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Introduction and outline of this thesis

The intervertebral discs (IVD) tightly connect the vertebrae of the spinal 

column, providing resistance to compression combined with limited 

movement. The outer part of the intervertebral disc is made up  of 

perpendicularly oriented circumfl ex lamellae consisting of primarily collagen 

type I that cross between two vertebral bodies. This is called the annulus 

fi brosus (AF). These lamellae confi ne the nucleus pulposus (NP), a gel-like 

structure consisting of proteoglycans and water, held together by a network 

of collagen type II fi brils (see Fig.1). 

Figure 1.The vertebral column is made up of 26 bones that provide axial support to the trunk. 
The vertebral column provides protection to the spinal cord that runs through its central cavity. 
Between each vertebra is an intervertebral disk. The disks are fi lled with a gelatinous substance, 
called the nucleus pulposus, which provides cushioning to the spinal column. The annulus fi brosus 
is a fi brocartilaginous ring that surrounds the nucleus pulposus, which keeps the nucleus pulposus 
in tact when forces are applied to the spinal column. The intervertebral disks allow the vertebral 
column to be fl exible and act as shock absorbers during everyday activities such as walking, running 
and jumping.
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IVD degeneration was recently defi ned as an aberrant, cell-mediated 

response to progressive structural failure.1 Mechanically, IVD degeneration 

can be described as a loss of proper stability and mobility, which are the two 

major roles of the disc. From a biochemical point of view, disc degeneration 

can be described as a decrease in water content associated with loss of 

proteoglycans from the nucleus pulposus and inner annulus. This results in 

fl attening of the disc and eventually destruction of the annular structure, e.g. 

herniation (see Fig.2).169;199 However, the etiology and pathophysiology of disc 

degeneration are still largely unknown.18;281

Figure 2. Several presentations of intervertebral disc degeneration are shown in this picture: the 
normal disc (T10-T11), the degenerated disc associated with fi ssures and cracks (T11-T12), the bulging 
disc in which NP material herniates partially through the AF (T12-L1), the herniated disc in which 
the NP material is completely herniated out location (L1-L2), a fl attened disc, potentially resulting 
in instability and root compression and fi nally degeneration accompanied with osteophytes and 
eventually resulting in loss of mobility. 
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From the clinical point of view, degenerative disc disease (DDD) applies to 

degenerated discs which are also painful.1 Treatment options comprise 

either of pain management or invasive surgical interventions, like vertebral 

interbody fusion or spinal arthroplasty.77 In recent years, however, a dramatic 

advance has been made in the understanding of risk factors such as age, 

gender, genetic, environmental, chemical (smoking), and biomechanical 

infl uences on disc degeneration,.4;21;22;278 This expanding knowledge has 

triggered the development of strategies for restoring disc tissues or protein 

synthesis in the degenerated IVD. As one of the fi rst signs of disc degeneration 

is the loss of cells and synthesis capacity in the disc, cell- based  treatment 

strategies are potentially eff ective for DDD.200 The ability to harvest and/or 

procure high quantities of lineage-specifi c cells or direct to regeneration-

competent progenitor cells towards the proper phenotype is crucial for 

orthopedic tissue engineering interventions. However, the use of autologous 

chondrocytes or bone marrow-derived MSCs requires the ex vivo expansion 

of the cells, which is costly, time-consuming and strictly regulated by the 

Food and Drug Administration, making it an intricate procedure. Based on 

the current knowledge of tissue engineering technology and adipose tissue 

derived mesenchymal stem cell (ASC) technology in particular and the 

reported high yields of stem cells from adipose tissue (100-1000 as much 

as from bone marrow) we formulated an innovative concept for a one step-

surgical procedure for intervertebral disc regeneration. This thesis focuses on 

the development of a large animal model to study both degeneration as well 

as regeneration using a cell based strategy in a single procedure.  

Models play an important role in clarifying pathomechanisms and testing 

novel interventions. In disc degeneration research these models involve in vitro 

and in vivo models. In vitro cell and organ culture models are simplifi cations 

of the complex situation in the degenerated disc and therefore useful for 

identifying short-term events with a minimum of confounding factors from 

adjacent tissues or the systemic metabolism and controlling environmental 
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parameters like pH, osmotic pressure and mechanical loading. However, the 

ability to extrapolate short-term events into human outcomes is limited.  In 

vivo animal models are important to study how degeneration evolves over 

time either spontaneously or following experimental injury,213 and to show 

how therapeutic strategies may resolve or prevent disc degeneration. For this 

purpose, many animal models are available.149 However, all of these models 

have limitations in terms of their comparability to human intervertebral disc 

degeneration, in particular with regard to disc geometry and presence of 

notochord cells.149 Previously, we have shown that the goat lumbar spine 

resembles the human disc in structure, geometry and mechanics.133;247;248 The 

absence of notochordal cells (cells involved in disc matrix synthesis3;66;112) in 

the NP of the mature caprine disc corroborates the comparability of caprine 

and human IVDs. The absence of the notochordal cells in goat intervertebral 

discs was shown in Chapter 2. 

The injection of the enzyme Chondroitinase ABC (CABC) into the NP of 

animals results in loss of proteoglycans, disc height and even degenerative 

changes.72;151;189;234;256 CABC is an enzyme that digests chondroitin sulfate 

isomers. As the onset of human disc degeneration starts with the loss of 

proteoglycans from the NP, this method theoretically mimics the onset 

of human disc degeneration.11;142 Therefore, this enzyme was selected to 

induce intervertebral disc degeneration in the goat IVD. Chapter 3 evaluates 

whether degenerative changes do occur after injection of CABC, the time-

frame needed for the degeneration to develop and the correlation between 

the concentration CABC injected and the severity of the degenerative signs. 

Schimandle and Boden describe several selection factors which must be 

considered in the selection of an appropriate animal model.236 Important 

factors are the reliability (does induction lead to degeneration?) as well 

as the reproducibility of the model (does induction lead to comparable 

degenerative signs?). However, spontaneous recovery the arrest of progressive 

degeneration has been reported in long term animal studies using CABC 
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before.256 When the goat model will be used to study regenerative therapies, 

it is essential to know the progress of the degeneration during follow-up . 

Reliability, reproducibility and development of the chemically induced 

degeneration over time are studied in Chapter 4.

Loss of disc height, structural failure and biomechanical instability are all 

eff ects of the degenerative process, which actually consists of changes in 

the catabolic and anabolic pathway.137 In human disc degeneration, matrix 

metalloproteinases (MMPs) and ADAMTS (a desintegrin and metalloproteinase 

with thrombospondin motifs) molecules are held responsible for the 

degenerative process.123;138;223;257 Also, the production of matrix molecules 

like collagen29 and aggrecan246 is changed in degenerated discs. To further 

determine whether the observed changes in the goat IVDs mimic the changes 

seen in human disc degeneration, we analyzed the biochemical constitution 

of chemically degenerated goat IVDs as well as the gene expression levels of 

several genes involved in IVD degeneration in Chapter 5.

After the development of a slowly progressive, mild disc degeneration 

model in the goat we aimed to evaluate a new treatment strategy for disc 

degeneration. ASCs are mesenchymal stem cells that are harvested from the 

easy accessible, expendable and relatively stem cell rich adipose tissue. A 

concept for a one-step surgical procedure for the treatment of intervertebral 

disc degeneration is formulated in Chapter 6 and combined with a review of 

the current status stem cell treatments for intervertebral disc degeneration 

in literature.

In Chapter 7, the one-step surgical procedure was evaluated in the goat 

intervertebral disc degeneration model by injecting a mixture of cells 

harvested from autologous adipose tissue termed stromal vascular fraction 

(SVF). This chapter also deals with a second study that was developed to 

evaluate the cause of the severe pathological infl ammatory response that 

was observed in the goat discs after injection of SVF. We thereby primarily 

focused on the role of red blood cells present in the SVF, however, other factors 
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might be involved in the triggering of the observed infl ammatory response 

like remaining enzyme activity and the source of the adipose tissue. Several 

cues were identifi ed to further fi ne-tune the one-step surgical procedure for 

intervertebral disc degeneration, and some encouraging results indicate that 

this treatment is theoretically feasible.

  There is ongoing debate in the literature on the development of degenerative 

signs in the discs adjacent to a fused segment. Changes in the biomechanical 

environment are held responsible by some authors, while others claim that 

this degeneration is an exponent of pre-existing degenerative disc disease 

in the spine. In Chapter 8 the adjacent discs of a goat spinal fusion study 

were analyzed as these discs off er an excellent opportunity to evaluate the 

development of adjacent intervertebral disc degeneration in discs that are 

exposed to changed biomechanics due to a fusion, while degenerative disc 

disease is not pre-existing.  These mildly degenerated discs form a potential 

indication for disc cell injection and are therefore of interest in this thesis.

Chapter 9 forms a general discussion on the use of models in intervertebral 

regeneration research, the use of stem cells for this same purpose and the 

future perspective on the application of ASCs in general and in a one-step 

procedure in specifi c. Chapter 11 summarizes the preceding chapters and 

concludes this thesis.  
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The aims of this thesis are 

 To develop and validate a large animal intervertebral disc degeneration 

model;

 To determine the practical feasibility of a one-step procedure for adipose 

tissue derived mesenchymal stem cells for tissue engineering purposes;

 To evaluate the regenerative potential of stromal vascular fraction in 

degenerated intervertebral discs;

 To investigate whether adjacent segment degeneration develops in a 

spinal fusion model.
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Summary

Previously, an enzymatically induced disc degeneration model was developed 

in the goat. The presence of notochordal cells in disc degeneration models 

is relevant as these cells are known to infl uence de- and regeneration. To 

determine the presence or absence of notochordal cells in the caprine disc, 

histological specimens of foetal, newborn and mature caprine discs were 

analyzed using light microscopy and immunohistochemical staining. For this 

purpose, eighteen discs of premature goats, eighteen discs of full term goats 

and twenty-four discs of mature goats were analyzed using light microscopy 

and immunohistochemical staining against two known notochordal cell 

markers: vimentin and cytokeratin. Notochordal cells were not observed in 

any of the discs analyzed. All discs contained fi brocyte- and chondrocyte-like 

cells, as described in literature before.

Based on evolution, notochordal cells must have been present in the foetal 

intervertebral disc during development. However, notochordal cell were no 

longer present in the pre-mature, newborn and mature goat discs, probably 

due to early disappearance, a process that has been reported before e.g. in 

horses. 
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Introduction

Intervertebral discs develop early on in embryogenesis after approximately 

twenty days as the ectoderm folds itself over the notochord.111 After 30 days, 

mesenchymal cells condense around the notochord to form the annulus 

fi brosus (AF) as well as the vertebral bodies.112 The remnants of the notochord, 

entrapped within the annulus fi brosus are thought to be involved in the 

formation of the nucleus pulposus (NP). Cells that are presumed to originate 

from the notochord remain present in the nucleus pulposus and are called 

notochordal cells.112 Notochordal cells are defi ned as large cells (diameter: 

25-85 μm) which have bubble- or vacuole-like inclusions and an intense 

eosinophilic cytoplasm around the nucleus.111 Also these cells lay in clusters 

and are interconnected with gap junctions.111 These cells are thought to play 

an important role in the production and also maintenance of the extracellular 

matrix of the nucleus pulposus.3 In the notochordal cells, mitochondria lay in 

close association with the rough endoplasmic reticulum, possibly fuelling the 

process of protein synthesis.111 The presence of the notochordal cells during 

aging, however, diff ers between species. In some species they remain present 

throughout their entire lives, in other species the cells disappear during 

aging.113 The “immature” mitochondria indicate that anaerobic metabolism 

is important in the notochordal cells, which makes sense as there is a low 

oxygen tension in the nucleus pulposus.111 As there is also a low supply of 

nutrients in the nucleus pulposus, the densely packed intracytoplasmic 

glycogen stores observed in these cells, may function to supplement the 

notochordal cells during their productive phase in skeletal development.111 

Once the glycogen stores are depleted during maturation, the notochordal 

cells may “starve” to death and disappear.111 The disappearance of these cells 

occurs as early as the fi rst decade of life in humans.205 As the disappearance of 

the notochordal cells precedes the onset of intervertebral disc degeneration 

in humans, and because of their role in the maintenance of the extracellular 
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matrix, the presence of notochordal cells is relevant when intervertebral disc 

degeneration is studied.

Recently, we described a slowly progressive disc degeneration model in 

the goat, by injecting the intervertebral discs with Chondroitinase ABC 

(CABC).101-103 As was argued above, the presence of notochordal cells in the goat 

intervertebral disc is of interest, as it might infl uence the disc degeneration 

studies. To investigate the cell population of goat intervertebral discs we used 

histology and immunohistochemistry to analyze foetal, newborn and mature 

goat intervertebral discs. In addition, we used rabbit and (foetal) human 

intervertebral discs which are known to contain notochordal cells as controls.

Materials and Methods

Goat intervertebral discs: Three premature stillborn goat foetuses were 

obtained from a local farmer. Although exact gestational age could not 

be determined, these foetuses were born approximately 4-6 weeks prior 

to a term delivery. Six lumbar intervertebral discs (L5-L6 to T13-L1) of each 

stillborn goat were harvested within 12 hrs after death and analyzed further. 

These discs will be referred to as foetal discs. Also three full-term goats, which 

had died spontaneously immediately after birth, were obtained from this 

farmer within 12 hours. Six lumbar intervertebral discs (L5-L6 to T13-L1) of 

each newborn goat were harvested and analyzed further. From a previous 

study103, 24 intervertebral discs were obtained from skeletally mature (>3.5 

yrs) goats. These discs were fi xated with formalin within 2 hrs after autopsy.

