

sand rats. Arch Pathol Lab Med. 1979 May;103(5):231–5.  

Singh K, Masuda K, An HS. Animal models for human disc degeneration. The Spine Journal. 2005.  

Sivanathan KN, Gronthos S, Rojas-Canales D, Thierry B, Coates PT. Interferon-Gamma Modification 

of Mesenchymal Stem Cells: Implications of Autologous and Allogeneic Mesenchymal Stem Cell 

Therapy in Allotransplantation. Stem Cell Rev and Rep. 2014 Feb 9;10(3):351–75.  

Sivanathan KN, Rojas-Canales DM, Hope CM, Krishnan R, Carroll RP, Gronthos S, et al. Interleukin-

17A-Induced Human Mesenchymal Stem Cells Are Superior Modulators of Immunological Function. 

Stem Cells. 2015 Jun 23;33(9):2850–63.  

Smit TH. The use of a quadruped as an in vivo model for the study of the spine - biomechanical 

considerations. Eur Spine J. 2002 Apr;11(2):137–44.  

Smith L. ENZYME DISSOLUTION OF THE NUCLEUS PULPOSUS IN HUMANS. JAMA. 1964 Jan 

11;187:137–40.  

Smith L, Brown JE. Treatment of lumbar intervertebral disc lesions by direct injection of chymopapain. 

Journal of Bone & Joint Surgery. 1967.  

Sobajima S, Kompel JF, Kim JS, Wallach CJ, Robertson DD, Vogt MT, et al. A slowly progressive and 

reproducible animal model of intervertebral disc degeneration characterized by MRI, X-ray, and 

histology. Spine. 2005 Jan 1;30(1):15–24.  

Sobajima S, Vadalà G, Shimer A, Kim JS, Gilbertson LG, Kang JD. Feasibility of a stem cell therapy for 

intervertebral disc degeneration. The Spine Journal. 2008 Nov;8(6):888–96.  

Steck E, Fischer J, Lorenz H, Gotterbarm T, Jung M, Richter W. Mesenchymal stem cell differentiation 

in an experimental cartilage defect: restriction of hypertrophy to bone-close neocartilage. Stem Cells 

Dev. 2009 Sep;18(7):969–78.  

Stegemann H, Stalder K. Determination of hydroxyproline. Clin Chim Acta. 1967a Nov;18(2):267–73.  

Stern WE, Coulson WF. Effects of collagenase upon the intervertebral disc in monkeys. J Neurosurg. 



246 

1976a Jan;44(1):32–44.  

Stevens JW, Kurriger GL, Carter AS, Maynard JA. CD44 expression in the developing and growing rat 

intervertebral disc. Dev Dyn. John Wiley & Sons, Inc; 2000;219(3):381–90.  

Svanvik T, Barreto Henriksson H, Karlsson C, Hagman M, Lindahl A, Brisby H. Human Disk Cells from 

Degenerated Disks and Mesenchymal Stem Cells in Co-Culture Result in Increased Matrix Production. 

Cells Tissues Organs. 2010;191(1):2–11.  

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult 

fibroblast cultures by defined factors. Cell. 2006 Aug 25;126(4):663–76.  

Takahashi M, Haro H, Wakabayashi Y, Kawa-uchi T, Komori H, Shinomiya K. The association of 

degeneration of the intervertebral disc with 5a/6a polymorphism in the promoter of the human matrix 

metalloproteinase-3 gene. J Bone Joint Surg Br. 2001 May;83(4):491–5.  

Takaishi H, Nemoto O, Shiota M, Kikuchi T, Yamada H, Yamagishi M, et al. Type-II collagen gene 

expression is transiently upregulated in experimentally induced degeneration of rabbit intervertebral 

disc. J Orthop Res. 1997 Jul;15(4):528–38.  

Takatalo J, Karppinen J, Niinimäki J, Taimela S, Näyhä S, Mutanen P, et al. Does Lumbar Disc 

Degeneration on Magnetic Resonance Imaging Associate With Low Back Symptom Severity in Young 

Finnish Adults? Spine. 2011 Dec;36(25):2180–9.  

Tapp H, Deepe R, Ingram JA, Kuremsky M, Hanley EN, Gruber HE. Adipose-derived mesenchymal 

stem cells from the sand rat: transforming growth factor beta and 3D co-culture with human disc cells 

stimulate proteoglycan and collagen type I rich extracellular matrix. Arthritis Res Ther. 2008;10(4):R89.  

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, et al. Embryonic 

stem cell lines derived from human blastocysts. Science. 1998 Nov 6;282(5391):1145–7.  

Todd NV. The surgical treatment of non-specific low back pain. Bone Joint J. 2017 Aug;99-B(8):1003–

5.  

Trounson A. Human embryonic stem cells: mother of all cell and tissue types. Reprod Biomed Online. 

2002;4 Suppl 1:58–63.  

Truumees E. A history of lumbar disc herniation from Hippocrates to the 1990s. Clin Orthop Relat Res. 

2015 Jun;473(6):1885–95.  



247 

Tschugg A, Diepers M, Simone S, Michnacs F, Quirbach S, Strowitzki M, et al. A prospective 

randomized multicenter phase I/II clinical trial to evaluate safety and efficacy of NOVOCART disk plus 

autologous disk chondrocyte transplantation in the treatment of nucleotomized and degenerative 

lumbar disks to avoid secondary disease: safety results of Phase I-a short report. Neurosurg Rev. 2017 

Jan;40(1):155–62.  

Tschugg A, Michnacs F, Strowitzki M, Meisel HJ, Thomé C. A prospective multicenter phase I/II clinical 

trial to evaluate safety and efficacy of NOVOCART Disc plus autologous disc chondrocyte 

transplantation in the treatment of nucleotomized and degenerative lumbar disc to avoid secondary 

disease: study protocol for a randomized controlled trial. Trials. 2016 Feb 26;17(1):108.  

Tseng SCG. HC-HA/PTX3 Purified From Amniotic Membrane as Novel Regenerative Matrix: Insight 

Into Relationship Between Inflammation and Regeneration. Invest Ophthalmol Vis Sci. 2016 Apr 

1;57(5):ORSFh1–8.  

Tu T, Zhang C, Yan H, Luo Y, Kong R, Wen P, et al. CD146 acts as a novel receptor for netrin-1 in 

promoting angiogenesis and vascular development. Cell Res. 2015 Mar;25(3):275–87.  

Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and disease. Nat Rev Immunol. 2008 

Sep;8(9):726–36.  

Uei H, Matsuzaki H, Oda H, Nakajima S, Tokuhashi Y, Esumi M. Gene expression changes in an early 

stage of intervertebral disc degeneration induced by passive cigarette smoking. Spine. 2006 Mar 

1;31(5):510–4.  

Urban JP, Roberts S. Degeneration of the intervertebral disc. Arthritis Res Ther. 2003;5(3):120–30.  

Urdzíková L, Růžička J, LaBagnara M, Kárová K, Kubinová Š, Jiráková K, et al. Human Mesenchymal 

Stem Cells Modulate Inflammatory Cytokines after Spinal Cord Injury in Rat. IJMS. 2014 

Jul;15(7):11275–93.  

US National Institutes of Health. ClinicalTrials. gov [Internet]. 2012. Available from: 

https://clinicaltrials.gov/ct2/results?cond=&term=mesenchymal+stem+cell&cntry1=&state1=&SearchA

ll=Search+all+studies&recrs= 

Vadalà G, Sowa G, Hubert M, Gilbertson LG, Denaro V, Kang JD. Mesenchymal stem cells injection 

in degenerated intervertebral disc: cell leakage may induce osteophyte formation. J Tissue Eng Regen 

Med. 2012 May;6(5):348–55.  



248 

van den Berg R, Jongbloed LM, Kuchuk NO, Roorda LD, Oostveen JCM, Koes BW, et al. The 

Association Between Self-reported Low Back Pain and Radiographic Lumbar Disc Degeneration of 

the Cohort Hip and Cohort Knee (CHECK) Study. Spine. 2017 Oct 1;42(19):1464–71.  

van der Kraan PM, van den Berg WB. Osteophytes: relevance and biology. Osteoarthritis and 

Cartilage. 2007 Mar;15(3):237–44.  

van Tulder MW, Assendelft WJ, Koes BW, Bouter LM. Spinal radiographic findings and nonspecific 

low back pain. A systematic review of observational studies. Spine. 1997 Feb 15;22(4):427–34.  

Vergroesen PPA, Kingma I, Emanuel KS, Hoogendoorn RJW, Welting TJ, van Royen BJ, et al. 

Mechanics and biology in intervertebral disc degeneration: a vicious circle. Osteoarthr Cartil. 2015a 

Jul;23(7):1057–70.  

Vergroesen PPA, Kingma I, Emanuel KS, Hoogendoorn RJW, Welting TJ, van Royen BJ, et al. 

Mechanics and biology in intervertebral disc degeneration: a vicious circle. Osteoarthr Cartil. 2015b 

Jul;23(7):1057–70.  

Vos T, Flaxman AD, Naghavi M, Lozano R, Michaud C, Ezzati M, et al. Years lived with disability 

(YLDs) for 1160 sequelae of 289 diseases and injuries 1990-2010: a systematic analysis for the Global 

Burden of Disease Study 2010. Lancet. 2012 Dec 15;380(9859):2163–96.  

Wei A, Tao H, Chung SA, Brisby H, Ma DD, Diwan AD. The fate of transplanted xenogeneic bone 

marrow-derived stem cells in rat intervertebral discs. J Orthop Res. 2008 Oct 13;27(3):374–9.  

Wei F, Zhong R, Zhou Z, Wang L, Pan X, Cui S, et al. In vivo experimental intervertebral disc 

degeneration induced by bleomycin in the rhesus monkey. BMC Musculoskelet Disord. 2014;15:340.  

Weinstein JN, Lurie JD, Tosteson TD, Skinner JS, Hanscom B, Tosteson ANA, et al. Surgical vs 

nonoperative treatment for lumbar disk herniation: the Spine Patient Outcomes Research Trial (SPORT) 

observational cohort. JAMA. 2006 Nov 22;296(20):2451–9.  

Weinstein JN, Lurie JD, Tosteson TD, Tosteson ANA, Blood EA, Abdu WA, et al. Surgical versus 

nonoperative treatment for lumbar disc herniation: four-year results for the Spine Patient Outcomes 

Research Trial (SPORT). Spine. 2008a Dec 1;33(25):2789–800.  

Weinstein JN, Tosteson TD, Lurie JD, Tosteson ANA, Hanscom B, Skinner JS, et al. Surgical vs 

nonoperative treatment for lumbar disk herniation: the Spine Patient Outcomes Research Trial 

(SPORT): a randomized trial. JAMA. 2006 Nov 22;296(20):2441–50.  



249 

White K, Taylor P. Anaesthesia in sheep. In Practice. BMJ Publishing Group Limited; 2000 Mar 

1;22(3):126–35.  

Wiebe ER, Kaczorowski J, MacKay J. Why are response rates in clinician surveys declining? Can Fam 

Physician. 2012 Apr;58(4):e225–8.  

Wilke HJ, Kettler A, Claes LE. Are sheep spines a valid biomechanical model for human spines? Spine. 

1997 Oct 15;22(20):2365–74.  

Wilke HJ, Kettler A, Wenger KH, Claes LE. Anatomy of the sheep spine and its comparison to the 

human spine. Anat Rec. 1997 Apr;247(4):542–55.  

Wilke HJ, Rohlmann A, Neller S, Graichen F, Claes L, Bergmann G. ISSLS prize winner: A novel 

approach to determine trunk muscle forces during flexion and extension: a comparison of data from an 

in vitro experiment and in vivo measurements. Spine. 2003a Dec 1;28(23):2585–93.  

Willems PC, Staal JB, Walenkamp GHIM, de Bie RA. Spinal fusion for chronic low back pain: 

systematic review on the accuracy of tests for patient selection. Spine J. 2013 Feb;13(2):99–109.  

Williams FMK, Popham M, Sambrook PN, Jones AF, Spector TD, MacGregor AJ. Progression of lumbar 

disc degeneration over a decade: a heritability study. Ann Rheum Dis. 2011 May 27;70(7):1203–7.  

Williamson E, White L, Rushton A. A survey of post-operative management for patients following first 

time lumbar discectomy. Eur Spine J. 2007 Jun;16(6):795–802.  

Wu J, Shimmon S, Paton S, Daly C, Goldschlager T, Gronthos S, et al. Pentosan polysulfate binds to 

STRO-1+ mesenchymal progenitor cells, is internalized, and modifies gene expression: a novel 

approach of pre-programing stem cells for therapeutic application requiring their chondrogenesis. Stem 

Cell Res Ther. 2017 Dec 13;8(1):278.  

Xia X-P, Chen H-L, Cheng H-B. Prevalence of adjacent segment degeneration after spine surgery: a 

systematic review and meta-analysis. Spine. 2013 Apr 1;38(7):597–608.  

Yamada K. The dynamics of experimental posture. Experimental study of intervertebral disk herniation in 

bipedal animals. Clin Orthop. Clinical orthopaedics; 1962;25:20–31.  

Yang F, Leung VY, Luk KD, Chan D, Cheung KM. Mesenchymal Stem Cells Arrest Intervertebral Disc 

Degeneration Through Chondrocytic Differentiation and Stimulation of Endogenous Cells. Mol Ther. 

The American Society of Gene & Cell Therapy; 2009 Jun 30;17(11):1959–66.  



250 

Yang H, Wu J, Liu J, Ebraheim M, Castillo S, Liu X, et al. Transplanted mesenchymal stem cells with 

pure fibrinous gelatin-transforming growth factor-beta1 decrease rabbit intervertebral disc degeneration. 

Spine J. 2010 Sep;10(9):802–10.  

Yang S-H, Wu C-C, Shih TT-F, Sun Y-H, Lin F-H. In vitro study on interaction between human nucleus 

pulposus cells and mesenchymal stem cells through paracrine stimulation. Spine. 2008 Aug 

15;33(18):1951–7.  

Yasargil MG. Microsurgical Operation of Herniated Lumbar Disc. Lumbar Disc Adult Hydrocephalus. 