Human foetal intervertebral discs were kindly donated by the Department 

of Orthopaedics, UMC Utrecht. These intervertebral discs were obtained 

during a standard post-mortem procedure in which the lumbar spine is partly 

removed for diagnostic purposes within 24 hrs of death of the patient. The 

material was stored in the tissue bank of the Department of Pathology/UMCU 
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Bio bank, UMC Utrecht, and used in line with the code “Proper Secondary 

Use of Human Tissue” as installed by the Federation of Biomedical Scientifi c 

Societies.197 One intervertebral disc from a foetus (22 weeks gestational age) 

and one of a child ( 3.3 year) were included in the study to serve as positive 

controls for notochordal cells. 

In addition, three rabbit intervertebral discs (age < 6 months), also kindly 

donated by the Department of Orthopaedics, UMC Utrecht, were included in 

the study to serve as controls, as rabbits are known to have notochordal cells, 

at least during the fi rst six months of their live.113 

Finally, lung goat tissue, obtained from animals in a previous study103, was 

used to serve as a control for IHC cytokeratin and vimentin analysis, as 

this tissue is known to be cytokeratin and vimentin positive as well 34, and 

therefore serves as a cross-species reactivity control. 

BA

C

Figure 1. Micrographs of human intervertebral discs. : micrograph of a foetal (22 weeks gestational 
age) human nucleus pulposus (NP; AB-PAS; 20x). The arrow denotes a notochordal cell present in the 
NP. B: insert from fi gure 1A as depicted (AB-PAS; 80x). The arrow denotes a (part of a) notochordal 
cell. The block arrows denote fi brocyte-like cells present in the NP as well as the annulus fi brosus (AF). 
C: micrograph of a child’s (3.3 yr) human nucleus pulposus (AB-PAS; 20x). The open and proteoglycan 
rich structure of the NP can be observed in this micrograph. Insert: chondrocyte-like cell as described 
in literature as the predominant cell-type present in the NP together with notochordal cells (AB-PAS; 
80x).
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Histological analysis: All intervertebral discs were band-sawed to 3 mm 

slices using a water-cooled band-saw (Exakt, Norderstedt, Germany). One 

paramidsagittal slice (see Fig.1) of each intervertebral disc was fi xed in 4% 

neutral buff ered formalin, decalcifi ed, paraffi  n-embedded, sectioned to 7 

μm sections. From each disc, one section was stained with haematoxylin and 

eosin (H&E). The foetal intervertebral discs (caprine and human) were not 

decalcifi ed prior to paraffi  n embedding as this was unnecessary. Further, an 

Alcian Blue-Periodic Acid Schiff  (AB-PAS) staining was performed on adjacent 

sections. 

The pH of the Alcian Blue used for the staining was 1.0. Sections where 

counterstained with Mayer’s haematoxylin, dehydrated with ethanol, cleared 

in Xylene and mounted on coverslips. All included sections were analyzed 

by light microscopy for the presence of notochordal cells, examining at least 

10 fi elds of view in each section. For this histological analysis, morphologic 

criteria were defi ned to identify notochordal cells as follows: notochordal cells 

are clustered cells and characterized by bubble- or vacuole-like inclusions 

with large diameters (25-85 μm) and intense eosinophilic cytoplasm around 

the nucleus.112 Chondrocyte-like cells were defi ned as small rounded cells 

(<25 μm), usually lying solitary or sometimes in small clusters.112

Immunohistochemical analysis: An immunohistochemical analysis was 

performed on all of the goat discs, rabbit discs and human foetal and child 

intervertebral discs. Rabbit and human foetal and children’s intervertebral 

discs are known to have notochordal cells and were therefore used as 

control tissue to identify notochordal cells. The sections were stained using 

antibodies against vimentin (1:100, custom made, Department of Pathology, 

VU University medical center, Amsterdam, The Netherlands ) followed by a 

streptavidin-biotin-peroxidase method, and antibodies against cytokeratin 

(AE 1/3, 1:200, Chemicon, Temecula, California, USA)  followed by the ABC 

detection method with DAB visualization. Both stainings were performed 

with an automated diagnostic system (Ventana Medical Inc, Tucson, Arizone, 
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USA). The sections were cleared in xylene and mounted on cover slips.

Notochordal cells are known to express cytokeratins111, and the antibody 

used in this study was previously shown to stain notochordal cells specifi cally 

in humans.287 Vimentin is another antibody known to react with notochordal 

cells, but also with mesenchymal cells present in the bone marrow 

compartment of bone.287 As goat lung tissue is known to be cytokeratin 

and vimentin positive, this tissue was stained with the pancytokeratin and 

vimentin antibody to determine cross-species reactivity of this antibody.

Results

Examples of human intervertebral discs stained with an AB-PAS staining are 

shown in fi gure 1. Notochordal cells were observed in the nucleus pulposus 

of human foetal intervertebral discs in AB-PAS stained sections (Fig. 1A). 

The other cell type observed in the human intervertebral discs most closely 

resembled fi broblasts (Fig. 1B), as these cells are elongated, have some 

cytoplasmic extensions and large nuclei.121 In the literature, the two dominant 

cell-types described in the intervertebral disc are the notochordal cells and 

chondrocyte-like cells. These cells were both observed in the more mature 

human intervertebral disc of the 3.3 year old individual (Fig. 1C). Notochordal 

cells were also present in the nucleus pulposus of this child’s intervertebral 

disc. 

In contrast with our expectations, notochordal cells were not observed 

in the nucleus pulposus of foetal and newborn goats (Fig. 2A-D). The cells 

observed in the nucleus of these young goats, however, also did not resemble 

chondrocyte-like cells, but were fi brocyte-like (Fig. 2B and D), similar as 

described in the human foetal intervertebral disc (Fig.1B and C). Chondrocyte-

like cells, however, were observed throughout the nucleus pulposus of 

mature goat intervertebral discs (Fig. 2F). In these discs, fi brocyte-like cells 
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were predominantly located in the annulus fi brosis. Notochordal cells were 

also not observed in any of the 24 intervertebral discs of mature goats. These 

discs consisted of a loose, proteoglycan-rich extracellular matrix. 

BA

DC

Figure 2. Micrographs of caprine intervertebral discs. A: micrograph of a foetal goat NP (AB-PAS; 
20x). Fibroblast-like cells were the predominant cell type in the NP of foetal goat IVDs as well. (insert: 
fi broblast-like cell, AB-PAS 80x). Notochordal cells were not observed. B: micrograph of a newborn 
goat IVD at the NP (AB-PAS; 20x). The cells in the ECM of the NP were more stretched and very 
dense, as observed in fi broblasts (insert: fi broblast-like cell, AB-PAS 80x). Notochordal cells were not 
observed. C: micrograph of a mature (≈ 4 yr) goat IVD at the nucleus pulposus (AB-PAS; 20x). The open 
extracellular matrix (ECM) of the NP can be seen with profound blue staining of the proteoglycans by 
Alcian Blue. Small, chondrocyte-like cells are present in the ECM (insert: chondrocyte-like cell, AB-PAS 
80x). Notochordal cells were not observed.
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To further investigate the presence or absence of notochordal cells, 

immunostaining was performed with a pancytokeratin antibody, AE 1/3. 

Notochordal cells were positive for cytokeratins in both the human foetal and 

child intervertebral discs (Fig. 3A). 

A B

DC

FE

Figure 3. Micrographs of immunohistochemical staining.A: micrograph of a human notochordal 
cell stained with pancytokeratin antibody AE 1/3 (brown)in a human foetal (22 weeks gestational 
age) intervertebral disc (AE 1/3; 80x). B: micrograph of a rabbit (younger than 6 months) notochordal 
cell (AE 1/3; 80x). C: micrograph of mature goat lung tissue stained with the pancytokeratin antibody 
AE 1/3. The epithelial cells are stained positive (brown), while interstitial tissue is negative (blue,) 
as expected (AE 1/3; 4x). D: micrograph of foetal goat nucleus pulposus tissue stained with the 
pancytokeratin antibody AE 1/3.. Small chondrocyte-like cells are observed which stained negative 
(blue) for cytokeratins (AE 1/3;20x).  Insert: negatively stained fi brocyte-like cell; 40x. E: micrograph 
of mature  goat lung epithelium stained with vimentin antibody (Vimentin; 8x). Lung epithelium 
is positive (brown) for vimentin, interstitial tissue stains negative (blue). F: micrograph of newborn 
goat nucleus pulposus tissue stained with vimentin antibody (Vimentin; 20x). The cells present in the 
NP stained negative for vimentin (blue). ). Insert: negatively stained fi brocyte-like cell; 40x.
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Chondrocyte-like cells were negative. A similar staining pattern was also 

observed in rabbit intervertebral discs (Fig. 3B). Epithelium of goat lung 

tissue also was positive for cytokeratins (Fig.3C), thus indicating that the 

AE 1/3 antibody cross-reacts with goat material. Finally, goat intervertebral 

disc tissue was stained with this antibody as well: no specifi c staining was 

observed in the nucleus pulposus area (Fig. 3D), or in any of the cells in this 

area. Similarly, the goat intervertebral discs of all ages stained positively for 

vimentin. As expected, goat epithelial lung cells stained also positively for 

vimentin (Fig. 3E). Positive staining for vimentin was not observed in goat 

intervertebral discs (Fig. 3F).

Discussion

Animal intervertebral disc degeneration models are important factors in the 

disc degeneration as well as disc regeneration research. The comparability 

of the model to the human intervertebral disc degeneration depends, 

amongst others, on the method used to induce disc degeneration, the size 

of the animals, and also on the composition of the cell population in the 

intervertebral disc.5;149 Special interest is directed towards the presence of 

notochordal cells in these animal models. 

In humans, notochordal cells have disappeared from the nucleus pulposus 

after one decade.205 These  notochordal cells are thought to play a role 

in the maintenance of the extracellular matrix of the nucleus pulposus, 

and coordinate the function of the chondrocyte-like cells.3;42 Further, this 

disappearance directly precedes the onset of human intervertebral disc 

degeneration, adding to the suggestion that these notochordal cells play 

a role in the development of intervertebral disc degeneration. Therefore, 

the presence of notochordal cells in the discs of an animal used as an 

intervertebral disc degeneration model is relevant. The presence of these 
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cells might therefore positively infl uence any attempts at regeneration of the 

disc. Models of intervertebral disc degeneration in animals with notochordal 

cells present in the disc therefore could overestimate the regenerative 

capacity of the therapies evaluated in these models. Rabbits, currently a 

widely used animal for intervertebral disc degeneration models161;248, have 

large numbers of notochordal cells at least until 12 months of age.113 Mice and 

rats also retain a predominantly notochordal nucleus pulposus during their 

life.113 This limits the comparability of these models to humans. In contrast, the 

present study demonstrates that notochord cells are not present in mature 

caprine intervertebral discs. The absence of these cells in the mature goat 

intervertebral discs (and other species) identifi es the goat as a suitable animal 

to use for the development of an intervertebral disc degeneration model. 

The notochord is an essential region during embryonic development in all 

vertebrates and it is not expected that the caprine embryo develops without 

the presence of this region. However, notochordal cells were not observed 

in any of the specimens used in the present study, not even in the foetal 

intervertebral discs. As notochordal cells must have been present during 

early development of the spine, the notochordal cells must have disappeared 

in a very early phase, even before birth. The same time frame has also been 

described for horses 216, which is slightly earlier than in other large animals, 

like cows and sheep, in which notochordal cells disappear rapidly after birth.5 

Unfortunately, younger foetuses were not available for research to identify 

the presence of notochordal cells in more premature stages of embryonic 

development, which would be of interest.  

Besides notochordal cells another cell population is commonly described 

in the nucleus pulposus: chondrocyte-like cells.9 In contrast to what we 

expected, the cells in the foetal and newborn goat intervertebral discs did 

not resemble these chondrocyte-like cells (see Fig. 1B and C). The nucleus 

pulposus cells showed phenotypical characteristics of fi broblasts. Although 

these fi broblasts are capable of depositing extracellular matrix as well, like 
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chondrocytes, they are expected in the anulus fi brosus rather than in the 

nucleus pulposus.295 Examination of the human foetal nucleus pulposus 

revealed the presence of these fi broblast-like cells as well (Fig. 1B), combined 

with the presence of notochordal cells. The presence of fi broblast-like cells 

has also been reported before to occur in the nucleus pulposus of humans.98 

Apparently, the population of cells in the nucleus pulposus consists of 

notochordal cells, chondrocyte-like and fi broblast-like cells.   

The identifi cation of cells present in the nucleus pulposus historically is based 

on morphology, in which two cell-types present in the nucleus pulposus can 

be distinguished: chondrocyte-like cells and notochordal cells. The diff erences 

between those types of cells are rather marked, although some small overlap 

in size diff erentiation might occur. However, the typical “physaliferous” 

character of the notochordal cells makes morphological diff erentiation a 

suitable method to identify these notochordal cells. Therefore, morphological 

criteria have been used in the present study to identify notochordal cells. 

Recently, several additional markers for notochordal cells have been 

described: molecular and immunological studies have demonstrated further 

diff erences between notochordal and chondrocytic cells. Notochordal 

cells express CD44s251, galectin 380 vimentin253, cytokeratins253, chondroitin-

sulfate proteoglycan63, and collagen type IIA.257;296 As these additional 

markesr might aid In the identifacation of notochordal cells in the caprine 

intervertebral disc, we employed galectin 3, vimentin and pancytokeratin AE 

1/3 immunostainings. However, since the galectin 3 antibody did not show 

cross-species reactivity in the goat positive control tissues, we omitted this 

antibody from the study. The other two antibodies (vimentin and AE 1/3 

pancytokeratin antibody) showed cross-species reactivity for notochordal 

cells (humans and  rabbits) and specifi c staining of epithelial cells in the 

goat (lung-tissue). This indicates the suitability of these markers to identify 

notochordal cells.

To our knowledge, this is the fi rst study investigating the presence of 
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notochordal cells in foetal, newborn and mature goat intervertebral discs. 

We conclude, based on morphologic and immunohistochemical analysis of 

fetal, newborn and mature goats, that notochordal cells are not detectable 

from late foetal age on in caprine discs. The absence of notochordal cells in 

mature goat intervertebral discs adds to its relevance as an intervertebral 

disc degeneration model, as notochordal cells are also absent in the mature 

human intervertebral disc.
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Abstract

Study Design

In two studies the injection of Chondroitinase ABC into  intervertebral discs 

of mature goats was evaluated as an experimental disc degeneration model. 

The fi rst study analyzed the development of degeneration in time; the second 

study determined the optimal enzyme concentration.

Objectives

To develop reproducible, slowly progressive disc degeneration in a large 

animal model.

Summary of background data

Currently available, small animal models of  intervertebral disc degeneration 

have shortcomings in the comparability to humans in terms of size, geometry 

and cell population. Also, the methods to induce degeneration in the current 

models do not mimic human degeneration, which starts with the loss of 

proteoglycans. Injecting the enzyme Chondroitinase ABC into the nucleus 

pulposus mimics the loss of proteoglycans.

Methods

In study 1, lumbar intervertebral discs of 17 goats were injected with 

Chondroitinase ABC (0.25 U/ml) or PBS. Degeneration was analyzed with 

X-ray analysis, MR imaging, macroscopic and histological scoring at fi ve 

diff erent time-points (4,8,12,18 and 26 weeks) Six control goats were analyzed. 

The second study used six goats in which four diff erent concentrations of 

Chondroitinase ABC (0.2-0.35 U/ml) or PBS were injected. After twelve weeks 

similar analyses as in study 1 were performed.
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Results

After twelve weeks, degenerative signs were observed in all parameters in 

study 1. The degeneration increased up to 18 weeks and leveled of after 

26 weeks. The variability, however, was high. The second study showed a 

concentration dependent eff ect of Chondroitinase ABC with all analyzed 

parameters. The injection of 0.25 U/ml Chondroitinase ABC resulted in disc 

degeneration after twelve weeks without signs of severe degeneration.
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Introduction

Disc degeneration occurs in all humans during life and manifests itself as a 

complex process of pathological changes in the intervertebral disc (IVD). As 

early as in the fi rst decade of life, notochordal cells have disappeared from 

the nucleus pulposus (NP), and the gel-like structure of the NP starts to 

change due to loss of cells, proteoglycans and water from the extra cellular 

matrix.251 Also, the annulus fi brosus (AF) loses its lamellar arrangement which 

compromises its mechanical strength.266 The underlying mechanism(s) of 

these degenerative changes are unclear, and remain a subject of ongoing 

research. Disc degeneration models, particularly animal models, provide a 

better understanding of  the mechanisms of age-related disc degeneration 

and may provide a rational and evaluation tool for reparative treatment 

modalities.141 

Current animal models, especially small animal models, used in degeneration 

research have shortcomings in their comparability to human disc degeneration 

in particular with regard to disc geometry and presence of notochord cells.141  

Previously, we have shown that the goat lumbar spine resembles the human 

disc in structure, geometry and mechanics.125;235;236 The absence of notochordal 

cells (cells involved in disc matrix synthesis3;61;105) in the NP of the mature 

caprine disc corroborates the comparability of caprine and human IVDs and 

therefore the goat was used to develop a disc degeneration model.94 

CABC is an enzyme that digests chondroitin sulfate isomers. The injection of the 

enzyme Chondroitinase ABC (CABC) results in the eliminative degradation of 

the polysaccharide side chains of the proteoglycans. In animals, the injection 

of this enzyme in the NP of animals resulted in loss of disc height and even 

degenerative changes.67;143;181;223;242 As the onset of human disc degeneration 

starts with the loss of proteoglycans from the NP, this method theoretically 

mimics the onset of human disc degeneration.9;134

In this study we addressed the question whether injection of CABC into 
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the caprine lumbar IVD is a suitable method to create a slowly developing, 

reproducible model of disc degeneration. Two studies were performed: 

the fi rst study investigated the time-dependent development of disc 

degeneration using a fi xed dose of CABC. The second study determined the 

optimal concentration of CABC needed to induce mild disc degeneration. 

The study groups were compared to an untreated baseline group. To 

document disc degeneration, uniform evaluation protocols for all groups 

were used including radiographic (X-ray, magnetic resonance imaging (MRI)), 

macroscopic analysis and histological studies. 

Materials and Methods

Animals

All research protocols have been approved by both a Scientifi c Board and the 

Animal Ethics Committee of the VU University Medical Center. Twenty nine 

skeletally mature female Dutch milk goats (at least 3.5 years old) were used 

with an average weight of 68.4 kg. (SD: 9.4 kg). 

Study design

The number of animals, follow-up periods, concentrations of CABC and 

phosphate buff ered saline (PBS) and analyses of the studies are summarized 

in Table 1.

Control group: Lumbar spines of six mature control goats were harvested in 

order to obtain base-line values (control).

Study 1:  A time-oriented study using a single concentration of 0.25 U/ml CABC 

in PBS was performed. In 17 goats, the NP of two lumbar IVDs were injected 

with the CABC solution, as well as two lumbar IVDs with PBS (vehicle control). 

Three or four goats were sacrifi ced at each of 5 time-points: 4, 8, 12, 18 and 26 

weeks post-operatively. 
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Study 2: This study analyzed the dosage needed to induce mild disc 

degeneration. In six goats, fi ve lumbar IVDs were randomly injected with 

diff erent concentrations of CABC in PBS: 0.2 U/ml, 0.25 U/ml, 0.3 U/ml and 

0.35 U/ml, respectively. After twelve weeks follow-up, all six  goats were 

sacrifi ced at the same time-point and the lumbar spines were analyzed for 

degeneration.

Table 1. Summary of the set-up of study 1 and study 2 

Follow-up Concentration CABC “Take-rate” Osteophytes End plate #

Study 1 4 wk 0.25 4/8 0/8 0/6

8 wk 0.25 4/6 0/6 0/8

12 wk 0.25 4/6 0/6 0/6

18 wk 0.25 6/8 2/8 2/8

26 wk 0.25 4/6 1/6 1/6

Study 2 12 wk 0.2 3/6 0/6 0/6

12 wk 0.25 6/6 0/6 0/6

12 wk 0.3 6/6 1/6 1/6

12 wk 0.35 6/6 2/6 2/6

Table 1. Set-up of the studies. The diff erent concentrations and follow-up periods which were used in 
the experiments are shown. Also, the number of discs that developed any form of disc degeneration 
after injection of diff erent concentrations of CABC is shown as the “take-rate”. The last two columns 
show the number of discs that developed either osteophytes or end-plate fractures. 

Procedure and surgical technique

In both studies the same surgical procedure and the same injection technique 

were performed. 

The goats were sedated with 10 mg/kg ketamine and 1.5 mg atropine 

intramuscularly, followed by 0.4 mg/kg etomidate intravenously. General 

anesthesia was maintained with 4 μg/kg fentanyl per hour, 0.3 mg/kg 

midazolam per hour, and 1.5% to 2.5% isofl urane. Before surgery, standardized 

lateral thoracolumbar roentgenograms were obtained. A dorsal paravertebral 

incision was made. The IVDs were identifi ed using a left retroperitoneal 
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approach and exposed after mobilization of the psoas muscle. Subsequently, 

the L5-L6 IVD was determined using fl uoroscopy. 

CABC (CABC-solution; Sigma Aldrich Inc., Saint Louis, USA), acting specifi cally 

on chondroitin-4-sulfate, chondroitin-6-sulfate, dermatan sulfate and 

slowly on hyaluronate as disclosed by the manufacturer, was diluted to the 

appropriate concentrations using PBS. 

Because disc size varies per level, pressure guidance was used to inject the 

CABC solution, using a 29 gauge needle. This assures comparable amounts 

of CABC solution compared to the amount of NP tissue present in the disc. 

This amount ranged between 110-200 μl.  In pilot studies it was shown that 

this injection technique assured CABC injection in the NP only and hardly 

damaged the AF. After wound closure, the animals returned to their cages 

receiving 0.6 mg buprenorvine i.m. as an analgesic.

Prior to sacrifi ce, the animals were sedated with 10 mg/kg ketamine 

intramuscularly, and lateral roentgenograms were taken. Subsequently, the 

goats were euthanized with an intravenous overdose of sodium pentobarbital 

(20 mg/kg), where after the lumbar spinal columns were harvested. 

Analysis

The analyses of the IVDs were identical for both the control group and the 

study groups.

Intervertebral disc height measurement: The roentgenograms were measured 

manually by an orthopedic researcher (RH) who was blinded to both the 

injection solution used (PBS/CABC) and the follow-up period. The average 

IVD height was calculated by averaging three measurements (Fig. 1). The 

average vertebral body height was obtained concordantly. Subsequently, 

the average IVD height was divided by the average caudal vertebral height, 

resulting in a value called the disc height index (DHI) leveling out inter animal 

size diff erences.143 Changes in the DHI where expressed as loss of %DHI (%DHI 

= 100-pre-autopsy DHI/pre-operative DHI * 100%). Measurements were 
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repeated after 1 month using randomly selected radiographs of six goats 

from the study 1 group in order to determine intra-observer reliability.

A B
Figure 1. A. X-ray image of a goat vertebral body and two adjacent IVDs. The Disc Height Index 
(DHI) was calculated by dividing the average disc height (white arrows) by the average vertebral 
body height (black arrows). 143 B. T2 weighted magnetic resonance image of a part of the goat 
lumbar spine. In the upper IVD the NP area is outlined to defi ne the region of interest. Image analysis 
software subsequently calculated the NP surface area and the average signal intensity. The product 
of these values is presented as the MRI Index. 238

Magnetic Resonance Imaging: MRI scans were obtained using a 1.5 Tesla clinical 

imager (Symphony Quantum, Siemens AG Medical Solutions, Erlangen, 

Germany). 

Sagittal sections were made using a T2 weighted spin echo sequence, a turbo 

factor 5 and a spine array coil (time to repetition (TR): 3000 msec., time to 

echo (TE): 85 msec., fi eld of view 200, matrix of 118 x 384, and a slice thickness 

of 3 mm with a 10% gap). 

MRI images were qualitatively analyzed by two observers (RH and MH) 

blinded to injection solution and follow-up periods using a classifi cation 

scale described by Masuda et al. 153 Signal intensity and surface area of the 

nucleus pulposus  were scored qualitatively in four grades: 1 to 4 (1: normal; 

2: minimal decrease of signal intensity but obvious narrowing of the high 

signal intensity area; 3: moderate decrease of signal intensity; and 4: severe 

decrease of signal intensity).
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Quantitative MRI-imaging analysis was performed according to the method 

described by Sobajima et al. 238 In short, the image data were transferred 

to image analysis software (Centricity Radiology Web, GE Medical Systems, 

Milwaukee, WI, U.S.A.). The nucleus pulposus surface area was outlined to 

defi ne the region of interest (Fig. 1B). Surface area and signal intensity were 

computed automatically by the image analysis software.  Subsequently, the 

product of these two measures was calculated (MRI index = area * average 

signal intensity). For comparative reasons the CABC injected IVDs were 

expressed as ratios of the PBS IVDs. Both observers reviewed and scored the 

qualitative and quantitative measurements after 1 month using randomly 

selected MRI studies from the fi rst study group in order to determine intra-

observer reliability.

Macroscopic evaluation: IVDs were sectioned into 3 mm slices using a 

band saw (Exakt, Norderstedt, Germany). Two paramidsagittal slices were 

photographed before further processing for histological examination. 

These images were scored by two blinded observers (RH and MH) using the 

Thompson score, a grading system for macroscopic evaluation of human 

disc degeneration.249 This score was applied to goat IVDs. Representative 

examples of all fi ve grades in the goat are shown in Fig. 2. Both the inter- 

and intra-observer reliability were determined by repeating the scoring of 

the images after 2 months using 60 randomly selected images from the fi rst 

study group. 

I II III IV V

Figure 2. Representative examples of digitized images of the gross morphology of the goat IVD. 
Grade I is a normal disc with a bulging NP and clear demarcation between the AF and NP. The NP 
of a grade II (mild degeneration) disc has fi brous tissue peripherally, mucinous material in the AF 
and irregular thickness of the endplates. Grade III (moderate degeneration) has consolidated fi brous 
tissue in the NP, loss of annular-nuclear demarcation and early chondrophytes. Grade IV (severe 
degeneration) discs have horizontal clefts in the NP, disruptions in the AF, irregularities in their 
endplates and small osteophytes. When these osteophytes are larger than 2 mm Grade V shows no 
visible NP, osteophytes, destruction of the endplate and scar tissue.
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Histology: The paramidsagittal slices were fi xed in 10% neutral buff ered 

formalin, decalcifi ed, paraffi  n-embedded, sectioned to 7 μm sections, and 

stained with haematoxylin and eosin (H&E). Further, an Alcian Blue-Periodic 

Acid Schiff  (AB-PAS) staining was performed on adjacent sections (Fig. 3). 

A

DC

B

Figure 3. A and B are micrographs of histological sections slides of a non-degenerative disc in which 
the intact AF lamellas are convexly shaped in relation to the NP (1X). At a higher magnifi cation (B) 
the open structure of the proteoglycan-rich NP is apparent and also the margin between the AF and 
the NP is visible (40X). The histological score for this specifi c disc is 0. C and D display an example 
of a degenerated disc. In C the margin between the NP and the AF is less clear (1X). Also a concave 
structure is visible in the NP (block-arrows). In D at a higher magnifi cation the more condensed 
structure of the NP is discernible (40X). The histological score of this example was 6.