Berlin, Heidelberg: Springer Berlin Heidelberg; 1977. pp. 81–1. (Advances in Neurosurgery; vol. 4).  

Yavin D, Casha S, Wiebe S, Feasby TE, Clark C, Isaacs A, et al. Lumbar Fusion for Degenerative 

Disease: A Systematic Review and Meta-Analysis. Neurosurgery. 2017 Mar 17;80(5):701–15.  

Yorimitsu E, Chiba K, Toyama Y, Hirabayashi K. Long-term outcomes of standard discectomy for 

lumbar disc herniation: a follow-up study of more than 10 years. Spine. 2001 Mar 15;26(6):652–7.  

Yoshikawa T, Ueda Y, Miyazaki K, Koizumi M, Takakura Y. Disc regeneration therapy using marrow 

mesenchymal cell transplantation: a report of two case studies. Spine. 2010 May 15;35(11):E475–80.  

Youssef JA, McAfee PC, Patty CA, Raley E, DeBauche S, Shucosky E, et al. Minimally invasive 

surgery: lateral approach interbody fusion: results and review. Spine. 2010 Dec 15;35(26 Suppl):S302–

11.  

Yuan M, Yeung CW, Li YY, Diao H, Cheung KMC, Chan D, et al. Effects of nucleus pulposus cell-

derived acellular matrix on the differentiation of mesenchymal stem cells. Biomaterials. 2013 

May;34(16):3948–61.  

Yurube T, Hirata H, Kakutani K, Maeno K, Takada T, Zhang Z, et al. Notochordal cell disappearance 

and modes of apoptotic cell death in a rat tail static compression-induced disc degeneration model. 

Arthritis Res Ther. 2014;16(1):R31.  

Zannettino ACW, Paton S, Arthur A, Khor F, Itescu S, Gimble JM, et al. Multipotential human adipose-

derived stromal stem cells exhibit a perivascular phenotype in vitro and in vivo. J Cell Physiol. 

2007a;214(2):413–21.  

Zannettino ACW, Paton S, Kortesidis A, Khor F, Itescu S, Gronthos S. Human mulipotential 

mesenchymal/stromal stem cells are derived from a discrete subpopulation of STRO-1bright/CD34 

/CD45 /glycophorin-A-bone marrow cells. Haematologica. 2007b Dec 1;92(12):1707–8.  



251 

Zhang Y, Drapeau S, An HS, Markova D, Lenart BA, Anderson DG. Histological features of the 

degenerating intervertebral disc in a goat disc-injury model. Spine. 2011 Sep 1;36(19):1519–27.  

Zhang Y-G, Guo X, Xu P, Kang L-L, Li J. Bone mesenchymal stem cells transplanted into rabbit 

intervertebral discs can increase proteoglycans. Clin Orthop Relat Res. 2005 Jan;(430):219–26.  

Zhou X, Tao Y, Wang J, Liang C, Wang J, Li H, et al. Roles of FGF-2 and TGF-beta/FGF-2 on 

differentiation of human mesenchymal stem cells towards nucleus pulposus-like phenotype. Growth 

Factors. 2015 Feb;33(1):23–30.  

Zigler J, Delamarter R, Spivak JM, Linovitz RJ, Danielson GO, Haider TT, et al. Results of the 

prospective, randomized, multicenter Food and Drug Administration investigational device exemption 

study of the ProDisc-L total disc replacement versus circumferential fusion for the treatment of 1-level 

degenerative disc disease. Spine. 2007 May 15;32(11):1155–62–discussion1163.  

Zigler JE, Delamarter RB. Five-year results of the prospective, randomized, multicenter, Food and Drug 

Administration investigational device exemption study of the ProDisc-L total disc replacement versus 

circumferential arthrodesis for the treatment of single-level degenerative disc disease. J Neurosurg 

Spine. 2012 Dec;17(6):493–501.  

Zigler JE, Glenn J, Delamarter RB. Five-year adjacent-level degenerative changes in patients with 

single-level disease treated using lumbar total disc replacement with ProDisc-L versus circumferential 

fusion. J Neurosurg Spine. 2012 Dec;17(6):504–11.  

Zoia C, Bongetta D, Poli J, Verlotta M, Pugliese R, Gaetani P. Intraregional differences of perioperative 

management strategy for lumbar disc herniation: is the Devil really in the details? International Journal 

of Spine Surgery; 2017 Jan 9;11(1):1–6.  

Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, et al. Human adipose tissue is a 

source of multipotent stem cells. Mol Biol Cell. 2002 Dec;13(12):4279–95.  



252 

Appendix 1. Pentosan Polysulfate Binds to STRO-1+ 
Mesenchymal Progenitor Cells, is 
Internalized, and Modifies Gene Expression: 
A Novel Approach Of Pre-Programming 
Stem Cells for Therapeutic Application 
Requiring Their Chondrogenesis  

This appendix contains the manuscript for an experimental study entitled, “Pentosan polysulfate binds 

to STRO-1+ mesenchymal progenitor cells, is internalized, and modified gene expression: a novel 

approach of pre-programming stem cells for therapeutic application requiring their 

chondrogenesis” published in the journal Stem Cell Research and Therapy. The manuscript describes 

an investigation of the binding and uptake of pentosan polysulfate by mesenchymal progenitor cells in 

cell culture and the impact of this on gene expression and proteoglycan biosynthesis.   

The candidate, Chris Daly, contributed to concept and revision of the manuscript. Proportional 

contributions of co-authors are explained in the signed declaration on page xx.  
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Pentosan polysulfate binds to
STRO-1+ mesenchymal progenitor cells, is
internalized, and modifies gene expression:
a novel approach of pre-programing stem
cells for therapeutic application requiring
their chondrogenesis
Jiehua Wu1,7, Susan Shimmon1,8, Sharon Paton2, Christopher Daly3,4,5, Tony Goldschlager3,4,5, Stan Gronthos6,
Andrew C. W. Zannettino2 and Peter Ghosh1,5*

Abstract

Background: The pharmaceutical agent pentosan polysulfate (PPS) is known to induce proliferation and
chondrogenesis of mesenchymal progenitor cells (MPCs) in vitro and in vivo. However, the mechanism(s) of action
of PPS in mediating these effects remains unresolved.
In the present report we address this issue by investigating the binding and uptake of PPS by MPCs and
monitoring gene expression and proteoglycan biosynthesis before and after the cells had been exposed to limited
concentrations of PPS and then re-established in culture in the absence of the drug (MPC priming).

Methods: Immuno-selected STRO-1+ mesenchymal progenitor stem cells (MPCs) were prepared from human bone
marrow aspirates and established in culture. The kinetics of uptake, shedding, and internalization of PPS by MPCs was
determined by monitoring the concentration-dependent loss of PPS media concentrations using an enzyme-linked
immunosorbent assay (ELISA) and the uptake of fluorescein isothiocyanate (FITC)-labelled PPS by MPCs. The
proliferation of MPCs, following pre-incubation and removal of PPS (priming), was assessed using the Wst-8 assay
method, and proteoglycan synthesis was determined by the incorporation of 35SO4 into their sulphated
glycosaminoglycans. The changes in expression of MPC-related cell surface antigens of non-primed and PPS-primed
MPCs from three donors was determined using flow cytometry. RNA sequencing of RNA isolated from non-primed and
PPS-primed MPCs from the same donors was undertaken to identify the genes altered by the PPS priming protocol.
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Results: The kinetic studies indicated that, in culture, PPS rapidly binds to MPC surface receptors, followed by
internalisation and localization within the nucleus of the cells. Following PPS-priming of MPCs and a further 48 h of
culture, both cell proliferation and proteoglycan synthesis were enhanced. Reduced expression of MPC-related cell
surface antigen expression was promoted by the PPS priming, and RNA sequencing analysis revealed changes in the
expression of 42 genes.

Conclusion: This study has shown that priming of MPCs with low concentrations of PPS enhanced chondrogenesis
and MPC proliferation by modifying their characteristic basal gene and protein expression. These findings offer a novel
approach to re-programming mesenchymal stem cells for clinical indications which require the repair or regeneration
of cartilaginous tissues such as in osteoarthritis and degenerative disc disease.

Keywords: Mesenchymal progenitor cells, Pentosan polysulfate, Heparin, Chondrogenesis, Proliferation,
Gene expression, CD146

Background
Adult mesenchymal stem cells (MSCs) are an abundant
source of self-renewing, multipotent undifferentiated
cells that can be readily isolated from bone marrow, adi-
pose tissue, muscle, and synovium. They can be serially
expanded in culture and cryopreserved almost indefinitely
without significant loss of their tissue regenerative cap-
acity [1–4]. In-vitro studies have shown that when MSCs
are exposed to the appropriate physical, chemical, or bio-
logical stimuli they will differentiate into cells of the meso-
dermal lineage, including osteoblasts, chondrocytes,
tenocytes, myocytes, and adipocytes [3–5]. Moreover,
when administered systemically, MSCs exhibit the cap-
acity to migrate to the site(s) of tissue injury, where they
can modulate inflammatory and immune-regulatory path-
ways as well as release pro-anabolic factors [6–9]. These
unique activities of MSCs have led to extensive investiga-
tions into their potential applications as biological agents
for the treatment of a variety of clinical applications [5–7].
MSCs have been considered a suitable therapy for muscu-
lar skeletal and connective tissue disorders, including de-
generative disc disease, osteoarthritis, and repair of
articular cartilage, owing to the high incidence of such dis-
orders as well as their limited capacity for spontaneous re-
pair and the limited treatment options [10–16].
As indicated, MSCs possess the ability to localize to sites

of tissue injury, suppress inflammation, and facilitate re-
pair. Moreover, there is considerable evidence to suggest
that MSCs engraft at these sites, undergo differentiation,
and synthesise an extracellular matrix consistent with the
endogenous tissue [17, 18]. However, for the regeneration
or repair of cartilaginous tissues it is important that the
initial differentiation of MSCs to chondrocytes is not
followed by further differentiation to osteoblasts, a process
that has been observed in some experimental studies
using these osteochondral precursors [19, 20].
In previous studies [21] we showed that the incubation

of STRO-1+ immuno-selected mesenchymal progenitor

cells (MPCs) with the pharmaceutical agent pentosan
polysulfate (PPS) not only improved their viability and
enhanced their chondrogenic differentiation but also
suppressed osteogenesis in vitro. In subsequent in-vivo
studies using ovine models, MPCs were formulated with
PPS and injected directly into degenerate intervertebral
discs, and were found to promote the deposition of a
new disc matrix without evidence of osteogenic differen-
tiation [22–24]. However, in these animal studies the
MPCs and PPS were always mixed together immediately
prior to administration. As such, it remained to be deter-
mined whether the positive outcomes observed repre-
sented the sum of the pharmacological activities of the
individual components or whether the mechanism of ac-
tion was via a reprogramming of MPC genetic expres-
sion mediated by PPS.
The objective of the present study was to address this

question by examining the concentration-dependent
binding and internalization of PPS by MPCs and deter-
mine if priming of the cells with the drug changed their
genetic signature.

Methods
Preparation of human STRO-1+ immuno-selected
mesenchymal progenitor stem cells
Bone marrow was collected from the posterior iliac crest
of healthy volunteers (20–35 years old) following their in-
formed consent; the procedure was approved by the
Human Research Ethics Committee of the Royal Adelaide
Hospital (RAH), Adelaide, South Australia. These aspi-
rates were used to prepare immuno-selected STRO-1+

MPCs employing procedures described previously [25].
Briefly, STRO-1+ mesenchymal precursor cells derived
from the bone marrow aspirates were isolated by STRO-1
magnetic activated cell sorting and used to establish pri-
mary cultures. The primary cultures were expanded by
trypsin-EDTA detachment and re-plating at a density of

Wu et al. Stem Cell Research & Therapy  (2017) 8:278 Page 2 of 15



255

4.0 × 104 cells per cm2 as previously described [25].
Following 3–4 passages, the cells were harvested by
trypsin-EDTA detachment and re-suspended in culture
medium at a density of 5.0–20 × 106 cells/ml. They were
then combined with ProFreeze-CDM NAO freezing
medium (Lonza Australia Ltd., Blackburn Rd., Mt Waver-
ley, Victoria 3149, Australia) (2×) containing DMSO
(7.5%), they were control-rate cryopreserved and placed at
–80 °C overnight, and subsequently transferred to the
vapour phase of liquid nitrogen until required.

Competitive PPS enzyme-linked immunosorbent assays
(ELISAs) of culture media
The concentration of PPS in culture media was deter-
mined with a competitive ELISA using a biotinylated
monoclonal antibody (1B1) against polysulphated
polysaccharides (kindly provided by Professor Prachya
Kongtawelert, Department of Biomedical Sciences,
Chiang Mei University, Thailand).
Each well of a 96-well plate was coated with 100 μl

50 μg/ml hexadimethrine bromide (Polybrene; Sigma-
Aldrich, Sydney, Australia)) in phosphate-buffered saline
(PBS), pH 7.4, and incubated at 37 °C for 1 h. The solu-
tion was aspirated and the plate was air-dried without
washing. Wells were then blocked with 200 μl/well
blocking solution (PBS + 1% bovine serum albumin
(BSA)) and incubated at 37 °C for 1 h. The solution was
aspirated and the wells were washed with 300 μl/well
PBST (PBS + 0.05% Tween-20) three times. The plates
were flicked to remove the contents of the wells and
dried. The monoclonal antibody B1B1 was diluted 1:200
in Dulbecco’s modified Eagle’s medium (DMEM) and
used as the primary antibody solution. The PPS com-
pound (BenePharmachem, Munich, Germany) was used
to prepare a 1 mg/ml working stock and was subse-
quently diluted in DMEM to create a standard curve of
0.004–4 μg/ml. The PPS standard solutions were each
mixed with the 1B1 antibody solution in a 1:1 ratio and
incubated at 37 °C for 1 h. Aliquots of the inhibition
mixtures (100 μl) were transferred to each well and in-
cubated at 37 °C for a further 1 h. Using the same plates,
culture media samples containing PPS were mixed 1:1
with the 1B1 antibody solution in the microtitre plate
wells. The samples were aspirated from each well and
the plate washed with 300 μl/well PBST three times,
flicked, and dried. Monoclonal anti-biotin-alkaline phos-
phatase (AP) antibody (Sigma-Aldrich, Sydney, Australia,
cat. no. A-6561) was used as the secondary antibody and
was diluted 1:5000 with blocking solution and 100 μl
added to each well followed by incubation at 37 °C for
1 h. The antibody solution was aspirated and the plate
was washed with 300 μl/well PBST three times, flicked,
and dried. The AP substrate, para-nitrophenyl phosphate
(PNP; 200 μl 1 mg/ml PNP in 0.1 M NaHCO3 buffer

containing 2 mM MgCl2, pH 8.6) was added to each well
and the plates incubated in the dark for 20 min. Absorb-
ance at 405 nm was then determined with a micro-plate
reader. All assays were performed in triplicate.

Kinetics of PPS uptake by MPCs in culture
Primary MPC monolayers were established in culture as
described previously [21]. Briefly, 3.0 × 105 MPCs were
seeded into wells of 48-well plates and incubated with
DMEM containing 10% fetal bovine serum (FBS) at 37 °C
in 5% CO2 for 16 h. The media from the primary cultures
was discarded and the wells were washed with DMEM
(3 × 500 μl/well); media and washings were discarded
and then replaced with DMEM (500 μl/well) containing
gradient concentrations of PPS (0.5, 1.0, 2.5, 5, and
10 μg/ml/well). Plates were maintained at 37 °C in 95%
air/CO2 and, after 0.25, 0.50, 2, 6, 20, and 24 h, media
from individual wells were aspirated, cells washed (PBS,
0.5 ml/well) and media and washings pooled. The con-
centrations of PPS remaining in the aspirated media
and washings of the cultures at each time point was
determined using the PPS ELISA as described above.

The preparation of fluorescein isothiocyanate
(FITC)-labelled PPS
PPS (100 mg) was converted to the tetrabutyl ammo-
nium (TBA) salt by incubating with tetrabutylammo-
nium bromide (100 mg; Sigma-Aldrich, Sydney,
Australia) dissolved in 10 ml de-ionized H2O for 4 h at
ambient temperature. The PPS-TBA complex was dia-
lyzed against de-ionized water for 24 h to remove excess
salts and then lyophilized. The PPS-TBA complex
(50 mg, dissolved in 1 ml DMSO) was mixed with 1,1-
carbonyl di-imidazole (28.0 mg/0.5 ml; Sigma-Aldrich,
Sydney, Australia)) and incubated at 56 °C for 1 h. After
cooling to room temperature, hydrazine (47.8 mg;
Sigma-Aldrich, Sydney, Australia) was added and the so-
lution incubated with shaking for 16 h at 45 °C. The PPS
carboxyhydrazide complex was then reacted with FITC
(Sigma-Aldrich, Sydney, Australia) using the manufac-
turer’s instructions to convert the FITC-PPS derivative
into a TBA salt derivative. The PPS-FITC-TBA salt was
then converted to the sodium salt by mixing at 4 °C with
4.0 M NaCl (100 ml) for 16 h followed by 48 h dialysis
against water with changes every 16 h, and then lyophi-
lized. The lyophilized PPS-FITC derivative was purified
by size-exclusion chromatography on a Superdex-200
column (GE Healthcare Ltd., Sydney, Australia)
equilibrated in 0.25 molar NaCl. Column fractions were
monitored for PPS concentration using the dimethyl-
methylene blue assay [26] and FITC by fluorescence
excitation/emission at 485/538 nm. Fractions positive for
PPS and FITC fluorescence were pooled, desalted, and ly-
ophilized. The purity of the PPS-FITC complex was
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established by NMR spectroscopy (by Dr. Ronald Shim-
mon, Department of Chemistry, University of Technology,
Sydney, Australia).

PPS-FITC uptake by MPCs using fluorescence microscopy
Fluorometric assay
Primary MPC monolayer cultures were established in
six-well plates (2.5 × 105 cells/well) as described previ-
ously [21]. After 16 h, DMEM (3 ml) containing various
concentrations of PPS-FITC (0, 1.0, 2.5, 5.0, 10.0, and
20.0 μg/ml) were added to the wells and incubated at
37 °C in 5% CO2 for a further 24 h. The media were col-
lected from each well, and the cells were washed 3× with
PBS at room temperature. Media and washings were dis-
carded. The washed cells were released from the plates
with 250 μl 0.25% trypsin/EDTA at 37 °C for 10 min.
The cells and supernatant were separated by centrifuga-
tion at 500 g for 10 min, the supernatants were
discarded, and the cell pellets washed 3× with PBS
(1 ml/well). The cell pellets derived from each culture
well were re-suspended in 100 μl de-ionised H2O then
transferred to wells of black microplates. The micro-
plates were agitated for 1 h to lyse the cells in the ab-
sence of light, and the intensity of the fluorescence
emission at 538 nm determined for all added PPS-FITC
concentrations using a fluorescence microplate reader
(Labsystems Fluoroskan II, ThermoFisher Scientific
Australia Pty. Ltd., Scoreby, Australia) with de-ionised
H2O as a blank. The levels of PPS-FITC in each well
were quantified using a standard curve prepared from
the purified PPS-FITC prepared above.

Qualitative assay
MPCs (6000 cells/well) were seeded on eight-well slides
(Lab-Tek-II® Chamber Slide System, Permanox®, Grand
Island, NY, USA) and incubated at 37 °C in a 5% CO2 at-
mosphere for 16 h. DMEM media (1.0 ml) containing 0,
0.5, 1.0, and 2.5 μg/ml PPS-FITC was added to each well
and the slides incubated for a further 24 h at 37 °C. The
media were removed and the bound cells washed 3×
with 1.0 ml PBS. Media and washings were discarded
and cells fixed using 300 μg/well HistoChoice MB Fixa-
tives (Amresco, Solon, OH, USA) for 20 min at room
temperature. After washing once with PBS, the cells of
each slide were stained with 20 μg/ml propidium iodide
(PI) for 10 min at room temperature, washed 3× with
PBS, once with 70% ethanol, and 3× with absolute etha-
nol, and then viewed under UV light using a Nikon
Eclipse 80 fluorescence microscopic (Coherent Scientific,
Hilton, Australia). Cells were viewed for FITC and PI
fluorescence using excitation and emission wavelengths
of 485/538 nm for 2 s and 535/620 nm for 60 s, respect-
ively. The cell images were captured using a digital cam-
era coupled to the microscope and images analysed

using the NIS-Elements software (Coherent Scientific,
Hilton, Australia).

Assessment of MPC proliferation alone and after priming
with PPS
Triplicate cultures of passage 4 MPCs at densities of
1 × 106 cells/ml were established in 24-well plates as de-
scribed previously [21]. High-glucose DMEM contain-
ing 5 μg/ml PPS was then added to 12 wells of the
plates and an equivalent volume DMEM alone to the
remaining wells. After incubation for 24 h, media were
removed from all wells and cells were washed 3× with
PBS and then re-established in culture. After 4, 24, and
48 h, incubations were stopped, media removed and
cells washed 3× with PBS; media and washings were
then discarded. Cells were released from the plates by
trypsin/EDTA treatment, the harvested cells from each
well were re-suspended in PBS, and aliquots were then
analysed to determine MPC proliferation for each of
the culture time periods using a commercial cell count-
ing kit (Wst-8 Kit (CCK-8); Sigma-Aldrich, Sydney,
Australia) according to the manufacturer’s instructions.
As the non-PPS primed MPC cultures failed to demon-
strate significant variation in their proliferation over
the three time periods, the values obtained from each
incubation period were pooled and used as the non-
PPS pre-treatment control.

Proteoglycan synthesis by MPCs alone and after priming
with PPS
Wells of six-well culture plates were seeded with pas-
sage 4 MPCs (2.8 × 105/well) and incubated with
DMEM + 10% FBS at 37 °C in 5% CO2 for 16 h. High-
glucose DMEM containing 5 μg/ml PPS was then
added to three wells of the plates and DMEM alone to
the remaining three wells. After incubation for 24 h,
media were removed from all wells and cells were
washed twice with PBS (3 ml/well) and then re-
established in culture. The biosynthesis of proteogly-
cans (PGs) by these cells over 24 h was then
determined as previously described [21]. Briefly, media
(3 ml) containing 2.2 μCi/ml H2

35SO4 (Perkin-Elmer
Life and Analytical Science Knoxfield, Victoria,
Australia) was added to each well and plates incubated
for 48 h. The medium was removed and discarded.
Cells were washed with 3× PBS, and then collagenase
solution (Sigma Aldrich, Sydney, Australia; 500 μl,
1 mg/ml) was added to each well and the plate incu-
bated at 37 °C for 1 h to detach the cells and matrix
from the plates. The collagenase digests were trans-
ferred to 1.5-ml tubes and an equal volume of acetate-
buffered papain (Sigma-Aldrich, Sydney, Australia;
1 mg/ml) added to each tube. After incubation at 65 °C
for 1.5 h, aliquots (100 μl) of the digests were assayed

Wu et al. Stem Cell Research & Therapy  (2017) 8:278 Page 4 of 15



257

for DNA content [27] and the remainder transferred to
1.5-ml tubes, and 40 μl 1 mg/ml chondroitin sulphate
A (Sigma Aldrich, Sydney, Australia) and 60 μl 5%
aqueous cetyl pyridinium chloride (CPC; Sigma
Aldrich, Sydney, Australia) was added. The tubes were
vortexed and then centrifuged at 11,000 rpm for 3 min
to pellet the precipitated 35S-glycosaminoglycan
(GAG)-CPC complex. The precipitates were collected
by centrifugation, washed (3× PBS), and then dissolved
in 1 ml scintillant (Perkin-Elmer Life and Analytical
Science Knoxfield, Victoria, Australia) and transferred
to a scintillation vial. The radioactivity of 35S incorpo-
rated to newly synthetized S-GAGs of the PGs was de-
termined by scintillation counting (Perkin-Elmer
Tricarb 2910TR, Perkin-Elmer Corp., Massachusetts,
USA). Results were calculated as 35S-GAG-DPM/μg
DNA as an index of proteoglycan synthesis per cell.

Monitoring of MPC phenotypic receptors by flow cytometry
Suspensions of passage 4 MPCs (2.5 × 105) derived
from three independent healthy young donors
(RAH1, RAH2, and RAH3) were seeded into each
well of a six-well plate (in duplicate) and incubated
with DMEM + 10% FBS at 37 °C in 5% CO2 for
16 h. The next day, DMEM containing 5 μg/ml PPS
was added to three wells of both six-well plates. The
remaining three wells of the same plates only re-
ceived DMEM and were used as the controls (MPCs
alone). After an additional 24 h, the cultures from
one plate were terminated. The remaining plate was
incubated for a further 24 h (i.e. a total incubation
time of 48 h). At termination, all media were re-
moved and the six wells of the plates were washed
twice with PBS (3 ml/well). Media and washings were
discarded, and MPCs were detached from wells by
trypsin/EDTA treatment; enzyme activity was
quenched and the cells were strained through a 70-
μm cell strainer (Becton Dickinson Biosciences, CA,
USA) to ensure preparation of single cell suspen-
sions. The MPC suspensions were washed with
10 ml wash buffer (Hank’s buffered salt solution + 5%
fetal calf serum (FCS)) and then centrifuged at 400 g
for 7 min at 4 °C. Cells were re-suspended in block-
ing buffer (wash buffer supplemented with 1% (v/v)
normal human serum + 1% v/v BSA) and counted in
0.4% Trypan Blue and left on ice in blocking buffer
for 30 min. Cells were then pelleted by centrifugation
(400 g for 7 min at 4 °C), and the supernatant
removed and discarded. The cell pellet was re-
suspended in 100 μl of one of the primary antibody
listed in Table 1 at a final concentration of 20 μg/ml
per tube or 100 μl neat supernatant antibody. After main-
taining the tubes at 4 °C for 45–60 min, cells were washed
twice with 2 ml cold wash buffer and centrifuged at 400 g

for 7 min at 4 °C. Cells were re-suspended in 100 μl block-
ing buffer containing the appropriate secondary goat anti-
mouse antibody or FITC-conjugated antibody at a 1:50
dilution (Southern Biotechnology, USA) (Table 1) and
incubated for 30 min and then washed twice with 2 ml
cold wash buffer at 400 g for 5 min at 4 °C. Antibody-
labelled MPCs were then re-suspended in 0.5 ml FACS
FIX (1% (v/v) formalin, 0.1 M D-glucose, 0.02% sodium
azide, in PBS) for flow cytometric analysis using a BD
FACS Canto II and Flow Data Analysis Software V10
(Becton Dickinson Biosciences, CA, USA).