The pH of the Alcian Blue used for the staining was 1.0. A histological grading 

scale for goat intervertebral disc degeneration has not been described before. 

We adapted the histological grading scale proposed by Masuda et al.153 and 

incorporated criteria described in literature applicable to the goat28;153;177;269. 

The criteria are summarized in Table 2. The fi nal histological score is the sum 

of the scores of the three individual parameters, and ranged between 0 

(normal disc) and 6 (degenerated disc). 
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Table 2. Goat disc degeneration histological grading scale

I. Annulus fi brosus (AF)

Grade:

0. Normal, pattern of fi brocartillage lamellae (convex aspect of both the anterior  and 
posterior AF, directed away from he nucleus pulposus; NP) without ruptured fi bers.

1. Convex aspect of the AF directed towards the NP in either the posterior or the anterior 
AF. Ruptured fi bers

2. Convex aspect of both the anterior and posterior AF directed towards the NP. Ruptured 
fi bers.

II. Border between the AF and NP

Grade:

0. Normal. Well defi ned border between AF and NP.

1. Intermediately diffi  cult to establish border between AF and NP. 

2. Border between AF and NP not clearly discernable.

III. Matrix of the NP

Grade:

0. Normal gelatinous appearance.

1. Slight condensation of the extracellular matrix. Mild )(-shaped scar tissue in NP.

2. Moderate/severe condensation of the extracellular matrix. Clearly visible )(-shaped scar 
tissue in NP.

Table 2. Parameters used for the histological score. The score consists of three diff erent categories 
that are scored individually. In each category the scores range from 0 (normal disc) to 2 points 
(degenerated disc).The maximum score is therefore six and represents a severely degenerated disc.

The correlations of this score to other established measures of disc 

degeneration like the MRI and the macroscopic score were determined. All 

histological sections of the fi rst experiment were reviewed one month after 

the fi rst examination to determine the intra-observer reliability. In addition, 

the sections were scored independently by a skilled histologist (VE) who 

was blinded to the treatment and follow-up periods of the study groups. 

Subsequently, the inter-observer reliability was calculated. 

Statistical analysis

To analyze the diff erences between the CABC injected IVDs and the controls, 

unpaired t-tests for the parametric data and the Mann-Whitney test for the 
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non-parametric data were used. The diff erences between CABC and PBS 

injected IVDs within the same animal were analyzed using the paired t-tests 

for the parametric data and the wilcoxon matched-pairs signed ranks test. 

To assess intra- and inter-observer reliability the Cohen kappa value was 

calculated as described by Altman for non-parametric data and the Pearson’s 

correlation test was performed on the parametric data.7 The correlation 

between the diff erent analysis methods was assessed with the Spearman 

rank correlation test. P-values were considered signifi cant below 0.05.  The 

analyses were performed using SPSS package for Windows 11.0.1 (SPSS Inc., 

Chicago, IL, USA).

Results

All goats recovered uneventfully from the surgical procedure, and no 

complications were observed during the whole study. Normal ambulatory 

and social activities were regained on the second post-operative day. On 

average, weight loss of the goats during follow-up was 3%.

Based on histomorphologic criteria to identify notochordal cells (bubble-

like island clusters or cords of interdigitated large cells with eosinophilic 

cytoplasm, round polygonal nuclei and presence of several vacuoles105), it 

was determined that these cells were not present in any IVD examined in 

this study. The cells observed in the discs (both in the NP and the AF) were of 

the chondrocyte-like type: small spherical cells, occurring either alone or in 

clusters.105;149 

Controls: The control group, consisting of six lumbar spines of untreated goats, 

was analyzed similar as the study groups. Radiological signs of degeneration 

like osteophytes or irregularities in the vertebral bone were not observed. 

Two discs had a loss of signal intensity on the MR images and macroscopically 

fi ve discs demonstrated mild signs of disc degeneration, maximally resulting 



EX
PE

RI
M

EN
TA

L I
N

TE
RV

ER
TE

BR
A

L D
IS

C 
D

EG
EN

ER
A

TI
O

N
 IN

D
U

CE
D

 BY
 C

H
O

N
D

RO
IT

IN
A

SE
 A

BC
 IN

 TH
E G

O
A

T

43

in grade II in the macroscopic score. Finally, histological scoring resulted in 

three control discs with minor signs of disc degeneration. The results of the 

control groups are included in Figs 4 and 5.

Study 1

Intervertebral disc height: The roentgenograms demonstrated degenerative 

signs, only in IVDs injected with CABC. In the PBS injected IVDs, the DHI 

increased for the earlier time-points. 

This was not signifi cant at any time-point examined. In contrast, the DHI of 

the CABC injected IVDs progressively decreased over time (Fig. 4A), reaching 

signifi cance when compared to PBS IVDs after 12 weeks (p = 0.04) and 18 

weeks (p = 0.002). After 26 weeks the DHI decreased by 13.8% which was not 

signifi cant. The DHI was also not signifi cantly lower compared to the DHI of 

the 18 weeks time-point (p = 0.9). The intra-observer reliability of the DHI 

measurements was 0.95 with a 95% confi dence interval ranging between 

0.92 and 0.97. 

Magnetic resonance imaging: Due to technical problems with the MRI scanner 

at the 26 week follow-up time-point these MRIs were discarded. The average 

MRI score of the controls was 1.2 (Fig. 4B). All but one (grade 2) PBS injected 

IVDs were scored as non-degenerate (grade1), which was not signifi cantly 

diff erent compared to controls. However, the MRI scores of the CABC treated 

IVDs were higher at each time-point compared to the PBS IVDs. This was not 

signifi cant after 4, 8 and 12 weeks. After 18 weeks the increase was signifi cant. 

Compared to the controls this was signifi cant at the 8 weeks and 18 weeks 

time-point. The kappa value concerning the intra-observer reliability of this 

score was 0.79. The inter-observer reliability was 0.61.
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Figure 4.A: This graph represents the mean percentage of decrease of the Disc Height Index (DHI) (± 
SEM). There is a signifi cant decrease in the DHI compared to PBS IVDs after 12 weeks and 18 weeks. 
B. This graph represents the average MRI score (± SEM). An increase in the MRI score expresses an 
increase in degeneration. The control group represents the average MRI scores of the six non-operated 
control goats. The MRI score was signifi cantly increased after 18 weeks follow-up compared to PBS 
and after 8 and 18 weeks compared to controls. C. This graph represents the average MRI indices 
(± SEM). In this graph a decrease in the MRI index denotes degeneration. For comparative reasons, 
all PBS injected IVDs were expressed as one (see dotted line --- ) and the values of the CABC injected 
IVDs expressed as relative values to PBS discs. The indices of the CABC injected IVDs were signifi cantly 
lower after 8 and 18 weeks compared to both PBS and controls.
D. This graph represents the average macroscopic score (± SEM). An increase in the score represents 
degeneration. The grade 2 to 3 represents mild degeneration. The PBS injected IVDs scored 
signifi cantly higher compared to controls after 8 weeks. The scores of the CABC IVDs scored higher at 
12 weeks and 18 weeks follow-up. E. This graph represents the average histological score (± SEM). The 
CABC treated IVDs were all increased, which represents degeneration. The large standard deviations 
prevented the results to be signifi cant. The score of the control group goats was approximately zero, 
representing normal discs. Signifi cant changes (p < 0.05) compared to PBS are denoted with an 
asterix (*) and compared to controls with a number sign (#).
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The MRI indices of the CABC injected IVDs decreased over time, which 

corresponds with degeneration (Fig. 4C). The CABC IVDs were signifi cantly 

lower after 8 weeks and 18 weeks compared to the PBS IVDs (index 1.0, by 

defi nition). Compared to the mean value of the controls (1.03) the CABC IVDs 

of the 8 weeks and the 18 weeks were signifi cantly lower. The correlation 

coeffi  cient of the intra-observer reliability was 0.92 with a 95% confi dence 

interval between 0.73 and 0.98. 

Macroscopic evaluation:  The mean score of the control group was 1.2 (Fig. 

4D). The CABC treated IVDs scored higher after 4 weeks and 8 weeks. The 

score increased signifi cantly after 12 weeks and 18 weeks. The macroscopic 

score of the last time-point (26 weeks) was 2.0, which was not signifi cant (p 

= 0.05). Surprisingly, the scores of the PBS IVDs were also increased after 8 

weeks (1.5). The CABC injected IVDs only demonstrated a signifi cant increase 

after 18 weeks follow-up when compared to PBS. The kappa value was 0.66 

for the intra-observer reliability, and 0.72 for the inter-observer reliability.

Histology: Non-degenerate IVDs from the control goats in general had clearly 

demarcated NPs in which  small chondrocyte-like cells were visible. The 

extracellular matrix stained positive with Alcian blue, indicating the presence 

of proteoglycans. Furthermore, the extracellular matrix of the NP showed an 

open structure, as is shown in Fig. 3B. The lamellae of the AF of the discs 

were convexly arranged around the NP, both posteriorly and anteriorly. 

The posterior AF contained less lamellae and the disc height was lower in 

comparison to the anterior AF. The injection of PBS alone in general did not 

result in changes in the histological appearance of the goat intervertebral discs. 

The injection of CABC however resulted in changes of all three parameters of 

the histological score: the extracellular matrix of the NP changed into a more 

dense structure with a woven structure, like fi brocartillage (Fig. 2D). The 

demarcation between the NP and the AF disappeared. Finally, the lamellae 

of the AF changed concordantly with the previously described signs. The 

convex alignment changed into a more concave orientation as shown in 

Fig 2C. In some severely degenerated discs, destruction of the endplate and 
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osteophyte formation was observed. The latter only occurred in the 18 and 

26 weeks follow-up groups. The histological score of the PBS injected IVDs 

was not signifi cantly higher compared to the controls (Fig. 4E). The CABC 

IVDs showed higher scores compared to the control IVDs at all time points. 

However, this was not signifi cant. The kappa value of the intra-observer 

reliability was 0.65. The intra-observer reliability had a kappa-value of 0.54. To 

validate the histological score, the outcome measures were correlated to the 

MRI score and the macroscopic score. The Pearson’s correlation coeffi  cient of 

the histological and MRI score was 0.68 (p<0.001) and of the histological and 

macroscopic score was 0.63 (p<0.001). 

Study 2

The second study was designed to evaluate the disc reaction on diff erent 

CABC concentrations. A single time-point (12 weeks) was selected to analyze 

the induced degeneration in all six goats, based on the results of the fi rst 

study.

Intervertebral disc height measurement: The DHI decreased depending on the 

CABC concentration (Fig. 5A). The DHI of the PBS IVDs was not signifi cantly 

decreased after 12 weeks. The 0.2 and 0.25 U/ml CABC dosages both showed 

a non-signifi cant decrease of approximately 12%, whereas the 0.3 U/ml and 

the 0.35 U/ml concentrations were signifi cantly decreased after twelve weeks 

(17% and 24% respectively).

Magnetic Resonance Imaging: The MRI score increased with the increments 

of the concentration of CABC as well (Fig. 5B). The 0.2 U/ml group was not 

signifi cantly higher compared to PBS and controls. All other concentrations 

did show signifi cant changes compared to PBS and controls.

The MRI index results showed a similar trend as the MRI score (Fig. 5C): the 

0.2 U/ml group showed no diff erence compared to the controls whereas 

the other CABC groups did show signifi cant decreases in the MRI index. 

Compared to the control group, the discs injected with 0.25 U/ml CABC and 

higher concentrations showed a signifi cantly decreased MRI index.
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Macroscopic evaluation: The PBS injected IVDs had an average score of 1.5 

(Fig. 5D), which was not diff erent compared to the controls (average value 

1.2; p = 0.14). 
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Figure 5. A: The average decrease in DHI (± SEM) is shown in this graph. Signifi cant loss of DHI 
compared to the PBS IVDs was observed after twelve weeks for concentrations of 0.3 U/ml and 
higher. B: This graph represents the results of the MRI Score (± SEM). The average score increased 
with the increments in concentration of CABC and this was signifi cant for the 0.25 U/ml and higher 
concentrations. 
C: The MRI index (± SEM) is shown here. The dotted line represents the PBS IVDs, to which all IVDs 
were normalized (see dotted line --- ). Injection of 0.25 U/ml or higher concentration CABC resulted 
in signifi cant decrease in MRI index. D: This graph represents the macroscopic score (± SEM). The 
average score was higher then the score of the NL and PBS groups for every concentration. However, 
this was only signifi cant for 0.25 U/ml CABC and higher. E: This graph represents the histological 
score (± SEM). All the CABC injected IVDs had signifi cantly higher scores compared to NL and PBS 
injected discs. Signifi cant changes (p < 0.05) compared to PBS are denoted with an asterix (*) and 
compared to controls with a number sign (#).
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All CABC groups showed signifi cantly higher macroscopic scores compared 

to the control group. Compared to PBS, only the 0.2 U/ml CABC group was 

not signifi cantly higher (p = 0.06). The macroscopic score of the 0.25 U/ml 

group was 2.6, which corresponds with mild to moderate degeneration. 249 

Unlike the discs injected with higher concentrations of CABC, no discs of the 

0.25 U/ml group showed severe signs of disc degeneration like osteophytes.

Histology: Both, the control and PBS groups had a histological score lower than 

1 (Fig. 5E) and were not signifi cantly diff erent from each other. In contrast, all 

CABC groups had signifi cantly higher scores compared to the PBS and the 

control group. The lowest concentration of CABC (0.2 U/ml) had the lowest 

increase of the histological score while the score increased to 4.2 for the 0.25 

U/ml group and further to 5.2 for the 0.3 and 0.35 U/ml groups. Histologically, 

the 0.25 U/ml groups of the fi rst and second study showed similar changes 

in the three regions (NP, NP-AF junction and AF region). As expected, in the 

higher CABC ranges more severe tissue damage was observed like osteophyte 

formation and irregularities of the end-plate. In contrast with the fi rst study, 

all discs injected with 0.25 U/ml CABC or more showed degenerative signs. 