Extraction of RNA from MPC cultures and genomics analysis
Cells from the three donors (RH1, RH2, and RH3) were
used for these studies. Each cell line was processed as
described above for flow cytometric analysis but cells

Table 1 Primary and secondary antibodies used for MPC ± PPS
cytometric analysis

Primary antibodies Type Origin

Stro-1 In-house antibody Provided by Prof. S.
Gronthos and Prof. A.
Zannettino

CD73 Purified mouse
anti-human CD73

BD Pharmingen
550256

CD90 Biotin mouse
anti-human CD90

BD Pharmingen
555594

CD105 Purified mouse
anti-human CD105

BD Pharmingen
555690

CD44 (H9H11) In-house antibody Provided by Prof. S.
Gronthos and Prof A.
ZannettinoCD146 (CC9) In-house antibody

CD34 CD34 FITC Beckman Coulter
IM1870

CD45 CD45 FITC Beckman Coulter
IM0782U

CD14 CD14 FITC Beckman Coulter
IM0645U

Secondary antibodies

Streptavidin
FITC conjugate

Invitrogen SA1001

IgM FITC Goat anti-mouse
IgM FITC

Southern Biotech
1020-02

IgG FITC Goat anti-mouse
IgG FITC

Southern Biotech
1030-02

Negative Controls

IgM 1A6.12 isotype-matched
negative control/
anti-salmonella

Provided by Dr. L Ashman

IgG1 1B5 isotype-matched
negative control/
anti-salmonella

Provided by Dr. L Ashman

IgG2a 1D4.5 isotype-matched
negative control/
anti-salmonella

Provided by Dr. L Ashman

CD cluster differentiation, FITC fluorescein isothiocyanate, Ig immunoglobulin
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were detached from plates using TrypLE select (Gibco
12563-029), an animal origin-free cell dissociation re-
agent, which was then inactivated by diluting with
Hanks buffer without FCS. Cells were pelleted by centri-
fugation at 400 g for 7 min at 4 °C, and the supernatant
removed. Cells were re-suspended and washed again
with Hanks buffer then lysed using 700 μl QIAzol
(Qiagen #79306). The RNA was isolated using a MiR-
Neasy Mini Kit (Qiagen #217004) and the on-column
DNAse treatment was performed according to the
manufacturer’s instructions (RNAse free DNase set;
Qiagen #79254). RNA concentrations were measured
using a Nanodrop reader. The RNA samples were proc-
essed by automated RNASeq-FastQ sequencing using
the NEXTflex™ Rapid Illumina Directional RNA-
Sequencer (BIOO Scientific, Austin, Texas, USA); for
each sample, 300 ng of total RNA was processed using
the NEXTflex™ Rapid Illumina Directional RNA-Seq
Library Prep Kit (BIOO Scientific, Austin, Texas, USA).
Briefly, the method selects poly-adenylated mRNA with
coated beads and then converts them to strand-
preserved cDNA (via dUTP) before the ligation of
sequencing adapters and barcodes. After PCR amplifica-
tion for 15 cycles the samples were quantified by a fluor-
escence assay before pooling in equimolar ratios for
sequencing. The sample pool was sequenced by the
Illumina Nextseq 500 sequencer using a High Output v2
(2 × 75 bp) paired-end sequencing kit ((Illumina, San
Diego, USA)) as per the manufacturer’s instructions ex-
cept that the loading concentrations were reduced by
30% to 0.9 pM. The data were analysed with de-
multiplexed reads that were aligned (human hg38) using
the TopHat aligner and the differential expression of
transcripts was assessed using Cufflinks in Illumina’s
Base-space analysis cloud.

Statistical methods
All data analysis and graphical representations were per-
formed using Microsoft Excel for Mac (Microsoft version
15.33) and Prism for Mac (version 7.0b, GraphPad Soft-
ware Inc.). Parametric data were analysed using one-way
analysis of variance (ANOVA), with Tukey’s multiple com-
parison test undertaken when significant differences in
means were observed. Non-parametric data were analysed
using the Kruskal-Wallis test of median values followed by
Dunn’s multiple comparison test. Treated/non-treated
groups were compared using the two-tailed Student’s t test
followed by Mann-Whitney U tests. P values < 0.05 were
considered statistically significant. For the genomic cDNA
sequencing, analysis of statistical differences in gene levels
in cells from the 24- and 48-h primed and non-primed
MPC cultures were determined using the manufacturers’
software with q values < 0.045 being accepted as

significant. However, for the majority of gene changes
identified, statistical significance was observed at the q =
0.017 level.

Results
Kinetics of binding and uptake of PPS by MPCs in culture
The kinetics of binding and uptake of PPS by cultured
MPCs when added to the media at concentrations of
0.5–10 μg/ml was monitored by the percentage decrease
in their media levels over 24 h using the PPS ELISA. As
shown in Fig. 1, all concentrations of PPS added to the
culture media decreased over the first 0.5–2.0 h of incu-
bation with MPCs. For media concentrations of 0.5 and
1.0 μg/ml PPS, this initial decline was followed by a par-
tial release of PPS into the media over the subsequent
6–24 h (shedding period). However, for cultures spiked
with 2.5, 5.0, or 10.0 μg/ml PPS, the reduced media
levels were sustained over this period. Interestingly, cul-
tures to which 5.0 μg/ml PPS had been added demon-
strated the highest decline in media levels after 0.5 h
and only released relatively small amounts over the sub-
sequent 24-h period (Fig. 1). These observations suggest
a rapid binding of PPS to cell surface heparin receptors,
followed by a time- and concentration-dependent shed-
ding and uptake by the MPCs over the 24 h of culture
[28, 29]. Moreover, under the conditions used for these
cultures, optimum uptake of PPS by MPCs was found to
occur with a medium concentration of 5.0 μg/ml.
As the PPS ELISA was not sufficiently sensitive to

evaluate the amounts of PPS associated with the MPCs

Fig. 1 Kinetics of uptake of various concentrations of pentosan
polysulfate (PPS) (0.5, 1.0, 2.5, 5, and 10 μg/ml/well) by 3.0 × 105

MPCs/well maintained in monolayer cultures for 24 h. The
concentration of PPS remaining in the culture media after 0.25, 0.50,
2, 6, 20, and 24 h was determined using ELISA. Note the rapid
decline in PPS media concentrations within 2 h of culture followed
by shedding of PPS into the media with the 0.5 and 1.0 μg/ml
concentrations. The media concentration of 5.0 μg/ml exhibited the
highest uptake by the MPCs over the 24-h culture period
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following their removal from culture, we used the PPS-
FITC preparation and a fluorometric assay to assess the
amounts of PPS associated with the MPCs. This was
coupled with fluorescence microscopy to identify the
intra-cellular distribution of PPS over the indicated
time points. The results of these studies are shown in
Figs. 2 and 3. As is evident from Fig. 2, significantly
higher levels of PPS-FITC were associated with the
MPCs after 24 h of culture with 5.0 μg/ml than with
1.0 μg/ml (p < 0.004), 2.5 μg/ml (p < 0.012), or 20 μg/ml
as a trend (p < 0.054). However, significant difference
could not be demonstrated between media

concentration of 5.0 and 10.0 μg/ml using the PPS-
FITC fluorometric assay.
Qualitative studies of the interaction of PPS-FITC

with MPCs using fluorescence microscopy together
with co-staining of the preparations with the selective
nucleus stain PI showed that, after 16 h of culture, the
PPS-FITC was largely located within the nucleus of the
cell (Fig. 3).
Although the kinetic and fluorometric studies on the

uptake of PPS by MPCs suggested that with media con-
centrations of 5.0 μg/ml more than 50% of the agent was
bound and internalised by the cells, the culture periods
used never exceeded 24 h. A study was therefore under-
taken to monitor MPC proliferation when the cells were
cultured alone or after pre-incubation (priming) with
5.0 μg/ml PPS for 4, 24, and 48 h. The results of this
study are shown in Fig. 4 where it is evident that MPCs
primed with PPS increased proliferation after 48 h to a
significantly higher extent than non-primed MPCs (p <
0.028). As an earlier study [21] had reported that co-
cultures of MPCs with PPS promoted chondrogenic dif-
ferentiation, we next investigated the biosynthesis of
PGs of MPCs alone and after pre-culturing with PPS as
described for the proliferation study.
The results of this experiment are shown in Fig. 5 and

demonstrate that the MPCs primed with PPS increased
de novo PG biosynthesis to a greater extent than when
MPCs were cultured alone (p < 0.005). Since the PPS
priming process was known to promote MPC prolifera-
tion (Fig. 4), we normalized the incorporation of 35SO4

Fig. 2 Concentration-dependent uptake of PPS-FITC by MPCs
(2.5 × 105 cells/well) determined using the fluorometric assay.
Highest uptake was observed with PPS-FITC concentrations of
5.0 μg/ml which were significantly different to 1.0 and 2.5 μg/ml.
ap < 0.004; bp < 0.012. FITC fluorescein isothiocyanate, PPS
pentosan polysulfate

Fig. 3 Fluorescence microscopy images of MPCs (6000/well) cultured with 2.5 μg/ml PPS-FITC for 24 h, fixed in Histochoice MB/ethanol and
stained with propidium iodide. a A 2-s exposure image of the MPCs outlined by the low-level background autofluorescence and the higher
emission arising from the PPS-FITC located within the cells (arrows). b The same field as a, but with 60-s exposure with excitation at 535 nm
confirming the presence of PPS-FITC within the nucleus of the MPCs (arrows). FITC fluorescein isothiocyanate, PPS pentosan polysulfate
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into the S-GAGs of the newly synthetized PG relative to
cell numbers (DNA content).
In view of these findings, we next sought to determine,

using flow cytometry, if the PPS priming process also in-
duced changes in the MPC cell surface phenotypic anti-
gens after culturing the primed and non-primed cells for
24 and 48 h. The results of these studies are shown in
Fig. 6 and Additional file 1, where the net differences be-
tween primed and non-primed MPC antigen levels were
calculated for each donor and expressed as their delta
change. Figure 6 depicts graphically the total delta
changes that occurred in surface antigen levels for each
donor over the 24- and 48-h culture periods. As is
shown, donors RAH2 and RAH3 exhibited patterns of
changes with marked decreases in the CD73, CD90,
CD105, and CD44 surface antigens of between 15–30%.
However, expression of CD146 on MPCs from donor

RAH3 declined by more than 50%. MPCs from donor
RAH1 were found to be less responsive to the priming
procedure but still exhibited the same pattern of decline
in the characteristic MPC surface phenotype receptors.
Interestingly, the STRO-1 marker used to isolate the
MPCs from bone marrow aspirates was not markedly af-
fected by the priming step; only donor RAH3 exhibited
a 10% decrease, with the cells from the other two donors
showing minimal change in expression of this antigen
following the PPS priming procedure. The low levels of
the hematopoietic and monocyte cell markers CD34,
CD45, and CD14 were not affected by PPS priming,
suggesting preservation of the mesenchymal cell lineage
(Fig. 6).
Additional evidence to support the finding that prim-

ing of MPCs with PPS mediated altered gene expression
by these cells was provided by isolating the RNA ex-
tracted from MPCs of the three donors after culturing
for 24 and 48 h and undertaking RNASeq-FastQ sequen-
cing. The results of this study are shown in Tables 2 and
3, which record the mean statistically significant gene
changes for the three donors that were detected between
their primed and non-primed MPCs after 24 and 48 h of
culture. Using internet-based gene search engines, the
proteins encoded by these genes are also identified in
Tables 2 and 3. These datasets show that after the initial
24 h of culture only four genes were upregulated and 16
downregulated (Table 2) by the priming process.
However, after 48 h 16/42 genes were upregulated and
26 downregulated.

Fig. 4 Proliferation of non-primed and pentosan polysulfate (PPS)
(5.0 μg/ml)-primed mesenchymal progenitor cells (MPCs) over 4, 24,
and 48 h determined using the Wst-8 assay kit. As no significant
differences in proliferation were observed for the non-primed MPCs,
the values for 4, 24, and 48 h were combined. Primed MPCs cultured
for 48 h were significantly different from the pooled non-primed
cultures (ap < 0.028). A450 absorbance at 450 nm

Fig. 5 Biosynthesis of PGs determined by the incorporation of 35SO4

into their sulphated glycosaminoglycans (35S-GAG) in 24-h cultures
of non-primed MPCs and MPCs primed with pentosan polysulfate
(PPS). Primed MPCs synthesised 40% more PGs than non-primed
MPCs after the 24-h culture. ap < 0.005

Fig. 6 Graphical representation of the combined changes induced in
mesenchymal progenitor cell (MPC) characteristic surface antigens
expressed on cells from three donors (RAH1, RAH2, and RAH3) that
had been cultured for 24 and 48 h with and without priming with PPS.
The raw data obtained by flow cytometric analysis is shown in
Additional file 1. Delta represents the total difference (as a percentage)
for each donor between primed and non-primed MPC antigen values.
CD cluster differentiation
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Discussion
This study has shown that priming of MPCs with PPS
results in the initial binding of the drug to the cell sur-
face receptors accompanied by partial shedding, and
then internalization and migration to the cell nucleus
where it influenced gene and protein expression. The ex-
tent of changes induced in MPC cell surface markers by
the PPS priming step for the three donors was found to
be variable (Fig. 6). Indeed, differences in gene expres-
sion by bone marrow-derived MSCs from different do-
nors have been previously reported as a potential problem
for their routine application in clinical practice [30]. This
inter-donor variability has also been attributed to a variety
of other factors, including the inherent heterogeneity of
the MSC populations isolated from different individuals,
the duration of their culture expansion, and the period
and nature of their storage [31–33]. The MPCs used in
the present study were all within the age range of 20–35
years, were selected on the basis of their expression of
STRO-1, and were subjected to similar culture and storage
conditions to minimize inter-donor cell variability.

Table 2 Gene expression changes induced by 24-h cultures
of MPCs with 5.0 μg/ml PPS relative to identical cultures of
non-primed MPCs

Gene Fold change Regulation Primary functionsa

ACTA2* 1.21 Down Encoding actin-2 protein a
member of the actin family
which collectively are
responsible for cell motility,
structure and integrity.

ADAMTSL4 0.77 Down Encodes the protein ADAMTS4
which lacks a C-terminal TS
motif but when proteolytically
processed generates the mature
proteinase that degrades
aggrecan, a major component
of hyaline cartilage.

ANK1* 2.79 Up Encoding the protein Ankyrin-1
a member of the Ankyrin
family that play key roles in
cell motility, activation, and
proliferation.

COL11A1* 1.21 Down Encoding one of the alpha
chains of type XI collagen.

COL5A3* 2.22 Up Encodes one of the alpha
chains of type V collagen

COMP* 1.08 Down COMP gene provides the
instructions for making the
COMP protein, an important
regulatory component of the
extracellular matrix.

DACT1 1.28 Down Encodes a protein member of
the Dapper family. It interacts
with and positively regulates
dishevelled-mediated signalling
pathways during development
and is an antagonist of
beta-caterin.

ENPP1 0.58 Down Encoded protein is type II
transmembrane glycoprotein
that cleaves a variety of
substrates including
phosphodiester bonds
of nucleotides.

FLG* 1.82 Down The FLG gene provides
instructions for making the
large protein profilaggrin.

GREM2 0.64 Down Encodes a member of the
BMP antagonist family likely
by binding to BMPs

HSPB7* 1.56 Down Encodes a member of the heat
shock beta-7 protein family

LARGE 0.94 Down Encodes members of the N-
acetylglucosamine-L-transferase
protein family responsible for
glycosylation of glycoproteins
and glycosphingolipids.

LMOD1 0.52 Down Encodes the leicmodin 1
protein that has a putative
membrane-spanning region
and two types of tandemly
repeat blocks.

Table 2 Gene expression changes induced by 24-h cultures
of MPCs with 5.0 μg/ml PPS relative to identical cultures of
non-primed MPCs (Continued)

Gene Fold change Regulation Primary functionsa

LOXL4 0.64 Down Encodes a member of the lysyl
oxidase family essential for the
biogenesis of crosslinks of
matrix collagens and elastins.

LRRC15 0.76 Down Encodes the leucine rich repeat
containing 15 protein that
constitute regions of the
small proteoglycans.

MRVI1 0.83 Down Encoding protein MRVI1, a
substrate of cGMP-dependent
kinase-1(PKG1).

SCUBE3 0.86 Down Encodes Signal peptide-CUB
and EGF-like Domain-containing
Protein3.

SVIL 0.64 Up Encodes the protein Supervillin
which is tightly associated with
actin filaments and plasma
membranes.

SYNPO2 1.06 Down Encodes Synaptodin 2-like
protein, GO annotations
include actin binding.

TM4SF1 0.72 Up Encodes a member of the
transmembrane 4 superfamily
that mediate signal transduction
in the regulation of
development, activation,
and growth.

a From Gene Cards Human Gene Database Index, Weizmann Institute of
Science, 234 Herzi Street, Rehovat 7610001, Israel
* Confirmed via alternative analysis (Star/DESeq)
ADAMTS a disintegrin-like metalloproteinase with thrombospondin motifs,
COMP cartilage oligomeric matrix protein, GO gene ontology,
MPC mesenchymal progenitor cell, PPS pentosane polysulfate
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Table 3 Gene expression changes induced by 48-h cultures of MPCs with 5.0 μg/ml PPS relative to identical cultures of non-primed MPCs

Gene Fold change Regulation Primary functionsa

ABCA8 2.6 Up The ABCC8 gene provides instructions for making the sulfonylurea receptor 1 (SUR1) protein.
The SUR1is a subunit of the ATP-sensitive potassium (K-ATP) channel.

ABI3BP 0.9 Up Encodes the ABI family member 3 (NESH) binding protein. GO annotations of this gene include
heparin and collagen binding.

ACAN 0.8 Up Encoding for the Aggrecan core protein, also known as cartilage-specific proteoglycan core protein
(CSPCP) or chondroitin sulfate proteoglycan 1.

ASNS* 1.1 Down The ASNS gene encodes the enzyme asparagine synthetase (EC 6.3.5.4 )

CACNA2D1 1.1 Up Encoding calcium voltage-gated channel auxiliary subunit alpha2delta 1 that mediates calcium
channel regulatory activity.

CBS 1.0 Down Cystathionine β-synthase (CBS; l-serine hydro-lyase) adding homocysteine homocystinuria.

CD74 2.0 Up HLA class II histocompatibility antigen gamma chain also known as HLA-DR antigens-associated
invariant chain or CD74.

CHI3L1 1.5 Up Chitinase-3-like protein 1, also known as YKL-40, is a secreted glycoprotein.

CNN1 0.7 Down Encodes a matricellular protein also known as epididymis protein 1 that induces fibroblast
senescence and has been reported to restrict fibrosis in cutaneous wound healing.

COMP 3.2 Down COMP gene provides the instructions for making the COMP protein, an important regulatory
component of the extracellular matrix.

CRISPLD2 0.8 Down Cysteine rich secretary protein LCCL domain 2, exhibits significant LPS binding affinity.

DDIT4 0.7 Down DNA damage inducible transcript 4 regulates cell growth, proliferation and survival via inhibition
of the activity of the mammalian target of rapamycin complex 1 (mTORC1).

FLG 1.2 Down The FLG gene provides instructions for making the large protein profilaggrin

FOSB 101.0# up FosB transgene is associated with the induction of the AP-1 complex. FosB interacts with Jun
oncoproteins enhancing their DNA binding activity.

GGT5 1.8 Up Encodes the gamma-glutamyl-transpeptidase protein family. After post-translational modification,
the protein can convert Leukotriene C4 to Leukotriene D4.

FST 0.7 Up Encodes Follistatin, also known as activin-binding protein. Its primary function is the binding
and bioneutralization of members of the TGF-β superfamily.

GHRL 84.6# Down Encodes Growth Hormone protein releasing peptides protein.

HIST2H3A 99.4# Up Encodes Histone Cluster 2, H3a protein. Histones play a central role in transcription regulation,
DNA repair, and regulation of gene expression.

HMGA1 0.6 Up Encodes High Mobility Group AT-Hook 1 that regulates inducible gene transcription.

HMGA2 0.8 Up Encodes High Mobility Group AT-Hook 2, a protein coding gene which contains structural DNA
binding regions that may act as transcriptional regulating factors.

IGF2 1.6 Up Encodes the Insulin-Like Growth Factor 2 protein family that play essential roles in growth and development.

LARGE 0.8 Down Encodes members of the N-acetylglucosaminyltransferase protein family responsible for glycosylation
of glycoproteins and glycosphingolipids.

LRRC15 1.8 Down Gene encoding Leucine Rich Repeat Containing 15 Proteins. GO annotations related to this gene
include collagen binding and laminin binding.

MASP1 1.9 Down Gene encoding mannan binding lectin serine peptidase 1 that regulates the lectin pathway
of complement activation.

METTL7A 1.4 Up Encodes Methyltransferase Like 7A protein. GO annotations related to this gene include
methyltransferase activity and S-adenosylmethionine-dependent methyltransferase activities.

MTHFD2* 0.9 Down Encodes methylenetetrahydrofolate dehydrogenase (NADP + dependent) 2 enzyme, activities
that allows binding of NAD.

NFATC2 1.8 Down Encodes for Nuclear factor of activated T-Cells 2 protein that resides in the cytosol and only translocate
to the nucleus upon T-cell receptor stimulation where it becomes a member of the nuclear factors of
the activated T-cell transcriptional complex.

OLFML2A 1.7 Up Encodes for Olfactomedin-Like 2A protein. GO annotations related to this gene include protein
homodimerization activity and extracellular matrix binding.

PAMR1 1.2 Up Encoding peptidase domain containing associated with the muscle regeneration 1
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Nevertheless, the magnitude of change in MPC surface
marker expression induced by the PPS priming step for
these three donors was found to be quite variable, suggest-
ing that individual genetic variations may represent a
dominant role. However, apart from STRO-1, the markers
CD73, CD90, CD105, CD44, and CD146 were all observed
to decline following PPS priming of the cells.
Human MSC monolayer cultures incubated with

transforming growth factor (TGF)-beta for 7 days have
been reported to undergo a similar downregulation of
the surface antigens CD44, CD90, and CD105, a finding
that was interpreted to signal an early phase of their de-
differentiation to the chondrogenic phenotype [34]. We
also observed a strong decline in CD146 antigen presen-
tation on PPS priming, particularly for MPCs isolated
from donor RAH3. The transmembrane protein CD146
is receptor highly expressed by endothelial cells [35] and
on the surface of perivascular cells, which have recently
been proposed as the source of MSCs within the peri-
vascular niche of bone marrow [36]. Moreover, a recent
study has provided compelling evidence that CD146 is a

high-affinity netrin-1 receptor on endothelial cells [37].
Netrin-1 is a neuronal guidance molecule that promotes
angiogenesis and vascular development of the endothe-
lium following interaction with CD146 [36, 37]. In
addition, expression of CD146 is associated with popula-
tions of human MPCs that promote the establishment of
bone marrow elements, and enhance osteogenic differ-
entiation and bone deposition when these cells are im-
planted subcutaneously into immune-deficient mice
[38]. The present observation that CD146 expression by
MPCs was markedly downregulated by PPS priming
would therefore be consistent with our previous obser-
vations of reduced osteogenesis of MPCs when cultured
or co-formulated with this agent in vitro [21] and in vivo
[22–24].
Although many of the functions of the proteins

encoded by the genes identified by RNA sequencing ana-
lysis could not be obviously assigned, the changes in the
genes encoding the aggrecan core protein, IGF2, alpha
chain type V collagen, FosB transgene, COMP, the pro-
teinase ADAMTS4, and type II collagen alpha chains

Table 3 Gene expression changes induced by 48-h cultures of MPCs with 5.0 μg/ml PPS relative to identical cultures of non-primed MPCs
(Continued)

Gene Fold change Regulation Primary functionsa

PHGDH* 1.1 Down Encoding D-3-phosphoglycerate dehydrogenase (catalyses the transition of 3-phosphoglycerate
into 3-phosphohydroxypyruvate, which is the committed step in the phosphorylated pathway
of L-serine biosynthesis. It is also essential in cysteine and glycine biosynthesis.

PIM1 0.8 Down Encoding Proto-oncogene serine/threonine-protein kinase Pim-1. It plays a role in signal transduction
in blood cells, contributing to cell proliferation and survival.

POM121L9P 2.9 Up This gene encodes a transmembrane protein that localizes to the inner nuclear membrane and forms
a core component of the nuclear pore complex, which mediates transport to and from the nucleus.

PSAT1 1.8 Down Encoding spermidine/spermidine Ni-acetyltransferase 1 which is a rate limiting enzyme in the catabolic
pathway of polyamine metabolism.

PTX3 1.2 Up Encoding pentraxin-related protein PTX3 also known as TNF-alfa induced protein 5. The expression
of this protein is induced by inflammatory cytokines in response to inflammatory stimuli in several
mesenchymal and epithelial cell types. It also plays a role in angiogenesis and tissue remodelling.

SLC38A1* 0.9 Down Encoding sodium-coupled neutral amino acid transporter 1, production of which plays an essential
role in the uptake of nutrients, energy production, chemical metabolism, and detoxification.

SLC7A11 1.3 Down Encoding solute carrier family 7 member 11 protein that is highly specific for cystein and glutamate
amino acids.

SLC7A5 0.8 Up Encoding solute carrier family 7 member 5 protein that transports large neutral amino acids.

SVIL 0.7 Up Encodes Supervillin. The gene product is tightly associated with both actin filaments and plasma
membranes, suggesting a role as a high-affinity link between the actin membranes, suggesting a
role as a high-affinity link between the actin and the membrane.

THSD4 0.5 Up Encoding thrombospondin type-1 domain containing protein 4. The thrombospondin family members
are adhesive glycoproteins that mediate cell-to-cell and cell-to-matrix interactions.

TMEM200A 0.8 Down Encoding transmembrane protein 200A

TPPP3 122.5# Down Tubulin polymerisation promoting protein family member 3 a protein encoding gene.
GO annotations of this gene include tubulin binding.

aFrom Gene Cards Human Gene Database Index, Weizmann Institute of Science, 234 Herzi Street, Rehovat 7610001, Israel
*Confirmed via alternative analysis (Star/DESeq)
#Fold-change overestimated due to ‘zero’ measurement in one sample
ADAMTS a disintegrin-like metalloproteinase with thrombospondin motifs, COMP cartilage oligomeric matrix protein, GO gene ontology,
MPC mesenchymal progenitor cell, LPS lipopolysaccharide, PPS pentosane polysulfate, TGF transforming growth factor
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provided are consistent with increased chondrogenic dif-
ferentiation of MPCs. For example, aggrecan core pro-
tein is necessary for the biosynthesis of PGs [39] and its
upregulation is consistent with the known elevation of
their biosynthesis by MPCs after PPS priming. The down
regulation of the ADAMTSL4 gene could also be con-
sidered as beneficial for the deposition of a cartilaginous
matrix as the protein it encodes is responsible for the
degradation of PGs [39]. In addition, the upregulation of
type V collagen could be significant as this protein is a
contributor to the assembly of collagen fibres during cell
growth and matrix assembly [40]. On the other hand,
the downregulation of the COMP genes was unexpected
since this protein is an abundant component of the car-
tilage extracellular matrix. However, studies with human
MSCs have shown that enhancement of COMP gene ex-
pression did not increase the transcript levels of the
chondrogenic markers Sox9 or aggrecan, suggesting that
the role of COMP in matrix formation occurs at the
post-transcriptional level [41]. Notably, the IGF2 gene
was found to be strongly upregulated. As the proteins
encoded by this gene play significant roles in the growth,
differentiation, and survival of connective tissue cells, in-
cluding articular cartilage [42], its elevation is consistent
with the present study and our previous report on MPC
chondrogenesis mediated by PPS [21]. The RNASeq-
FastQ sequencing data also indicated that the FosB
transgene was strongly upregulated by the priming
process. Numerous studies have shown that the Fos
genes are involved in the formation of heterodimeric
complexes with members of the jun family of proto-
oncogenes (c-jun, junB, jun D) to form the AP-I promo-
tor complex required for gene transcription [43].
Following binding to consensus sequences in the regula-
tory regions of DNA, the Fos-Jun/AP1 complex
mediates transcription pathways responsible for critical

cell functions, including differentiation and turnover of
the extracellular matrix [44].
A related sulphated glycosaminoglycan, heparin, is

known to bind and interact with a variety of cells where
it also localizes in the nucleus and modifies gene expres-
sion [31, 32, 45–48]. Moreover, heparin has been used at
low concentrations (<200 ng/ml) as a supplement for
the culture expansion of embryonic stem cells [49, 50]
and MSCs [51]. However, in a recent study which used
human bone marrow-derived MSCs [52], it was demon-
strated that when serial cultures of these cells were sup-
plemented with heparin at a concentration equivalent to
that used in the present study (500 μg/ml), cell growth
was strongly retarded and MSC morphology and genetic
expression modified to a senescent phenotype. These
conflicting findings may be explained by the structural
differences between these two polymers.
Like heparin, PPS is a poly-anion, but is not a glycos-

aminoglycan since it has a backbone structure consisting
of repeating beta-D-xylanopyranose units to which a me-
thyl glucopyranosyluronic acid ring is attached laterally
every 9–10 xylanopyranoses units (Fig. 7). The xylanopyr-
anose backbone required for the synthesis of PPS is ex-
tracted from Beech wood (Fagus sylvatica) hemi-cellulose,
is first sulphate-esterified, and then fractionated to obtain
the required molecular size. This semi-synthetic process
affords a water-soluble poly-dispersed pharmaceutical
preparation with a weight average molecular weight
(MW) of 5700 Da and a high negative charge conferred by
the large number of sulphate ester groups localised along
its xylanopyranose backbone [53].
In contrast, native heparin is a structurally heteroge-

neous biopolymer that consists essentially of variably
spaced repeating units of either 2-O-sulphated iduronic
acid and 6-O-sulphated and N-sulphated glucosamine
sugar rings linked glycosidically [54]. Commercially