Therefore, 100% of the CABC treated discs became degenerate.

Discussion

Animal models play a central role in current regenerative or reparative 

disc response studies.141 Diff erent animal species, anatomical sites (spine or 

tale), and methods to induce disc degeneration are currently considered 

surrogates for middle-aged human beings, showing early onset of 

degenerative disc disease. Many of the currently used models, however, 

have relevant shortcomings. The diff erence in size between discs of small 

animals and humans aff ects the diff usion process. This process is crucial for 

oxygenation and nutrient supply of the cartilage.253;254 Moreover, unlike in 
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humans,195;196 notochordal cells are present in the IVDs of many animals at 

the age of skeletal maturity.106 As notochordal cells appear to be specially 

suited to optimize disc matrix synthesis, their presence infl uences the 

process of disc de- and regeneration.3;61;105 Our previous studies have pointed 

to similarities between the goat and human disc: (i) proportions are similar, 

though absolute size is smaller 125,(ii) the goat spine is loaded along its long 

axis, like humans and (iii) the load is comparable to that of a middle-aged 

man.235;236 Importantly, similar to adult human discs, no notochord cells were 

found in mature goat discs. 94 The skeletally mature goats used in the present 

study, usually showed uniform macroscopic and microscopic disc patterns, 

resembling normal IVDs. Occasionally, spontaneously degenerated discs 

were observed, as is the case in humans. In our opinion, these spontaneously 

degenerated discs corroborate the comparability of the goat model to the 

human situation. Information on normal aging and degeneration processes 

of the goat intervertebral disc is not available. The natural development of the 

caprine IVD is relevant because, for instance, it is unknown when notochordal 

cells disappear from the NP. 

Most in vivo studies are performed with disc degeneration that is induced 

using various methods.93;138;153;238;269 Injury models however might not refl ect 

human disc degeneration. Human disc degeneration starts with loss of 

proteoglycans from the NP, resulting in a common pathway through which 

degeneration develops, eventually also aff ecting the AF and facet joints.153 

This is also observed in the CABC model where, although facet joints were 

not investigated, the AF is aff ected in more severely degenerated discs as 

well. Both the needle puncture model and the CABC model create a slowly 

progressive and mild disc degeneration by mimicking the loss of proteoglycans 

from the NP, either by evacuation (needle puncture) or chemically (CABC) 
153;238 However, the needle puncture model also injures the AF, and this might 

not mimic the onset of human disc degeneration.153 In the present study, 

the puncture itself did not result in degenerative signs. This was concluded 
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from the non-degenerate appearance of the PBS injected discs, which were 

punctured with a 29 gauge needle to inject the PBS. 

In the present model the development of a slowly progressive and mild disc 

degeneration has been described. The focus of research eff orts is to treat 

early and mild stages of disc degeneration, however, the defi nition of mild 

disc degeneration in literature is not clear.84;166  In the present study mild 

disc degeneration was defi ned as changes of the NP to fi brous tissue, loss 

of annular-nuclear demarcation without disruption of the AF, only small 

defects in the endplate, and early chondrophytes (macroscopic score grade 

II to III).249 The discs injected with 0.25 U/ml CABC from the second study had 

a macroscopic score of mean 2.5 (Fig. 5). Further, the discs lost 12% of their 

height and had an MRI score of mean 2.3 which represents mild changes in 

the NP as well (Fig. 5).153 We concluded that the induced degeneration with 

0.25 U/ml was mild. Also, the signs of degeneration developed relatively slow, 

between eight and twelve weeks after the injection of CABC. As degeneration 

develops in two to three weeks in, e.g. the needle puncture model in 

rabbits, the development of degeneration is characterized as slow.153;238 

However, as disc degeneration develops in several decades in humans,  the 

slow development of the degeneration in the goat model is relative. The 

progressive nature of the induced degeneration can be seen in the loss of 

DHI and the macroscopic score in the fi rst study. Also, histological scoring 

shows a similar pattern to macroscopic scoring, however, these results were 

not signifi cant. The MRI parameters are less clear on the progressive nature of 

the discs. The goats of the second study were X-rayed during follow-up (not 

shown) and the DHI was measured in these goats as well. The goats from the 

second study all demonstrated a progressive loss of disc height during the 

follow-up. The observation of the  progressive nature of the degeneration, 

observed in two separate studies, corroborated our conclusion that the mild 

disc degeneration in the goat model was progressive.   

The percentage of aff ected discs and the severity of the signs varied in 
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both studies (Figs 4 and 5; Table 1). In study 1 approximately 2/3 of the discs 

responded to the injection of CABC. To increase this rate, higher concentration 

of CABC were evaluated in study 2. Based on pilot studies (not shown), small 

increments of 0.05 U/ml were selected. However, in the second study the 

injection of 0.25 U/ml CABC resulted in 100% induction of degeneration 

after three months. The diff erence in the outcome, in terms of percentage of 

degenerated discs, between the fi rst and second study is probably explained 

by the learning curve of the surgeon performing these studies (RH).

CABC is an enzyme that specifi cally degrades proteoglycans and  has been 

evaluated as an agent for chemonucleolysis.67;143;223;242 These studies used 

concentrations ranging between 1 to 100 U/ml and a concentration-dependent 

eff ect was established.223 The induction of mild disc degeneration by 0.25 U/

ml CABC was studied with success in both a rabbit study181 and in the present 

study. The concentration used to induce degeneration in the present study 

is much lower than described for chemonucleolysis in humans and animal 

studies.67;143;223;242 Compared to the applied chemonucleolysis concentrations, 

low concentrations of CABC (as low as 0.0002 U/disc.) induce degeneration, 

because the degeneration process is more subtle then chemonucleolysis244. 

The long term eff ects of the CABC injection on disc degeneration are not 

clear. For instance, it is unclear how long the CABC remains present and active 

in the NP 67;143;181;223;242 In the present study, degeneration increased up to 18 

weeks but leveled of after 26 weeks. This eff ect was not signifi cant (p = 0.9). A 

similar  long-term eff ect using CABC has been described in rabbits, monkeys 

and humans.116;117;242 This can be explained by the formation of scar tissue.117 

In the present study severe signs of degeneration like osteophytes, endplate 

irregularities and scar tissue formation were observed in both the 18 week as 

well as the 26 week group.

Loss of disc height is widely accepted as a measure of disc degeneration. 231 

The DHI can be used to determine this phenomenon.143;238 The DHI neutralizes 

the eff ects of the goat size and the magnifi cation of the X-ray, allowing an 
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inter-animal control of these values. 143 Despite manual measurements of the 

DHI on plain roentgenograms, the intra-observer reliability was very good 

(0.95).  However, large variation was observed in the discs injected with PBS, 

based on the variation caused by the non-perpendicular-angles of the X-rays 

at these IVDs.  

MRI currently is the gold standard to evaluate disc degeneration in the 

(pre)clinical setting.18 The MRI score and the MRI index correlate well with disc 

degeneration and are used to analyze the MRIs.153;238 The MR index assesses 

both the area and the signal intensity of the NP which are both aff ected by 

disc degeneration.238 For comparative reasons, the MRI index was expressed 

as a ratio of the PBS IVDs. PBS IVDs were all scored non-degenerate (grade 1) 

but one (grade 2), which was excluded from the MR index measurements.

The Thompson score reviews diff erent aspects of the IVD ( nucleus, annulus, 

end-plate and vertebral body) and subsequently a grade is assigned, ranging 

between 1 (normal disc) and 5 (severe degeneration)249 and has been widely 

accepted as a tool to measure disc degeneration. 21;28 The parameters described 

in the Thompson score for the human situation matched remarkably well 

with similar features seen during degeneration of the goat IVD. The results 

of the macroscopic score showed a similar pattern as all other parameters 

analyzed underlining the usefulness of the macroscopic score for grading 

degeneration of goat IVDs. 

All the above mentioned parameters however are indirect measurements of 

degeneration. Because all parameters correlate well with each other and show 

a similar pattern we feel these indirect parameters are accurate. However, 

histology measures the degenerative changes directly. Selecting appropriate 

criteria for histological analysis of the IVDs was complicated.  Grading scales 

developed for rat or rabbit IVD degeneration rely on the presence and 

disappearance of notochordal cells in the NP153;177;269. These cells, however, are 

not present in either humans or mature goats and therefore these scales are 

not suitable for this study. A commonly used histological scale, describing 
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degeneration processes in humans, has been described by Boos et al. 28 

However, several parameters from this detailed scale were not observed in the 

mature degenerated discs of the goat, e.g. mucoid degeneration.  Therefore, 

a histological grading scale for goats was formulated based on generally 

described phenomena of disc degeneration in diff erent animal species (Table 

2).28;153;177;238;269 The correlation between the MRI score, the macroscopic score, 

and the histological score was very signifi cant. Therefore, we concluded that 

our histological score is a valid tool to evaluate disc degeneration in the goat 

IVD. The intra-observer reliability of the histological score was 0.65, which 

again corresponds with good agreement. The inter-observer reliability had a 

kappa value of 0.54, which only corresponds with moderate agreement. This 

can be explained by a consistent higher scoring by the second scorer. Further 

development of the histological score is needed to overcome this problem.

The biochemical constitution of the young, mature and degenerated goat 

discs and their comparability to the human discs has not been investigated 

before. However, anabolic and catabolic enzymes play a crucial role in the 

onset of degeneration in both in humans and in animal models.9 It can be 

assumed that this also occurs in the degenerated goat IVD. However, gene 

profi les of the goat are only limited available, obscuring the insight in 

the specifi c process occurring in the IVD after the injection with CABC. To 

determine whether the induced degeneration is truly mimicking human 

disc degeneration, the biochemical and biological parameters need to be 

evaluated.

In conclusion, the present studies demonstrate that the injection of 0.25 U/ml 

CABC into the goat IVD induces mild disc degeneration. The degeneration 

induction is concentration dependent, reproducible and occurred in 100% of 

the injected discs. Along with similarities in cell population, disc morphology 

and geometry, the comparable mechanical loading and the theoretically 

similar induction of degeneration positively identify the caprine IVD as a 

potential large animal model, suitable for disc degeneration and regeneration 

studies. Further studies to fully establish this model however are needed.  
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Abstract

Study design

Twelve goats were chemically degenerated and the development of the 

degenerative signs was followed for 26 weeks to evaluate the progression 

of the induced degeneration. The results were also compared to a previous 

study to determine the reproducibility. 

Objectives

The purpose of this study was determine whether this CABC induced goat 

model is reproducible and to study the development of the degeneration in 

time up to 26 weeks.

Summary of background data

Injecting Chondroitinase ABC (CABC) into goat intervertebral discs results in 

mild disc degeneration after twelve weeks. Spontaneous recovery or levelling 

off  of the degeneration has been reported before and is relevant when the 

goat model is used in regeneration studies. Reproducibility of the induced 

degeneration is relevant as well.

Methods

Twelve goats were used in this study. The development of degeneration was 

studied after the injection of 0.25 U/ml CABC intradiscally. The development of 

degenerative signs was studied after 18 (n = 6) and 26 (n = 6) weeks by means 

of X-ray, MRI, macroscopic analysis, histology and biochemical evaluation. 

The induced degeneration was compared to results from a previous study, in 

which degeneration was induced similarly and analysis was performed after 

12 weeks.
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Results

The severity of the degenerative signs was mild and was consequently present 

in all parameters analyzed. When compared to the results after twelve weeks, 

the degeneration was similar in the present study. Spontaneous recovery was 

not observed up to 26 weeks. 

Conclusion

The injection with CABC in the intervertebral disc reproducibly results in mild 

disc degeneration in the goat. These fi ndings corroborate the goat model 

as a suitable large animal model to evaluate mild disc degeneration and 

potential new therapies.
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Introduction

Animal models are essential to study intervertebral disc degeneration. In 

silico and in vitro models off er an excellent opportunity to gain insight in 

basic mechanisms and to evaluate new treatment strategies. However, 

intervertebral disc degeneration is a multifactorial and complex process 

which can only be mimicked in animal disc degeneration models.137;225 

Appropriate animal models to study intervertebral disc degeneration must 

meet several requirements. First, the method to induce disc degeneration 

must adequately model degenerative disc disease as observed in humans.225 

Furthermore, the induced degeneration should be reliable and reproducible. 

Finally, similarities between the animal used to model intervertebral disc 

degeneration and humans must be optimized in order to make clinically 

appropriate conclusions.225  

Currently used animals to model disc degeneration all have shortcomings in 

their comparability to humans. The diff erence in size between discs of small 

animals and humans aff ects the diff usion process. This process is crucial for 

oxygenation and nutrient supply of the cartilage.243;244 Moreover, unlike in 

humans188;189, notochordal cells are present in the IVDs of many animals at 

the age of skeletal maturity.103 As notochordal cells appear to be specially 

suited to optimize disc matrix synthesis, their presence infl uences the process 

of disc de- and regeneration.3;60;102 Our previous studies have pointed to 

similarities between the caprine and human disc in terms of size121, load227;228 

and absence of notochordal cells.91 The injection of the proteoglycan side 

chain degrading enzyme Chondroitinase ABC (CABC) can be used to induce 

reliable and reproducible disc degeneration in the goat in 12 weeks.94 

This method theoretically mimics the onset of human disc degeneration 

as the latter starts with the fragmentation of the proteoglycans as well.31 

When the proteoglycans are lost from the nucleus pulposus (NP) the water 

binding capacity is reduced and eventually the mechanical properties will 



RE
PR

O
D

U
CI

BL
E L

O
N

G
 TE

RM
 D

IS
C 

D
EG

EN
ER

AT
IO

N
 IN

 A
 LA

RG
E A

N
IM

A
L M

O
D

EL

59

be changed. In humans this results in a fi nal common pathway of increasing 

intervertebral disc degeneration, with changes in the NP and the annulus 

fi brosus (AF)1;31, loss of disc height223 and signal intensity on T2 weighted MR 

images18, macroscopic239 and histologic changes27 and even biochemical163 

and gene expression pattern changes.126;226 Recently, we have described 

all these changes in the intervertebral discs of the CABC induced goat 

model of disc degeneration as well.94 All the degenerative  signs developed 

within twelve weeks after the injection of CABC. However, in a pilot study 

the progression of the degenerative signs was followed up to six months94 

The progression of the degenerative signs seemed to level of after half a 

year, which may indicate spontaneous regeneration of the CABC injected 

IVDs. When the goat model will be used to study regenerative therapies it 

is essential to know the progression of the degenerative signs after twelve 

weeks. Also, progression of the degenerative signs in the model more closely 

mimics human disc degeneration as well, corroborating the model. 