Fig. 7 Structural formula of the repeating unit of the poly-dispersed PPS. On average, a single sulphated 4-O-methyl-glucopyranosyluronic acid
ring is attached laterally via an oxygen linkage to the 2 position of every sulphate-esterified 9–10th xylanopyranose unit of the polymer. From the
molecular weight distribution of 1800–17,000 Da determined by size exclusion chromatography [44], N can be estimated as 0.5–6.0
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available heparin is more poly-dispersed than PPS with
an averaged molecular weight ranging between 3000 to
30,000 Da [53] but is the most highly sulphated naturally
occurring glycosaminoglycan with 2.7 sulphate groups/
disaccharide unit [54]. However, its charge density is less
than that of PPS which on average contains 3–4 sulphate
groups/disaccharide unit (Fig. 7).
Notwithstanding these significant molecular, charge,

and conformational differences, PPS, because of its poly-
anionic structure, does exhibit some heparin-like
pharmacological activities. Although it is a weaker anti-
coagulant than heparin, PPS is a strong fibrinolytic and
lipolytic agent [52, 54]. These pharmacological activities
resulted in its original clinical applications in the 1950s
for the treatment of thrombotic and arteriosclerotic vas-
cular disease [55]. However, over the intervening years,
PPS has been shown to be effective for the management
of more diverse medical indications, including interstitial
cystitis [56], soft tissue inflammation [57], osteoarthritis
[58–60], and Ross River Virus-related arthropathies [61].
In our earlier in-vitro studies, MPCs were cultured with

PPS at various concentrations including 5.0 μg/ml, but for
up to 10 days [21]. With the longer incubation periods,
gene expression of Sox-9 and Aggrecan by MPCs was not
significantly elevated relative to MPCs alone until day 7.
In addition, expression of type II collagen was not signifi-
cantly increased until day 10, when type X collagen,
RUNX2, and Noggin gene expression was also suppressed
[21]. These earlier RNA studies suggest that the present
protocol of 24-h priming of MPC with PPS followed by
maintaining cultures for up to 48 h prior to determination
of gene expression may have been too short to establish
the lifetime of genetic modifications. We therefore ac-
knowledge that the maintenance of our PPS-primed MPC
cultures for only 48 h represents a limitation of the
present study. However, using an ovine model of disc de-
generation induced by lumbar microdiscectomy we have
demonstrated that PPS-primed MPCs when embedded in
biodegradable collagen sponges implanted into the degen-
erate discs promoted the deposition of higher levels of
proteoglycans and tissue repair after 6 months, compared
with the injured disc injected with non-primed MPCs
[62]. We consider that this in-vivo study supports our
proposition that PPS-primed MPCs retained their
modifying effects on gene and protein expression beyond
the 48-h experimental period used in the present study.

Conclusions
These studies have shown that pre-incubation of MPCs
with 5.0 μg/ml PPS for only 24 or 48 h was sufficient to
invoke significant changes in their gene signature and
protein expression consistent with enhanced prolifera-
tion and differentiation to the chondrogenic phenotype.
The PPS priming step was undertaken at the

penultimate phase of MPC culture expansion, a proced-
ure that eliminated the necessity of combining the re-
quired quantities of the two agents at the time of clinical
application and thereby eliminating the possibility that
‘free’ PPS was co-administered with the progenitor stem
cells. Furthermore, from the results of the present study,
together with the positive outcome of our animal model
study [62], we conclude that pre-culturing of MSCs with
agents such as PPS could provide an alternative method
for reprogramming these cells to promote their differen-
tiation towards a targeted phenotype that may be
required for a specific medical indication, rather than
their co-administration with agents that may independ-
ently be associated with undesirable side effects.

Additional file

Additional file 1: (A–E) Surface antigen expression of MPCs derived
from three donors (RAH1, RAH2, and RAH) when cultured for 24 and 48 h
with and without priming with 5.0 μg/ml PPS. Delta change represents
the percentage change in antigen levels mediated by the PPS priming
step. (DOCX 18 kb)
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Appendix 2. Study Report: Covalently Bound PEG-
Hyaluronic Acid-Pentosan Polysulfate 
Hydrogel ± Mesenchymal Progenitor Cells 
for Implantation Post Lumbar Discectomy  

This appendix contains the unpublished manuscript of a collaborative experimental study entitled, 

“Study report: Covalently bound PEG-hyaluronic acid-pentosan polysulfate hydrogel ± 

mesenchymal progenitor cells for implantation post lumbar discectomy”. The manuscript 

describes the investigation of PEG-hyaluronic acid-pentosan polysulfate hydrogels, with/without 

mesenchymal progenitor cells, for the promotion of intervertebral disc regeneration following  

lumbar discectomy.   

The candidate, Chris Daly, contributed to the concept, design, conduct and interpretation of 

experiments, writing and revising the manuscript. Proportional contributions of co-authors are explained 

in the signed declaration on page xxi. 



269 

Study Report: Covalently Bound PEG-Hyaluronic Acid-Pentosan 

Polysulfate Hydrogel ± Mesenchymal Progenitor Cells for Implantation 

Post Lumbar Discectomy  

Chris D. Daly1, 2, 3, Peter Ghosh1,4, Tanya Badal5, Ronald Shimmon5, Graham Jenkin1,6, David Oehme7, 

Justin Cooper-White8,9, Taryn Naidoo8,9, Kanika Jain1, Idrees Sher2,3, Ronil V. Chandra3,10, Tony 

Goldschlager1,2,3 

1 The Ritchie Centre, Hudson Institute of Medical Research, Monash University, Clayton, Victoria, 

Australia 
2 Department of Neurosurgery, Monash Medical Centre, Clayton, Victoria, Australia 
3 Department of Surgery, Monash University, Clayton, Victoria, Australia 
4 Proteobioactives, Pty Ltd, Sydney, New South Wales, Australia 
5 School of Mathematical and Physical Sciences, Faculty of Science, University of Technology, 

Sydney  
6 Department of Obstetrics and Gynaecology, Monash University, Clayton, Victoria, Australia 
7 Department of Neurosurgery, St Vincent’s Hospital, Fitzroy, Victoria, Australia 
8 Australian Institute for Bioengineering and Nanotechnology, University of Queensland, St Lucia, 

Queensland, Australia 
9 School of Chemical Engineering, University of Queensland, St. Lucia, Queensland Australia 
10 Monash Department of Radiology, Monash Medical Centre, Clayton, Victoria, Australia 

Background 

Microdiscectomy is one of the most commonly performed spinal surgical procedures. It is performed to 

treat pain or neurological deficit resulting from intervertebral disc degeneration and neural compression. 

Unfortunately, neither microdiscectomy nor any other clinically available therapy addresses the 

underlying pathology of disc degeneration. Consequently, up to one third of patients progress to 

experience chronic back pain(1) that may be disabling in up to 10% of those who have undergone 

microdiscectomy(2). Recurrent disc herniation occurs in up to 15% of patients and reoperation may be 

required in up to 25% of this cohort(3). Twelve percent of patients subjected to microdiscectomy will 

undergo reoperation for the same procedure within four years (4). Approximately 40% of these patients 

will subsequently progress to fusion surgery within four years (4). 

Potential methods for treating the underlying process of disc degeneration are under investigation. One 

such approach, previously reported by our group(5), is the implantation of mesenchymal progenitor 

cells (MPC) combined with pentosan polysulfate (PPS) in a simple gelatin/fibrin scaffold. This approach 
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led to significant disc regeneration as evaluated by MRI, macroscopic and histological appearance 

and proteoglycan composition six months following microdiscectomy and matrix/MPC implantation. 

However, the gelatin/fibrin scaffold does not mimic the mechanical properties of the disc and has no 

special adhesive properties to ensure it integrates and remains within the intervertebral disc space 

providing the potential to mediate regeneration. It served primarily as a vehicle for administration of the 

MPCs and PPS into the excised disc space. 

Hydrogels are highly hydrated polymeric materials that can be engineered to demonstrate mechanical 

properties similar to the components of the intervertebral disc. Through modulation of crosslinking 

kinetics, hydrogels can be injected into the defect of the intervertebral disc prior to gelation creating a 

mold the exact size of the discectomy defect that subsequently hardens. The cross-linked hydrogel 

should maintain disc height and eliminate the risk of the implanted matrix and MPCs being displaced 

from the disc space. Hydrogels may also be loaded with biologically active molecules and previous 

studies have already demonstrated successful incorporation of PPS into a hydrogel scaffold populated 

with MPCs leading to increased Collagen Type II production(6,7). As such the combination of 

hydrogels with PPS and MPCs suggests promise for inducing regeneration in the post-microdiscectomy 

intervertebral disc. 

Objective 

The objective of this study is to evaluate the potential of a novel polyethylene glycol (PEG) - hyaluronic 

acid (HA) - covalently bound pentosan polysulfate (PPS) (PEG-HA-PPS) hydrogel matrix alone and in 

combination with allogeneic bone marrow derived STRO-3+ immunoselected mesenchymal progenitor 

cells (MPCs) to facilitate lumbar intervertebral disc regeneration in a post-microdiscectomy  

sheep model. 

Methods 

Surgical Procedure  

With ethics approval from the Monash Medical Centre Animal Ethics Committee, 18 adult (two to four 

years of age) Border-Leicester Merino cross-bred ewes underwent preoperative 3 Tesla MRI (Siemens 

Skyra Widebore 3T MRI, Siemens, Erlangen, Germany) under general anesthetic. Sheep ambulated 

freely prior to the trial and were raised in open pastures. All sheep were fasted for 24 hours prior to 

surgery and anesthetized using intravenous thiopentone (10-15mg/kg) (Bayer Australia Ltd., Pymble, 

NSW, Australia) followed by intubation and isoflurane inhalation (Pharmachem, Eagle Farm, QLD, 

Australia) (2-3% in oxygen). Sheep were placed in the right lateral position. Local anesthetic 

(bupivacaine 0.5%)(AstraZeneca Australia, Macquarie Park, NSW, Australia) was administered 

subcutaneously and the L2-3 and L3-4 lumbar intervertebral discs exposed via left lateral 
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retroperitoneal approach, as previously described(8,9). Intraoperative lateral radiographs (Radlink, 

Atomscope HF200A, Redondo Beach, CA, USA) were performed to confirm the correct levels. A 

standardized microdiscectomy procedure, utilizing a drill bit, was performed at two consecutive lumbar 

disc levels: L2/3 and L3/4. Standardization of the extent of the microdiscectomy was achieved by 

using a 3.5mm Brad point drill bit (Carbatec, Melbourne, Victoria, Australia) with a drill bit stop applied 

at 12mm drill bit length (Drill Warehouse, Amazon, Seattle, USA) as described previously(9,10).  

Following standardized discectomy sheep were randomised into the following three experimental 

groups of six sheep each: 

A. Microdiscectomy injury only 

B. Microdiscectomy injury with injection of activated PEG-HA-PPS hydrogel (no MPCs) 

C. Microdiscectomy injury with injection of activated PEG-HA-PPS hydrogel with MPCs 

The adjacent L1/2 and L4/5 levels served as normal controls. This is illustrated below in Figure 1. 

 

Figure 1. Experimental groups Sheep were randomly allocated to the above three groups. The L2/3 

and L3/4 intervertebral disc served as the intervention discs with the adjacent L1/2 and L4/5 discs 

controls. 

Injury animals (n=6) underwent drill bit injury only at the L2/3 and L3/4 levels. Hydrogel animals (n = 6) 

received activated cross-linked PEG-HA-PPS hydrogel. MPC-Hydrogel animals received activated 

PEG-HA-PPS hydrogel cross-linked with 0.5x107 MPCs contained with the hydrogel.  
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Hydrogel Preparation 

The hydrogel used in this investigation was provided by the laboratory of Prof. Justin Cooper-White 

(Australian Institute of Bio and Nanotechnology (AIBN), University of Queensland) with the aid of Dr 

Taryn Naidoo (AIBN). 

The preparation of the hydrogel has been described in detail previously(6,7). The hydrogel, per 1ml, 

consisted of the following: 

Hyaluronic Acid-Tyramine (HA-TYR)(25mg/ml in Phosphate Buffered Saline(PBS)) 600μl 

Polyethylene Glycol 3-4 hydrogephenyloprionic acid (PEG-HPA) 

(200mg/ml in PBS) 82.5μl 

Hyaluronic Acid-Pentosan Polysulfate (HA-PPS) (1mg/7.8ml) 125μl 

Phosphate Buffered Saline 80μl 

Horseradish Peroxidase (10μl/ml) 12.5μl 

Hydrogen Peroxide (100mmol) (added to commence gelation) 100 μl 

The above components, with the exception of hydrogen peroxide, were combined in proportion to 

produce ~900μl of hydrogel stock solution. Hydrogen peroxide was added later at the appropriate ratio 

at the time at which gelation was desired to commence. This produced gelation at approximately 5-6 

minutes with maximum gelation at approximately 11 minutes. 

MPC-Hydrogel Preparation 

The MPC-hydrogel injection was prepared as follows: 

1. MPCs were contained within ampules of 2.5 x107 MPCs at a concentration of 5 x 107/ml with 

0.5ml per ampule. 

2. Vials were thawed in 37C water bath and premixed to ensure cells were evenly distributed. 

3. A 100 μl aliquout was removed from the ampule for the cell count. 

4. The 100 μl aliquot was diluted 1/10 with the supplied SF Alpha MEM. 

5. A further ½ dilution in trypan blue was be performed. 

6. Cell count and viability check was performed on the 1/20 diluted solution (SF Alpha MEM and 

Trypan Blue). 
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7. The remaining 400μl solution was centrifuged, supernatant removed and 400μl hydrogel 

solution added. 

8. The MPCs and hydrogel solution was mixed under sterile conditions in a laminar flow cabinet. 

9. After the intervertebral disc injuries were made and prepared for injection the hydrogen 

peroxide was added to the mixed hydrogel-MPCs to initiate gelation. 

10. The mixed materials were drawn up into two sterile empty 1 ml syringes with 18G drawing up 

needles~240μl per tube. 

11. The intervertebral discs were injected with ~120μl of solution prior to gelation (requested 

gelation time approximately 10 mins). 

Following drill bit discectomy, +/- hydrogel or MPC-hydrogel administration, the wound was closed via a 

routine layered procedure using absorbable sutures (Vicryl, Ethicon, NJ, USA). Animals received a 

fentanyl patch (Duragesic 75 μg/hr, Jannsen LLC., North Ryde, NSW, Australia) and intravenous 

paracetamol (Pfizer Ltd., West Ryde, NSW, Australia) for postoperative analgesia. Animals were 

recovered and returned to the pen with other sheep and allowed free ambulation. One week post-

surgery sheep returned to open pasture. 

Necropsy 

Animals were euthanized by intravenous injection of 150 mg/kg of pentobarbital (Sigma-Aldrich, Castle 

Hill, NSW, Australia) six months post-surgery. The lumbar spines were removed en bloc, a segment 

was isolated from the mid-sacrum to the thoracolumbar junction, and transferred to Monash Biomedical 

Imaging for MRI analysis. The lumbar spines were then transected in the horizontal plane through their 

vertebral bodies, to provide spinal segments consisting of a complete lumbar disc with half of the 

adjacent vertebral bodies attached. Subsequent gross morphological, biochemical and histological 

analysis of discs were undertaken as described below. Spinal segments containing discs destined for 

histological analysis were transferred to phosphate buffered formalin.  

Radiological Analysis 

Using standard digital processing software (Osiris MD v8.0.2, Pixmeo, Geneva, Switzerland) disc 

height index (DHI) measurements were calculated and recorded by an observer blinded to the 

treatment regimen. Disc height index analysis was performed using the pre-operative and 3T MRI 

images obtained at necropsy, by an observer blinded to the intervention protocol. The use of 3T MRI 

eliminated the potential for parallax error while also producing consistent image quality for all discs.  

Axial 9.4T (Agilent 9.4T MRI Small Animal Scanner Agilent/Varian, Santa Clara, CA, USA) T1 and T2 

MRI sequences of the lumbar intervertebral discs were taken for each animal. Sagittal T2 weighted 3T 
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(Siemens Skyra Widebore 3T MRI, Siemens, Erlangen, Germany) sequences of the entire lumbar spine 

explant were obtained for each animal. Pfirrmann MRI disc degeneration scores for all lumbar discs 

were determined using sagittal 3T T2-weighted sequences and 9.4T T2 sagittal reconstructions (Osiris 

MD v 8.0.2) by four blinded observers (a neuroradiologist, neurosurgeon and two neurosurgery 

residents blinded to the treatment regimen). 

Gross Morphological Analysis 

Lumbar spinal disc segments allocated for biochemical and gross morphological analysis were 

sectioned in the horizontal (axial) plane to provide two complementary halves of the disc as shown 

diagrammatically in Figure 2. High resolution digital photographs were taken of the exposed 

complementary surfaces. Each region shown in Figure 2 was scored by a blinded observer following 

the criteria in Table 1 described by Daly et al.(11) and adapted from the method of Oehme et al.(12).  

 

Figure 2. Diagram demonstrating intervertebral disc segments used for gross morphological and 

biochemical analysis. AF1 is the site of intervertebral disc drill bit injury. NP1 is the region of NP on the 

injured half of the intervertebral disc. NP2 is the complementary half of NP1. AF, annulus fibrosus; NP, 

nucleus pulposus. Image from Daly et al.(11) 
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Table 1. Gross morphology criteria used to score segmental regions (AF and NP) shown in Figure 

2 for each disc* 

AF Morphological grades applied to each 

AF quadrant 

NP Morphological grades applied to each 

half of NP. 

Grade 0: Normal Disc 

Normal disc, no annular disruption, discoloration 

or hemorrhage. 

Grade 0: Normal NP 

No discoloration or hemorrhage 

Grade 1: Minor Disruption 

Annular disruption with minor discoloration and/or 

hemorrhage 

Grade 1: Minor Disruption 

Minor disruption, discoloration and/or 

hemorrhage. <10% NP region. Minor fissuring 

and nuclear dehydration may be evident.  

Grade 2: Moderate Disruption 

Annular disruption with medium discoloration 

and/or hemorrhage. 

Grade 2: Moderate Disruption 

Medium disruption, discoloration and/or 

hemorrhage.  10-50% of NP region. Moderate 

fissuring and nuclear dehydration may be evident. 

Grade 3: Major Disruption 

Annular disruption with significant discoloration 

and/or hemorrhage. 

Grade 3: Major Disruption 

Significant disruption, discoloration and/or 

hemorrhage. 50-75% NP region. Major fissuring 

and nuclear dehydration may be evident. 

Grade 4: Complete Disruption: Annular disruption 

with extensive discoloration and/or hemorrhage. 

Grade 4:  Complete Disruption: Extensive 

disruption, discoloration and/or hemorrhage.  

>75% NP region. Extensive fissuring and 

dehydration may be evident. 

*The sum of all regional scores (AF1, AF2, AF3, AF4, NP1 and NP2) yielded a total disc degeneration 

score between 0 (normal) and 24 (severely degenerated) for each disc. (AF=Annnulus Fibrosis, 

NP=nucleus pulposus). Table is described in Daly et al.(11) and adapted from the method described 

by Oehme et al.(12). 
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Biochemical Analysis  

Following collection of disc digital images for morphological analysis all tissue regions were subjected 

to biochemical analysis. The individual annulus fibrosus (AF) and nucleus pulposus (NP) from each 

region were separated from each other and their vertebral attachments by careful dissection using the 

boundaries shown in Figure 1. Tissues from each region were finely diced, frozen in liquid N2 and 

powdered. The powdered tissues were transferred to pre-weighed Eppendorf vials and weighed, 

lyophilised and reweighed to constant weight to determine their anhydrous weights. Aliquots of the 

dehydrated tissues, in triplicate, were solubilized using a papain digestion buffer (50 mM sodium 

acetate [pH = 6.0]) containing 2mg/ml papain (Sigma-Aldrich Chemicals, Sydney, NSW, Australia) by 

incubation at 60°C for 16 hours (13). The digested tissues were centrifuged for 15 minutes at 3000g 

and supernatants diluted to standard volumes. Aliquots of the stock solution were analysed for 

sulphated glycosaminoglycan (S-GAG) (an index of proteoglycan content) levels using the 

dimethylmethylene blue (DMMB) assay(14), hydroxyproline assay (to derive collagen content)(15) and 

Hoechst dye 33258 assay for DNA content(16). The results of biochemical analyses were normalized 

and were expressed as percentage of tissue dry weight for S-GAG, collagen and DNA. 

Histological Analysis 

The individual disc segments, consisting of the intervertebral disc with attached hemisected vertebral 

bodies were in 10% neutral buffered formalin for eight days then stored in 70% ethanol. The volume of 

vertebral bone was reduced to the growth plate using a fine diamond saw. Prior to paraffin based 

tissue embedding, decalcification of the remaining vertebral bone was undertaken with multiple 

changes of 10% formic acid. Segments were bisected in the sagittal plane and then axial paraffin 

sections were cut using a standard rotary microtome and stained using Haematoxylin & Eosin and 

Safranin-O/Fast-Green. Axial sections were taken to allow for visualization of the entire drill bit  

injury tract.  

Statistical Analysis  

All data analysis and storage was performed using Microsoft Excel for Mac (Version 15.33, Microsoft, 

Redmond, WA, USA) and Prism 7.0c for Mac (GraphPad Software Inc., La Jolla, CA, USA). 

Parametric data were analyzed using one-way ANOVA, and the Tukey’s multiple comparison test was 

performed when significant differences in means were observed. Nonparametric data were analyzed 

using Kruskal-Wallis test of median values followed by Dunn’s multiple comparison test. Groups were 

compared using the two-tailed Student t-test followed by Mann-Whitney U-tests. A p value < 0.05 was 

considered statistically significant. 
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Results 

Disc Height Index 

Drill injured, hydrogel and MPC-hydrogel discs all demonstrated significantly increased disc height 

index loss compared to control discs (p<0.001)(Figure 3A). Baseline pre-operative 3T MRI revealed no 

evidence of pre-existing intervertebral disc degeneration at the intervention or control levels. 3T MRI 

Pfirrman grades were significantly increased in the injured, hydrogel and MPC hydrogel discs relative to 

the control discs (p<0.001) with no significant differences among the intervention and injured discs 

(Figure 3B & 4). 

 

Figure 3. 3T MRI A. Disc height index percentage change all injured and treated discs demonstrated 

increased DHI loss relative to controls with no significant difference among groups. B. 3T Pfirrmann 

grades were also significantly increased in the in the injured and treated disc relative to controls. 
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Figure 4. Post operative 3T MRI T2 sagittal images. A. Injury discs demonstrating increased 

Pfirrmann grade and disc height loss as L2/3 and L3/4 injured discs relative to L1/2 and L4/5 control 

discs. B. Hydrogel discs and C. MPC-Hydrogel discs demonstrate the same pattern. 

9.4T MRI axial imaging allowed better appreciation of the focal nature of the drill bit injury (Figure 5. B, 

C & D). Pfirrmann grades on 9.4T MRI were significantly elevated for the injury, hydrogel and MPC-

hydrogel discs relative to the control discs (p<0.001) with no significant differences among the injured 

and treated discs (Figure 5. E).   



279 

 

 

Figure 5. 9.4T MRI T2 axial images of A. Control demonstrating hyperintense intact NP in contrast to 

B. Injury, C. Hydrogel and D. MPC-Hydrogel discs demonstrating injury tract extending through AF to 

NP with reduced NP hyperintensity. This is reflected in E. 9.4T Pfirrmann grades in which the injured 

and treated discs demonstrated significantly increased 9.4T Pfirrmann grades relative to the  

control discs. 

Gross Morphology 

Gross morphological analysis was completed on a regional basis with the data presented in Figure 6E 

showing the aggregate morphological scores. Representative gross morphological images are 

displayed in Figure 6A, B, C & D and their respective scores, determined using the criteria displayed in 

Table 1 are shown In Figure 6E. Control discs demonstrate an intact AF and NP with a homogenous 

white appearance. Injured (Figure 6B) and treated discs (Figure 6C & D) demonstrate the drill injury 

tract extending through the AF into the NP, disruption of the AF adjacent to the tract with 

discolouration of the NP. Total disc gross morphological scores were significantly elevated in the injury, 

hydrogel and MPC-hydrogel discs relative to controls (p<0.001) with no significant difference amongst 

these groups (Figure 6E). 
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Figure 6. Representative examples of disc gross morphology A. Control disc demonstrating intact 

AF and NP. B. Injury disc, C. Hydrogel disc and D. MPC-Hydrogel discs demonstrating injury tract 

extending through AF into NP with NP discolouration. E. Gross morphological scores demonstrate 

significant increased scores in the injured and treated discs relative to the control discs with no 

significant difference among these groups. 

Proteoglycan content as determined by Sulfated-Glycosaminoglycan (S-GAG) analysis  

Sulfated-glycosaminoglycan content was significantly reduced in the NP-1, NP-2 and NP-Total (Figure 

7 A, B & C) compared to controls (p<0.005) with no significant differences amongst these groups. AF-

1 S-GAG content was also significantly reduced in the hydrogel discs relative to the control discs. No 

other significant differences were observed on S-GAG analysis. 
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Figure 7. Sulfated-GAG content (%dry weight). A. NP1 % S-GAG was significantly lower than control 

discs in injury, Hydrogel and MPC-Hydrogel discs. This relationship was observed for B. NP2 % S-GAG 

and C. Total % S-GAG. D. Hydrogel AF-1 was significantly lower than control AF-1. 

Collagen Content 

The NP collagen content of the MPC-hydrogel discs was significant increased relative to the control 

discs (p<0.05) (Figure 8). No other significant differences were observed on collagen analysis. 
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Figure 8. Collagen content (% dry weight). Collagen content was significantly increased in the MPC-

Hydrogel discs relative to the injury discs. 

DNA analysis did not reveal any significant differences among the groups. 

Histology 

Unfortunately, due to technical challenges in histological processing, sufficient adequate histological 

specimens were not obtained to allow quantitative analysis to be performed. Qualitative histological 

analysis revealed that injury, hydrogel and MPC-hydrogel discs all demonstrated the drill injury tract 

extending through the AF into the NP with reduced NP Safranin-O staining compared to control discs. 

No significant differences in the histological appearance among the injury, hydrogel and MPC-hydrogel 

discs could be discerned.  



283 

 

Figure 9. Sections stained with Safranin O and Fast Green. A. Control disc demonstrating intact 

annulus fibrosus and adjacent nucleus pulposus. B. Injury disc demonstrating drill injury tract 

extending through annulus fibrosus into nucleus pulposus with reduced NP Safranin-O staining. C. 

Hydrogel disc and D. MPC-Hydrogel disc demonstrated a similar pattern of NP and AF injury with 

reduced NP Safranin-O staining. (Scale bar = 500 μm). 