For this purpose we studied the progression of the intervertebral disc 

degeneration after the induction with CABC in twelve goats. These goats 

were followed for 18 weeks (n = 6) and  26 weeks ( = 6). The development of 

disc degeneration was analyzed using similar parameters as in our previous 

studies: disc height, MRI, macroscopic and histologic grading and evaluation 

of the biochemical composition of the NP.   

Materials and Methods

Animals: The research protocol was approved by both a Scientifi c Board and 

the Animal Ethics Committee of the VU University Medical Center. Twelve 

skeletally mature female Dutch milk goats were used with an average weight 

of 81 kg. (SD: 9 kg). These goats were followed for 18 weeks (n=6) and 26 

weeks (n=6). 
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Surgical procedure: All animals underwent the exact same surgical procedure 

that has been described in detail before.94 A dorsal paravertebral incision was 

made. The IVDs were identifi ed using a left retroperitoneal approach and 

exposed after mobilization of the psoas muscle. CABC (CABC-solution; Sigma 

Aldrich Inc., Saint Louis, USA), was diluted to 0.25 U/ml with PBS. Pressure 

guidance was used to inject on average 140 μl (min 90 μl; max 200 μl) of PBS 

or CABC solution, using a 29 gauge needle. After wound closure, the animals 

returned to their cages and were allowed to move freely.

Prior to sacrifi ce, the animals were sedated and lateral roentgenograms 

were taken. Subsequently, the goats were euthanized with an intravenous 

overdose of sodium pentobarbital (20 mg/kg), where after the lumbar spinal 

columns were harvested.

Intervertebral disc height measurement: Both before surgery as well as  autopsy, 

standardized lateral thoracolumbar roentgenograms were obtained. The 

average IVD and vertebral body height were calculated by averaging three 

measurements. Subsequently, the average IVD height was divided by the 

average caudal vertebral height, resulting in a value called the disc height 

index (DHI) leveling out inter animal size diff erences.139 Changes in the DHI 

where expressed as loss of %DHI (%DHI = 100-pre-autopsy DHI/pre-operative 

DHI * 100%).

 

Magnetic Resonance Imaging: Sagittal MRI scans were obtained using a 1.5 

Tesla clinical imager (Symphony Quantum, Siemens AG Medical Solutions, 

Erlangen, Germany) and  a T2 weighted spin echo sequence (TR: 3 sec., TE: 

85 msec., fi eld of view 200, matrix of 118 x 384, and a slice thickness of 3 mm 

with a 10% gap). 

MRI-imaging analysis was performed according to the method described 

by Sobajima et al. 230 In short, the image data were transferred to image 

analysis software (Centricity Radiology Web, GE Medical Systems, Milwaukee, 
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WI, U.S.A.). The NP was outlined to defi ne the region of interest and surface 

area and signal intensity were computed automatically.  Subsequently, the 

product of these two measures was calculated (MRI index = area * average 

signal intensity). For comparative reasons the CABC injected IVDs were 

expressed as ratios of the PBS injected IVDs. 

Histology: The paramidsagittal slices were fi xed in 10% neutral buff ered 

formalin, decalcifi ed, paraffi  n-embedded, sectioned to 7 μm sections, and 

stained an Alcian Blue-Periodic Acid Schiff  (AB-PAS) staining (pH 1.0). 

A histological grading scale for goat intervertebral disc degeneration has 

been described in detail in previous work.94 This scale scores changes in 

the AF, changes in the extracellular matrix of the NP and the demarcation 

between these structures and was found to correlate very well with all other 

parameters of disc degeneration and have a reliable intra- and inter-observer 

reliability.94 

Biochemical evaluation: Samples Tissue samples were harvested from the 

center of the NP of a paramidsagittal slice for the biochemical evaluation. 

The NP tissue was solubilized using a digestion buff er. This buff er contains 5 

mM L-Cysteine, 50 mM EDTA en 0,1 M sodium acetate and 3% (w/v) papaïne. 

The pH was titrated to 5.53 using 1M NaOH. Finally, 500 μl of digestion buff er 

was used to digest each sample overnight at 56º C. The resulting digests 

were used in the HPLC for analysis of the total proteoglycan content as a 

measure of sulphated glycosaminoglycans (GAG). 250 μl of sample digest 

was analyzed in accordance with the manufacturer’s description, using Bly 

dye (Biocolor Ltd., Newtonabbey, Northern Ireland) and measuring light 

absorption at a wavelength of 656 nm. The remaining 250 μl of sample digest 

was fi rst hydrolysed for 22 hrs at 110 ºC in 6 M HCl to release hydroxyproline 

which was then quantifi ed using dimethylamino-benzaldehyde.32 The GAG/

hydroxyproline ratio was determined.
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Previously we described the development of intervertebral disc degeneration 

in the goat after twelve weeks.94 In each goat of this previous study (n = 6), 

one disc was injected with 0.25 U/ml CABC which was analyzed similarly as 

described in the present study after twelve weeks. The results after twelve 

weeks are also shown in the graphs of the present study for comparative 

reasons. 

Results

All goats recovered uneventfully from the surgical procedure and no 

complications were observed during the study. Normal ambulatory and 

social activities were regained on the second post-operative day. 

Disc height index: Endplate irregularities were not observed in any of the 

goats in the present study. Osteophyte formation, however, was observed 

in 4 of the 6 goats in the 26 week follow-up group. Osteophytes were not 

observed in the 18 weeks group. The DHI of CABC induced discs decreased 

during the follow-up (see Fig.1). 
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Figure 1. The results of the disc height index at autopsy.(±SEM). The preoperative DHI was 100% by 
defi nition, the percentages at autopsy were statistically compared to 100%. The DHI of the CABC 
injected discs was not statistically signifi cant lower after 12 weeks. After 18 and 26 weeks, these 
percentages were signifi cantly lower after the injection of CABC. The injection of PBS did not result in 
signifi cant changes at any time-point. * statistically signifi cant lower than 100% (p < 0.05).
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After twelve weeks the DHI had decreased insignifi cantly to 88% of the original 

height.94 After 18 weeks the DHI decreased to 84% of its original height (p < 

0.0001) and decreased further to 80% after 26 weeks (p< 0.0001).  The DHI of 

PBS injected discs did not decrease at both time-points (see Fig.1). Further, 

the DHI decrease of CABC discs was signifi cantly more then the decrease in 

PBS injected discs (p = 0.004 after 18 weeks, p = 0.003 after 26 weeks).

Magnetic resonance imaging: The PBS injected discs did not demonstrate 

degenerative signs in the MRI images (data not shown). Subsequently these 

discs were used to normalize the results of the CABC injected discs. The 

CABC injected discs all had a lower MRI Index compared to 1, the value of 

the PBS levels by defi nition (see Fig.2). It was previously shown that this was 

signifi cant after twelve weeks (p = 0.04).94 In the present study this was also 

signifi cant after 18 weeks (p = 0.0015) and 26 weeks (p = 0.0162). There was 

no statistically signifi cant diff erence between the diff erent follow-up time-

points (p = 0.7261). 
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Figure 2. The results of the MRI index are shown in this graph (±SEM). The grey dotted line represents 
the value of the PBS injected discs that is 1.0 by defi nition. The index of the CABC injected discs is 
expressed as the ratio of this PBS value. The ratios of the CABC induced discs were lower than 1.0 at 
all time points. * statistically signifi cant lower than 1.0 (p < 0.05). 

Macroscopic score: The PBS injected discs had a normal appearance with a 

bulging, gel-like NP and a concentrically arranged AF on the sagittal slices 

(see Figure 3A). The CABC induced discs demonstrated degenerative changes, 
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with a less bulgy disc and a less clear demarcation between the NP and the 

AF (see Figure 3B). Four out of six discs in the 26 weeks follow-up groups 

demonstrated more severe signs of degeneration like osteophyte formation 

and ruptures of the AF. (see Figure 3C).

A CB

Figure 3. A: is a photograph of a sagittal slice of a normal intervertebral disc. There is a bulging NP 
and a concentric alignment of the AF. B: shows  a similar photograph of a degenerated intervertebral 
disc. The bulging of the disc is lost, as well as the demarcation between the NP and the AF. C: is a 
photograph of a severely degenerated disc, as was found in some discs after 26 weeks follow-up. 
Besides the above-mentioned signs of degeneration, sever signs of degeneration are visible in this 
fi gure like osteophyte formation at the anterior part of the disc (arrow), and ruptures of the annulus 
fi brosus (block arrow). 

The macroscopic score demonstrated a similar pattern as shown in the 

previous parameters (see Fig.4). 
Macroscore 
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Figure 4. The results of the macroscopic score are shown in this graph (±SEM). This score was never 
signifi cantly higher then 1.0 in the PBS injected discs, but was signifi cantly higher in the CABC injected 
discs at all time-points. There were no signifi cant diff erences between the diff erent time-points.  * 
statistically signifi cant higher than 1.0 (p < 0.05).

The PBS injected levels had an average value of 1.4 after 18 weeks and 1.3 

after 26 weeks. This was not statistically signifi cant compared to 1.0, which 
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corresponds to a non-degenerate disc (p = 0.125 and p = 0.25 respectively). 

The CABC injected discs however were higher than 1.0 (see Fig. 4). After 

twelve weeks, the macroscopic score was increased to 2.6 (p = 0.03). The 

macroscopic score of these discs was 2.4 after 18 weeks (p = 0.0020) and 2.2 

after 26 weeks (p = 0.0005). There were no diff erences detected between the 

macroscopic scores of the two time-points. 

Histologic score: The osteophytes observed in the x-rays were also seen 

in the histologic sections. In the sections however, endplate irregularities 

were also observed in 2 CABC injected discs. These irregularities consisted 

of destruction of the endplate, osteolysis of the subchondral bone, the 

presence of infl ammatory cells and vascular ingrowth. These irregularities 

were observed in one goat of the 26 weeks follow-up group. The histologic 

score of the PBS injected discs was 1.3 after both 18 and 26 weeks (see Fig. 5). 

** *
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Figure 5. The results of the histologic score are shown in this graph (±SEM). The histological score of 
the PBS injected discs was normal and never diff erent from 0 (defi nition of a non-degenerated disc). 
The CABC injected discs had histological scores ranging between 3.5 and 4 dependent on the follow-
up. These were all statistically signifi cant from 0. There were no statistically detectable diff erences 
between the follow-up time points. * statistically signifi cant higher than 0 (p < 0.05).

This was not statistically signifi cant compared to the histologic score of a non-

degenerated disc, 0 (p =  0.06 at both time-points). The CABC injected discs 

however were scored signifi cantly higher than 0: after 18 weeks the score was 
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3.8 (p = 0.0005) and after 26 weeks it was 3.5 (p = 0.0005). The discs that were 

followed for twelve weeks had a histological score of 4.2 (p = 0.03).94

Biochemical composition: The biochemical composition of the NP is expressed 

as the GAG/hyp ratio in Fig. 5. The GAG/Hyp ratio of PBS injected NPs 26 and 

30 in all time-points (see Fig.5). There was no statistically signifi cant between 

these follow-up time-points. 

However, the GAG/Hyp ratio of the CABC injected NPs was decreased. The 

discs of the 12 weeks time-point had a ratio of 10 (p = 0.005), after 18 weeks 

(p = 0.0293) and 26 weeks (p < 0.0001) compared to the PBS injected levels. 

The results of the twelve weeks goats were obtained from a previous study 

similar as the other parameters used in the present study94, however these 

results have not been published before. There was no statistically signifi cant 

diff erence between these CABC injected NPs at diff erent time-points. 
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Figure 6. The results of the biochemical evaluation of the NPs of the goat discs (±SEM). The ratio 
between the amount of glycosaminoglycans and hydroxyprolines (GAG/Hyp ratio) is depicted here 
and is a measure of degeneration. Absolute values of the ratio of the goat NP range between 26 and 
30. The ratios of the CABC injected discs were compared to PBS ratios as “normal” values of the goat 
GAG/Hyp ratio are not described before. The CABC injected NPs had signifi cantly lower ratios at all 
time-points.  * statistically signifi cant lower than the GAG/Hyp ratio of PBS injected discs (p < 0.05).
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Discussion

The present study evaluated the natural progression of chemically induced 

intervertebral disc degeneration in the goat. Previously we described the 

development of a slowly progressive mild disc degeneration model in 

which the development of degeneration was followed for twelve weeks.94 

When this goat model will be used to study new (regenerative) therapies, 

the reproducibility of the degeneration induced and the natural progression 

of the degeneration after these twelve weeks is relevant. This study 

demonstrates that the severity of the induced degeneration remains mild 

until at least 18 weeks after injection with 0.25 U/ml CABC. After 26 weeks, 

however, osteophyte formation is observed in some of the CABC injected 

discs, indicating that disc degeneration has progressed to a more severe 

stage. 