Discussion 

The results of the present study demonstrated that the drill bit injury induced intervertebral disc 

degeneration in an ovine model. However, neither the hydrogel or MPC-hydrogel treated discs 

displayed evidence of significant intervertebral disc regeneration as assessed by gross morphological, 

radiological, biochemical or histological analysis. Indeed, the only significant difference observed 

among the injured and treated groups was the significant increase of nucleus pulposus collagen 

observed in the MPC-hydrogel discs compared to the injured discs. Additionally, the hydrogel discs 

demonstrated a significant reduction in AF-1 sulphated glycosaminoglycan content relative to the 

control discs, however, they did not differ from injury or MPC-hydrogel discs. 

The observation that NP collagen was increased in the MPC-hydrogel treated discs could be 

interpreted as evidence of enhanced healing in terms of a fibrotic response that could potentially 

reduce the risk of further intervertebral disc herniation. Intervertebral disc reherniation following lumbar 

discectomy is a significant cause of post-operative morbidity, with 12% of patients undergoing 

reoperation for intervertebral disc reherniation within four years of their index procedure(3). Various 
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attempts to repair the annulus fibrosus following microdiscectomy have been investigated including 

direct suture(17), insertion of amniotic membrane(18) or annular closure prostheses(19). One such 

prosthesis(19) has demonstrated promising in pilot clinical studies. The increase in collagen in the 

MPC-hydrogel discs observed in this study may potentially offer benefits in terms of reducing 

reherniation. However, given the lack of formal biomechanical assessment of the intervertebral discs or 

longer term radiological follow-up for evidence of reherniation, such therapeutic effects remain 

theoretical and warrant further investigation. 

The significant difference between hydrogel disc AF-1 S-GAG content and control discs, and the 

absence of such a difference between the injury and MPC-hydrogel discs, is more difficult to explain. 

The presence of MPCs within the MPC-hydrogel could potentially explain the absence of a difference 

from controls, given prior demonstration of the ability of MPCs in a PEG-HA-PPS hydrogel to secrete 

proteoglycan(6). However, this does not explain the lack of any difference between the injury discs and 

control or the lack of any other evidence of regeneration in the MPC-hydrogel discs other than 

increased nuclear collagen. PPS, independent of MPCs, has been demonstrated to support 

chondrocyte and fibroblast anabolic activity while attenuating cartilage matrix catabolism(20) and as 

such is unlikely to be the cause of the reduction in AF-1 S-GAG. Similarly, hyaluronic acid has also 

been demonstrated to promote intervertebral disc collagen I synthesis and downregulate matrix 

catabolic processes(21). As such, the observation of decreased hydrogel AF-1 S-GAG content relative 

to controls remains difficult to explain. 

MPCs have been demonstrated to promote intervertebral disc regeneration in a variety of ovine models 

of disc degeneration including partial thickness annulotomy(12), microdiscectomy(5) and 

chondroitinase-ABC models(22) at doses comparable to those used in this study (0.5x107). Preliminary 

large animal studies of the application of hydrogels in the treatment of intervertebral disc degeneration 

have demonstrated short term intradiscal hydrogel retention and delivery of contained therapeutic 

agents(23-25). As such the failure of the hydrogel and MPC-hydrogel treated discs to demonstrate 

evidence of significant regeneration six months following injury and administration raises the question of 

the cause of this disappointing outcome.  

Given the use of hydrogen peroxide to promote hydrogel crosslinking compromise of MPC viability 

bears consideration as a contributor to the lack of intervertebral disc regeneration. MPC viability 

following hydrogen peroxide has previously been demonstrated in vitro at seven days in the PEG-HA-

PP hydrogel used in this study(6). Furthermore, in the same study, proteoglycan and collagen 

production was confirmed histologically at 21 days, indicating the MPCs were displaying some 

chondrogenic activity. The method used to promote hydrogel crosslinking in our study was that 

described by Frith et al.(6) and as such MPC viability was expected, although was not confirmed as 
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part of our protocol. The MPCs used in the study of Frith et al.(6) were of human origin, whereas ovine 

MPCs were used in our study, and although this is unlikely to explain the difference in outcome it is a 

point of difference that bears mention. 

The ovine drill bit injury model is novel relative to the more commonly used annulotomy models of 

intervertebral disc degeneration described above and as such could be hypothesized to be another 

confounding variable in this study. However, the drill bit injury model adequately induced lumbar 

intervertebral degeneration, as was evident on radiological, morphological, biochemical and histological 

analysis. Furthermore, the extent of degeneration induced is less advanced than other annulotomy 

models(5), as we have recently demonstrated. As such this model may more readily allow assessment 

of cellular therapies suited to treat early degeneration in which the interaction of administered therapies 

with native disc cells may play a significant role. The absence of any significant differences among the 

injured and treated groups, other than the increased NP MPC-hydrogel disc collagen detailed above, 

indicates that this was not the case in our study for reasons that are not clear. 

Significant leakage of cellular therapies administered to the intervertebral disc has been demonstrated 

by other investigators and may be a significant contributor to the outcome observed in this report. 

Omlor et al.(26) demonstrated leakage of 90% of mesenchymal stem cells three days following 

implantation into partial nucleotomised porcine intervertebral discs. Although the presence of hydrogel 

at the injury site was visually confirmed at the end of the procedure some leakage was observed during 

administration. Furthermore, in the absence of cell labelling and interval re-imaging, there was no way 

to confirm persistence of the hydrogel in the intervertebral disc following surgery and animal recovery. 

Thus, leakage of the hydrogel or MPC-hydrogel following intervention remains a significant potential 

contributor to the results observed in this study. 

Conclusions 

In conclusion, this study did not demonstrate any significant regenerative effect following administration 

of a PEG-HA-PPS hydrogel, with or without MPCs, after drill bit injury induced intervertebral disc 

degeneration in an ovine model. Given the previous promising results observed in vitro for the PEG-HA-

PPS-MPC hydrogel and other large animal studies investigating MPCs and hydrogels for intervertebral 

disc degeneration, the results observed in this study were disappointing. However, this disappointment 

must be tempered by acceptance of the potential contributions of the limitations described above to 

this initial large animal study. 
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Appendix 3. Back pain, the opioid crisis and novel 
alternatives 

This appendix contains the manuscript entitled, “Back pain, the opioid crisis and novel alternatives”. 

The manuscript is a perspective paper exploring the potential of mesenchymal progenitor cells as a 

novel alternative therapy for back pain in the context of the opioid crisis enveloping North America and, 

to a lesser extent, Australasia. This manuscript has been submitted for consideration to the ANZ 

Journal of Surgery. 

The candidate, Chris Daly, contributed to the concept, design, writing and revising the manuscript. 

Proportional contributions of co-authors are explained in the signed declaration on page xxii. 
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North America is in the grip of an opioid crisis. The sales of prescription opioids have quadrupled over 

the last two decades, along with the rates of misuse, overdose and death. Estimates of the financial 

burden attributable to opioid use range between $560 billion to $635 billion a year in the United States 

alone1. The opioid crisis has not left Australia unscathed. Opioid use in Australia has also quadrupled 

between 1990 and 2014 with the use of long-acting opioids increasing 17-fold between 1990 and 

20002. Opioid related harms and cost to the Australian community have also dramatically increased, 

and hospitalizations attributable to opioids have more than doubled between 1998 and 2009, 

overtaking heroin overdoses in 2001.  

Low back pain (LBP) is the most common form of non-cancer pain for which opioids are prescribed, 

accounting for about 30% of its use, and opioid prescription rates for LBP are increasing2. LBP is the 

leading cause of disability worldwide and the third costliest medical condition in the United States. LBP 

will be experienced by 75-80% of people at some stage in life. Disc degeneration is strongly associated 

with LBP.  

Definitive treatment of LBP remains an elusive goal. A significant proportion of patients fail conservative 

management and, despite guidelines to the contrary, many commence long term opioid therapy. 

Surgery offers no panacea for LBP. The use of lumbar fusion for the treatment of discogenic LBP 

remains contentious. Randomised controlled trials (RCTs) investigating these therapies have produced 

mixed results. Improvements in pain and disability following lumbar fusion for LBP have been 

demonstrated3, however, a similar number of RCTs have demonstrated no significant difference 

between surgery and conservative management4. Notwithstanding the contention, lumbar fusion fails 

to treat the underlying pathology. Thus, existing therapies for low back pain are inadequate. 

Given the failings of conventional treatment novel therapies for LBP are under investigation worldwide. 

Autologous disc chondrocytes were the first cellular therapy investigated for disc degeneration5. Disc 

chondrocytes were collected at the time of lumbar discectomy, expanded in cell culture and 

subsequently reimplanted percutaneously into the symptomatic disc 8-12 weeks following surgery. This 

therapy demonstrated promise, with many patients remaining symptom free and experiencing functional 

recovery. However, this approach has significant limitations. Metachronous invasive procedures are 

required for surgical cell harvest and subsequent reimplantation. Appropriate cell culture facilities may 

be prohibitively expensive and are not available in many institutions. Thus, widespread application of 

this approach is unlikely. 

In light of these difficulties allogeneic mesenchymal progenitor cells (MPCs) bear particular mention. 

MPCs are the major colony forming population present within the bone marrow, retain extensive 

proliferative capacity, have greater plasticity than mature stromal cells and are immunoprivileged, 
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enabling them to be used in an allogeneic fashion. These cells have demonstrated significant potential 

in the promotion of intervertebral disc regeneration in extensive preclinical and clinical studies6. In large 

animal studies, MPCs have been demonstrated to promote intervertebral disc regeneration as 

assessed by radiological, gross morphological, biochemical and histological analysis7,8. Phase II clinical 

trials have demonstrated the ability of these cells, when administered percutaneously, to significantly 

reduce low back pain, disability, opioid consumption and rates of reintervention9.  

We recently demonstrated in a large animal model that the efficacy of MPCs in promoting disc 

regeneration is further increased by cell “priming” prior to administration. MPCs were cultured with 

pentosan polysulfate (PPS), a clinically approved polysulfated polysaccharide, for 24 hrs prior to 

administration into the intervertebral disc. PPS promotes the proliferation and chondrogenic 

differentiation of MPCs in vitro and in vivo11. Discs treated with PPS primed MPCs demonstrated 

reduced vascular and cellular infiltration with increased proteoglycan content relative to MPC treated 

discs. Given the integral role of neurovascular invasion and inflammation in the pathogenesis of 

discogenic back pain, these histological and biochemical findings suggest potential additional benefits 

attributable to PPS priming in the treatment of discogenic pain. This promising novel therapy will be 

investigated in a pilot clinical study in the near future.  

MPCs are hypothesized to have their effect on intervertebral disc regeneration and back pain via one 

or more of the following major mechanisms of action: local survival of MPCs with differentiation towards 

chondrogenic cells, release of trophic factors influencing the local milieu of resident cells and via an 

anti-inflammatory effect. These cells have additional effects including the down regulation of primary 

nociceptive afferent input12. A Phase 3 Study investigating MPCs for the treatment of discogenic back 

pain is almost complete and is the final hurdle before these cells become a clinically available treatment 

for LBP.  

Conclusion 

The rising prevalence of low back pain combined with the inadequacies of existing therapies and the 

morbidity of inappropriate opioid usage, demand the development of alternative treatments for this 

condition. MPCs have demonstrated significant promise in preclinical and clinical studies and their 

translation to clinical application presents an opportunity to reduce the burden of low back pain and 

associated opioid misuse. 

Acknowledgements 

Dr Chris Daly is the recipient of the Foundation for Surgery Richard Jepson Research Scholarship 



292 

References  

1. Helmerhorst GT, Teunis T, Janssen SJ, Ring D. An epidemic of the use, misuse and overdose of 

opioids and deaths due to overdose, in the United States and Canada: is Europe next? Bone Joint 

J. 2017 Jul;99-B(7):856–64.  

2. Boudreau D, Korff Von M, Rutter CM, Saunders K, Ray GT, Sullivan MD, et al. Trends in long-term 

opioid therapy for chronic non-cancer pain. Pharmacoepidem Drug Safe. 2009 Dec;18(12):1166–

75.  

3. Phillips FM, Slosar PJ, Youssef JA, Andersson G, Papatheofanis F. Lumbar spine fusion for 

chronic low back pain due to degenerative disc disease: a systematic review. Spine. 2013 Apr 

1;38(7):E409–22.  

4. Brox JI, Nygaard OP, Holm I, Keller A, Ingebrigtsen T, Reikeras O. Four-year follow-up of surgical 

versus non-surgical therapy for chronic low back pain. Ann Rheum Dis. 2010 Aug 10;69(9):1643–

8.  

5. Ganey TM, Meisel HJ. A potential role for cell-based therapeutics in the treatment of intervertebral 

disc herniation. Eur Spine J. 2002 Oct;11 Suppl 2:S206–14.  

6. Oehme D, Goldschlager T, Ghosh P, Rosenfeld JV, Jenkin G. Cell-Based Therapies Used to Treat 

Lumbar Degenerative Disc Disease: A Systematic Review of Animal Studies and Human Clinical 

Trials. Stem Cells Int. 2015;2015:946031.  

7. Oehme D, Ghosh P, Shimmon S, Wu J, McDonald C, Troupis JM, et al. Mesenchymal progenitor 

cells combined with pentosan polysulfate mediating disc regeneration at the time of 

microdiscectomy: a preliminary study in an ovine model. J Neurosurg Spine. 2014 Jun;20(6):657–

69.  

8. Daly CD, Ghosh P, Zannettino ACW, Badal T, Shimmon R, Jenkin G, et al. Mesenchymal 

progenitor cells primed with pentosan polysulfate promote lumbar intervertebral disc regeneration in 

an ovine model of microdiscectomy. Spine J. 2017 Oct 18.  

9. Bae HW, Amirdelfan K, Coric D, McJunkin TL, Pettine KA, Hong HJ, et al. A Phase II Study 

Demonstrating Efficacy and Safety of Mesenchymal Precursor Cells in Low Back Pain Due to 

Disc Degeneration. Spine 2014;14: S31–2. Doi:10.1016/j-spinee.2014.08.084. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.16667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.16667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'WW2015'] WW_2013 - Use these settings to create Adobe PDF documents best suited for Whirlwind high-quality printing.  )
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        28.346460
        28.346460
        28.346460
        28.346460
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