Animal models are essential in the study of new therapies for intervertebral 

disc degeneration. For this purpose, reproducible, slowly progressive models 

are needed. The degree of induced disc degeneration should be similar 

throughout the used animals and also selectable, to minimize the variation 

in the studies.225 The reproducibility of the degeneration allows comparison 

of results between research groups.225 The time course of the modeled 

degeneration is also relevant from several perspectives. The classic stab model 

developed by Lipson and Muir134 results in fast degeneration by immediate 

herniation of the NP and therefore might not mimic the process of human 

disc degeneration. Further, the rapid development of severe degenerative 

changes in this model do not allow the study of the mild changes occurring 

in early phase intervertebral disc degeneration. Recently, new models have 

been developed to induce mild and slowly progressive degeneration by a 

needle puncture.148;230 These models provide an excellent and cost-eff ective 

method to study new regenerative therapies. However, the rabbit, used in 

these models, has some shortcomings in its comparability to humans, as it is 
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much smaller and also retains the notochordal cells in the NP in maturity.137 

Therefore, a large animal model is needed to study the feasibility of newly 

developed therapies before moving towards clinical application. The CABC 

induced goat model is suitable for this purpose as it lacks notochordal cells 

at the skeletally mature age91 and its disc has comparable proportions as 

humans.121

Other standards a good animal model must comply with are reproducible 

and selectable severity of the induced degeneration. The CABC induced 

degeneration has been shown to be tightly regulated by the concentration of 

CABC injected in the NP and mild degeneration was shown to occur after the 

injection of 0.25 U/ml of CABC.94 When more severe degenerative changes 

are needed for modeling purposes, higher concentrations of CABC, like 0.5 

U/ml can be used.94 The present study demonstrates that the degeneration 

induced by the injection of CABC is similar as observed in our previous study, 

confi rming the reproducibility of this model. 

The severity of the induced degeneration in the goat model remains at a mild 

level, both demonstrated by the diff erent parameters as well as the absence 

of osteophytes and other gross morphologic changes in the structure of the 

disc up to 18 weeks after induction. However, after 26 weeks, osteophytes 

and irregularities were observed in a number of CABC injected discs. This can 

be explained as an exponent of the ongoing degeneration, induced by the 

loss of proteoglycans from the NP, as seen in human degeneration as well.31 In 

another study, the biochemical composition and the gene expression pattern 

of the degenerated discs was shown to mimic human disc degeneration.92 

These similarities to human degeneration may indicate that a similar process 

of degeneration is induced. In some animal models spontaneous recovery of 

the discs is observed, but in this model this  does not occur up to 26 weeks 

after induction. This is also relevant when the long term follow-up of new 

therapies is studied.

The parameters analyzed in this study are all commonly used to study 
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intervertebral disc degeneration.134;148;230 Both the DHI and the MRI index 

are useful tools to quantify the results based on imaging techniques. The 

macroscopic score and the histologic score have been used by our group 

before to study disc degeneration and were shown to have good inter-and 

intra-observer reliability.93;94 Also both of these scores correlate well with 

the non-parametric data like the DHI and the MRI index.94 The biochemical 

composition of the intervertebral discs has not been analyzed before. The 

GAG/Hyp ratio was studied for human degenerated discs and was found to 

correlate excellently with degeneration.163 Similar results were also observed 

in the goat intervertebral discs that we studied recently.92 The ratio between 

the glycosaminoglycans and the hydroxyprolines lies between 25 and 30 in 

normal human discs and goat discs.92;163 As the amount of hydroxyprolines 

corresponds with approximately 10% of the total amount of collagen168, 

the normal NPs contain more proteoglycans then collagens, as expected 

in these proteoglycan rich structure.209 In the mildly degenerated discs this 

ratio decreased to 10, which means that the collagens and proteoglycans are 

present in equal amounts. Both an increase in collagens and a decrease in 

proteoglycans have been described to occur in the degenerated NP.9;209 

 None of these parameters analyzed in the present study changed signifi cantly 

during the follow-up. However, the severity of the degeneration did increase 

during follow-up, as the 26 weeks goats had developed osteophytes and 

endplate irregularities, whereas the goats from earlier time-points had not. 

The variation in the diff erent parameters analyzed probably is too high to 

detect statistically signifi cant diff erences between the degenerated discs. 

The parameters however were clearly able to detect the diff erences between 

non-degenerated and degenerated discs. The diff erences between the 12 

weeks follow-up group from a previous study94 were statistically compared 

to the results of the present study despite subtle diff erences between the set-

up of both studies that might have introduced diff erences in the results. The 

severity of the degeneration induced in these separate studies in general was 
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comparable which corroborates the degeneration model as it is reproducible.   

In conclusion, the present study demonstrates that intervertebral disc 

degeneration induced in the goat by the injection of 0.25 U/ml CABC is 

reproducible. The induced degeneration is mild in the period ranging 

between 12 and 18 weeks after the induction, but progresses slowly as more 

degenerative signs occurred after 26 weeks. Based on the present study 

and previous results, the goat CABC model is established as a suitable large 

animal model to evaluate mild disc degeneration and potential new (cellular) 

therapies. 
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Abstract

Study Design

Caprine lumbar intervertebral discs (IVD) were collected from previous studies 

and categorized as normal, mildly or severely degenerated. The biochemical 

composition and the RNA profi les present in both the nucleus pulposus (NP) 

and the annulus fi brosus (AF) were analyzed.

Objective

To determine the molecular changes occurring in a disc degeneration model,  

evaluating the mechanism through which the degeneration develops in this 

model. 

Summary of Background Data

Recently we described an IVD degeneration model in the goat by injecting 

Chondroitinase ABC (CABC). This results in mild progressive disc degeneration. 

Methods

109 caprine IVDs were assigned to three classes: no degeneration, mild or 

severe degeneration. Collagen content, collagen cross-links (hydroxylysyl 

pyridinoline; HP) and the ratio between the glycosaminoglycans (GAG) and 

hydroxyprolines (Hyp; GAG/Hyp ratio) in the NP and AF samples were studied. 

Furthermore, the gene expression of collagen type I, type II and aggrecan as 

well as ADAMTS (a desintegrin and metalloproteinase with thrombospondin 

motifs)-2, ADAMTS-14 and MMP(matrix metalloproteinases)-13 were studied.

Results

Collagen content was increased in severely degenerated NPs and decreased in 

severely degenerated AFs. Collagen cross-links were decreased in the severely 

degenerated NPs indicating de novo deposition of immature, reducible 
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cross-linked collagens. The GAG/Hyp ratio found in none-degenerate goat 

discs was comparable to human ratios and decreased in degenerated discs, 

similar as in humans. The ADAMTS genes were increasingly detectable in the 

degenerated discs. The MMP-13 gene increased signifi cantly in degenerated 

discs. The expression of collagen type I increased in degenerated discs while 

aggrecan decreased.

Conclusion

Changes in the GAG/Hyp ratio of chemically induced degeneration in goat 

IVD resemble the changes seen in humans. Gene expression profi les match 

the pattern of degeneration, suggesting that the injection of CABC might 

mimic the onset of human disc degeneration. 
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Introduction

The intervertebral disc consists of  two main structures: the gelatinous, water 

binding nucleus pulposus (NP) and a layered circular structure called the 

annulus fi brosus (AF). One of the fi rst signs of disc degeneration is the loss 

of proteoglycans from the NP.9 The subsequent loss of water is hypothesized 

to result in a loss of pressure, leading to a collapse of the intervertebral disc 

(IVD) and clinical symptoms including decreased disc height and decreased 

signal intensity on T2-weighted magnetic resonance imaging.125 It also alters 

the mechanics within the spine itself resulting in changes in the AF like 

cracking and fi ssuring.125 Currently, treatment options are not available for 

disc degeneration. However, recent advances in cellular biology and material 

technology allow for the development of new treatment strategies.

To evaluate new treatment strategies, animal models are essential.137 Current 

animal models mostly consist of small animals, like rabbits and mice and 

comprise many diff erent techniques to induce artifi cial disc degeneration.5 

However, small animals have shortcomings in their comparability to humans, 

in particular with regard to disc geometry and presence of notochord cells.137  

As the size of the disc infl uences diff usion, on which cells inside the disc 

depend for transport of nutrients and waste products246, and notochord 

cells are thought to have a role in the maintenance and synthesis of disc 

matrix 3;60;102, these diff erences are relevant. To overcome these relevant 

shortcomings, large animal IVD degeneration models are needed. 

Previously, we have shown that the goat lumbar spine resembles the 

human disc in structure, geometry and mechanics.121;227;228 Furthermore, 

notochord cells are not present in the NP of mature caprine discs91, similar 

as in human mature IVDs.241 Therefore, we developed a slowly progressive 

disc degeneration model in the goat by injecting the discs with diff erent 

concentration of Chondroitinase ABC (CABC).94 This enzyme degrades the 

chondroitin sulfate side chains of the proteoglycan molecule and might 
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therefore mimic the onset of human disc degeneration by interfering with 

the proteoglycan-mediated water retention in the NP. Injection with a low 

concentration of CABC (0.2-0.25 U/ml CABC) resulted in mild degenerative 

changes after twelve weeks and higher concentrations (0.3-0.5 U/ml CABC) 

resulted in more severe degeneration accompanied by osteophyte formation, 

destruction of the endplate and scar tissue formation in the NP.94 Similar to 

degenerative disc changes in humans, we observed  (i) loss of disc height, 

(ii) loss of signal intensity in T2 weighted MR images and (iii) corresponding 

changes in macroscopic and histological scores.94 

These signs are all eff ects of the degenerative process, which actually 

consists of changes in the catabolic and anabolic pathway.125 In human disc 

degeneration, matrix metalloproteinases (MMPs) and ADAMTS (a desintegrin 

and metalloproteinase with thrombospondin motifs) molecules might play 

a role in the degenerative process.112;126;205;234 Also, the production of matrix 

molecules like collagen26 and aggrecan226 is changed in degenerated discs. 

To further determine whether the observed changes in the goat IVDs mimic 

the changes seen in human disc degeneration, we analyzed the biochemical 

constitution of chemically degenerated goat IVDs by determining the 

amount of collagen present in the NP and AF, the number of collagen cross-

links and the ratio between proteoglycans and collagens in these structures. 

Furthermore, we investigated the gene expression levels of several genes 

involved in IVD degeneration. 

Materials and Methods

Intervertebral discs

The samples used in this study were obtained from goats used in previous 

studies.94 All research protocols have been approved by both a Scientifi c 

Board and the Animal Ethics Committee of the VU University Medical Center. 
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In total, 109 lumbar intervertebral discs of eighteen skeletally mature female 

Dutch milk goats (at least 3.5 years old) were used. 

Forty-one IVDs were obtained from six goats which were not subjected to any 

treatment procedures that were used as controls in a previous study.94 The 

remaining 68 IVDs were obtained from twelve goats of which the IVDs were 

injected with diff erent concentrations of CABC (0.2 U/ml-0.35 U/ml)94, 0.5 U/

ml (unpublished data) or PBS. In short, the goat lumbar intervertebral discs 

were exposed through a left retroperitoneal approach and directly injected 

using a 29 gauge needle of 1 cm length with diff erent concentrations of CABC 

(CABC-solution; Sigma Aldrich Inc., Saint Louis, USA), which acts specifi cally 

on chondroitin-4-sulfate, chondroitin-6-sulfate, dermatan sulfate and slowly 

on hyaluronate. Pressure guidance was used to ensure that the injection 

volume matched the NP volume of each disc. Disc degeneration was allowed 

to develop for twelve weeks. After sacrifi ce of the goats, each IVD was band-

sawed into 4 mm slices. One paramidsagittal slice was used to study the 

biochemical composition and another paramidsagittal slice for RNA content 

studies respectively. Samples of the exact same location were obtained from 

each slice in two diff erent regions: the NP area and the AF area (see Fig. 1). 

normal mild severe

Figure 1. Digital photographs of paramidsagittal slices of the three diff erent degeneration grades 
used in this study. A: Representative example of a normal and non-degenerated goat intervertebral 
disc. The black box indicates the harvest site of the annulus fi brosus (AF) samples for both the 
biochemical analysis as well as the RT-PCR analysis in two paramidsagittal slices. The black dotted 
line box indicates the harvest site for the nucleus pulposus (NP) samples. B: This picture shows a 
mildly degenerated intervertebral disc with a loss of bulging of the NP and a less clear demarcation 
between NP and AF. C: Severely degenerated goat intervertebral disc showing a complete loss of 
macroscopic structure, demarcation between the NP and AF, osteophyte formation and irregularities 
of the end-plate.
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Macroscopic degeneration score

All slices were digitally photographed prior to sample isolation in order to 

determine the Thompson score239 of each disc. Although the Thompson 

score, which consists of fi ve diff erent degeneration grades, was developed 

for human intervertebral disc degeneration, it also correlates well with goat 

intervertebral disc degeneration.94 Based on the Thompson scores, the goat 

discs were categorized in three diff erent categories: normal discs (Thompson 

grade < 2), mildly degenerated discs (Thompson grade 2-3) and severely 

degenerated discs (grade > 3). 

Biochemical evaluation

The biochemical composition of both the NP and the AF of all IVDs was 

analyzed. The GAGs are representative for the amount of proteoglycans 

present in the disc and the Hyp can be used as a measure of the total 

collagen content. The tissues were solubilized using a digestion buff er. This 

buff er contains 5 mM L-Cysteine, 50 mM EDTA, 0.1 M sodium acetate and 3% 

(w/v) papaine; the pH was titrated to 5.53 using 1 M NaOH. Finally, 500 μl of 

digestion buff er was used to digest each sample overnight at 56º C.

Glycosaminoglycans content: The resulting digests were used to determine 

the GAGs present in the samples using a spectrophotometric method. 250 

μl of sample digest was analyzed in accordance with the manufacturer’s 

description, using Bly dye (Biocolor Ltd., Newtonabbey, Northern Ireland) and 

measuring light absorption at a wavelength of 656 nm. 

Hydroxyproline content: The remaining of the digest (250 μl) was used for 

analysis of Hyp as a measure of total collagen content. First, sample digest 

was hydrolysed in 6 M HCl to release hydroxyprolines, which was then 

quantifi ed using dimethylamino-benzaldehyde.32 The GAG/hydroxyproline 

ratio was determined by dividing the GAG content per ml by hydroxyproline 

content per ml, resulting in a dimensionless ratio.
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Collagen content and cross-link analysis

Samples (average wet weight: 7.9 mg; SD 3.3 mg) were hydrolyzed (110 °C, 

20-24 h) with 800 μl 6 M HCl in 5-ml Tefl on-sealed glass tubes. The samples 

were dried and re-dissolved in 800 μl of water containing 10 μM of pyridoxine 

(internal standard for the cross-link hydroxylysylpyridinoline = HP) and 2.4 

mM of homoarginine (internal standard for amino acids; Sigma, ST. Louis, MO, 

U.S.A.). Samples were diluted fi ve-fold with 0.5% (vol/vol) heptafl uorobutyric 

acid (Fluka, Buchs, Switzerland) in 10% (vol/vol) acetonitrile for cross-link 

analysis; aliquots of the 5-fold diluted sample were diluted 50-fold with 0.1 

M sodium borate buff er, pH 8.0, for amino acid analysis. Derivatization of 

the amino acids with 9-fl uorenylmethyl chloroformate and reversed-pahse 

high-performance liquid chromatography of amino acids and cross-links 

was performed on a Micropak ODS-80TM column (150 mm x 4.6 mm; Varian, 

Sunnyvale, CA, U.S.A.) as described previously.14;15 The quantities of the 

cross-link HP were expressed as number of residues per collagen molecule, 

assuming 300 hydroxyproline (Hyp) residues per triple helix. This is a well-

established procedure, because Hyp is a collagen-specifi c amino acid and 

because the prolyl hydroxylation level in collagen is stable. The molecular 

weight of collagen was assumed to be 300 kD for calculating the collagen 

content in the tissue and is expressed as percentage collagen in the wet 

weight samples.

RT-PCR

Gene profi le analysis was possible in 67 of 109 IVDs due to set-up of the 

previous study.94 

AF and NP samples (see Fig. 1) were homogenized with ceramic beads in a 

lysis solution by MagNalyser (Roche Diagnostics, GmbH) with four runs of 

30 s at 6,500 rpm with in-between cooling. Total RNA was isolated with the 

MagnaPure robot (Roche Diagnostics, GMBH), using the total RNA tissue 

isolation kit II (Roche Diagnostics, Brussels, Belgium). The RNA samples were 
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stored at -80°C for RT-PCR assays. Total RNA was reverse-transcribed in 20 μl 

of RT-PCR mix. Stability of expression of house keeping genes 18S (ribosomal 

RNA) and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 

activation protein (YWHAZ)251 was calculated by geNorm soft ware (http://

medgen.ugent.be/genorm). The weighted mean of 18S and YWHAZ was 

calculated and used as a normalization factor. Finally, the relative gene 

expression of collagen type I and II, aggrecan, biglycan and MMP-13 was 

determined by dividing their expression by this housekeeping normalization 

factor. The primers used for the gene expression analysis are shown in table 1.

Table 1.  The primers used for real-time PCR

Gene Oligonucleotide sequence
Product size/ 

annealing temp
(bp/°C)

18S
Forward 5’-GTA ACC CGT TGA ACC CCA TT-3’

151/56
Reverse 5’-CCA TCC AAT CGG TAG TAG CG-3’

Collagen type I
Forward 5’ TCCAACGAGATCGAGATCC 3’

191/57
Reverse 5’ AAGCCGAATTCCTGGTCT 3’

Collagen type IIB
Forward 5’ AGG GCC AGG ATG TCC GGC A 3’

195/56
Reverse 5’ GGG TCC CAG GTT CTC CAT CT 3’

YWHAZ
Forward 5’ GATGAAGCCATTGCTGAACTTG 3’

229/56
Reverse 5’ CTATTTGTGGGACAGCATGGA 3’

Aggrecan
Forward 5’-CAA CTA CCC GGC CAT CC-3’ 

160/57
Reverse 5’-GAT GGC TCT GTA ATG GAA CAC -3’

MMP13
Forward 5’ GGAGCATGGCGACTTCTAC 3’

208/56
Reverse 5’ GAGTGCTCCAGGGTCCTT 3’

ADAMTS2
Forward 5’ GGCCTTGCCTACGACTT 3’

219/56
Reverse 5’ CACCATGCGCTTCATGGACA 3’

ADAMTS14
Forward 5’ GCGGATGACAAGTGTGGAGTCTG 3’

193/57
Reverse 5’ TGCCGGTGACCTGGTTCTTC 3’

Biglycan
Forward 5’ TACAGCGCCATGTGTCCTT 3’

274/59
Reverse   5’ GGTGGTTCTTGGAGATGTAGAG 3’

Statistical analysis

The biochemical data were analyzed using a one-way ANOVA to detect 

diff erences. Signifi cant results were further analyzed using Bon Ferroni’s 

post hoc test. The results of the RT-PCR were not sampled from a Gaussian 
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distribution and therefore analyzed using the Kruskal-Wallis test for non-

parametric data. Signifi cant results were further analyzed using Dunns 

multiple comparison test. These calculations were performed using Instat  

statistical analysis software (Graphpad Software Inc., San Diego, USA).

Results

Both the biochemical and the RNA slice of each disc were scored using the 

Thompson score. The average score of the slices was used to assign the discs 

to one of the three categories defi ned previously (normal (Thompson grade 

<2); mildly degenerated (Thompson grade 2-3) and severely degenerated 

(Thompson grade >3)). From 109 specimens, 54 IVDs were graded as none-

degenerate, 42 IVDs as mildly degenerated and 13 as severely degenerated. 

Representative examples of all three categories are shown in fi gure 1.

Slices obtained from the control goats were all scored as normal, except 

three discs that were categorized as mildly degenerated (all Thompson 

grade 2). The degeneration induced in the CABC injected discs varied based 

on the concentration of CABC injected, as described previously.94 High 

concentrations of CABC (0.3-0.35 U/ml and 0.5 U/ml) resulted in severely 

degenerated discs in 80 % of the discs. Intermediate concentration (0.25 U/

ml) resulted in 100% of the discs to develop mild degenerative signs and low 

concentrations (0.2 U/ml CABC)  resulted in 33% normal discs and 67% mildly 

degenerated discs. PBS injected discs were categorized either as normal 

(67%) or as mildly degenerated (33%). No diff erences were observed based 

on the disc level. 

Biochemical evaluation

The percentage collagen was, as expected, signifi cantly higher in the AF 

as compared to the NP (see Fig. 2A) in the normal and mildly degenerated 
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discs ( both p < 0.0001). However, percentage collagen increased signifi cantly 

in the severely degenerated NP (normal versus severely degenerated; p 

= 0.01) and decreased in the AF (normal versus severely degenerated; p = 

0.004 and mildly versus severely degenerated; p = 0.005). These changes 

resulted in comparable amounts of collagen in the AF and NP in the severely 

degenerated discs (see Fig 2A; p = 0.62).

Figure 2. Normal discs were defi ned as discs with Thompson grade <2, mildly degenerated discs 
with a Thompson grade 2-3 and severely degenerated discs with a Thompson grade > 3. a = 
signifi cantly diff erent when compared to normal discs; b = signifi cantly diff erent when compared to 
mildly degenerated discs; c = signifi cantly diff erent when the nucleus pulposus (NP) and the anulus 
fi brosus (AF) are compared (p<0.05). A: Results of the HPLC analysis of the percentage collagen 
present in freeze-dried samples (±SEM). The collagen content was signifi cantly higher in the AF 
than in the NP of normal and mildly degenerated discs. In severely degenerated discs, the collagen 
content of the NP and AF was similar. This is caused by a signifi cant increase in the collagen content 
in severely degenerated NPs, as well as by a signifi cant decrease in the collagen content of severely 
degenerated AFs. B: the number of hydroxylysylpyridinoline (HP) cross-links present per triple-helix 
(±SEM). These cross-links can be used as a measure of the maturity of the collagens present. The 
number of cross-links/triple helix was decreased in the severely degenerated NP samples, indicating 
that new yet immature collagen fi brils are deposited. C: Results of the glycosaminoglycan (GAG) and 
Hydroxyproline (Hyp) analysis expressed as a GAG/Hyp ratio (±SEM). The GAG/Hyp ratio of the NP 
was always signifi cantly higher compared to the AF. The ratio of both the mildly degenerated and the 
severely degenerated discs were both signifi cantly lower compared to the discs classifi ed as normal.
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The number of cross-links was signifi cantly decreased in the severely 

degenerated NPs (p = 0.004; compared to normal NP; see Fig. 2B). Diff erences 

were also observed between the AF and the NP. There were signifi cantly 

more cross-links in the NP compared to the AF in normal discs (p = 0.005) 

and signifi cantly less cross-links in the NP of severely degenerated discs 

compared to the AF (p = 0.004).  

In the NP of the normal discs, the GAG/Hyp ratio was 30:1 (see fi g. 2C). When 

the macroscopic degeneration increased, the ratio dropped signifi cantly to 

15:1 in the mildly degenerated discs (p<0.0001) and even further to 7:1 in 

the severely degenerated discs (p<0.0001 compared to normal and p<0.05 

compared to mildly degenerated discs). The GAG/Hyp ratio in the AF was 

much lower then in the NP, as expected (see Fig. 2C). The ratio was 3:1 in 

the normal AF and decreased in a similar pattern as in the NP. The ratio was 

signifi cantly lower in the mildly degenerated discs (1.7:1; p<0.001) and even 

lower in the severely degenerated discs (1:1; p<0.001). The diff erence between 

mildly degenerated and severely degenerated discs was not signifi cant. The 

ratios of the AF were signifi cantly lower than the ratios of the NP, independent 

of their degeneration grade (normal p<0.0001, mild p<0.0001 and severe 

p<0.01). 

RT-PCR

The house-keeping genes 18S and YWHAZ were quantifi able in 55 of 67 

samples of the NP (82%) and in 59 of 67 samples of the AF (88%) respectively. 

The remaining samples were excluded from further analysis. Both ADAMTS 

genes were present in a limited number of samples and statistical 

analysis therefore was not performed. However, the number of samples 

demonstrating presence of ADAMTS-2 and ADAMTS-14 increased depending 

on the severity of the disc degeneration. In the NP, ADAMTS-2 was detected 

in 5/26 (19%) of the samples in the non-degenerated IVD, in 5/24 (21%) of 

the mildly degenerated discs and in 3/5 (60%) of the severely degenerated 

samples. 
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Figure 3. Figure 3A-E shows the results of the gene expression profi les of the fi ve genes analyzed 
semi-quantitatively (± SEM), expressed as a ratio of a weighted factor of two house-keeping genes 
(2hk). a = signifi cantly diff erent when compared to normal discs; b = signifi cantly diff erent when 
compared to mildly degenerated discs; c = signifi cantly diff erent when the nucleus pulposus (NP) and 
the anulus fi brosus (AF) are compared (p<0.05). A: Collagen type 1 was signifi cantly higher present 
in severely degenerated discs both in the NP and the AF. Collagen type 1 was also expressed higher 
in the AF then in the NP, independent of the degeneration grade. B: No signifi cant diff erences were 
observed in the expression of collagen type 2 based on the degeneration or the tissue. C: Aggrecan 
was signifi cantly decreased, both in the NP and the AF of severely degenerated discs. Furthermore, 
the expression of aggrecan was much higher in the NP when compared to the AF, independent 
of the degeneration grade. D: The expression of biglycan was signifi cantly higher in the severely 
degenerated disc in the AF. No diff erences were observed in the NP or between the AF and the NP. E: 
MMP-13 was hardly present in normal discs. Signifi cant increases were observed in the expression of 
the catabolic enzyme matrix metalloproteinase (MMP)-13, both in the NP and in the AF. No diff erences 
were observed between the NP and the AF. See text for a desintegrin and metalloproteinase with 
thrombospondin motifs (ADAMTS)-2 and ADAMTS-14 expression profi les.
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A similar trend was observed in the NP for ADAMTS-14. This gene was detected 

in none (0%) of the non-degenerated and mildly degenerated discs and in 2/5 

(40%) of the severely degenerated discs. This trend was also observed in the 

AF (ADAMTS-2: 5/28 (18%),5/25 (20%) and 4/6 (67% respectively, ADAMTS-14: 

0%, 4/25 (16%) and 2/6 (33%) respectively). In the other analyzed genes the 

detection of the genes was more consequent and therefore the results of 

these measurements were analyzed fully. In cases in which these genes were 

not detected, its value was set to zero, assuming that RNA was not present. 

A similar pattern as observed in the ADAMTS genes was observed for 

collagen type I in the NP. This gene was detected in normal NPs in 3/26 (12%), 

in 11/24 (46%) in mildly degenerated discs and in 4/5 (80%) of the severely 

degenerated NPs. In the AF, collagen type I expression was observed in 17/28 

(61%), 15/25 (60%) and in 100% of the AF samples.  The expression of collagen 

type I was signifi cantly lower in the NP compared to the AF of normal, non-

degenerated discs (p<0.01).  Further, the gene expression of collagen type 

I increased depending on the severity of the degeneration (see fi g. 4A).  

Severely degenerated NPs demonstrated a signifi cantly higher collagen type 

I expression when compared to normal discs (≈ 100-fold; p<0.01). This pattern 

was also observed in the AF, were the collagen type I expression signifi cantly 

increased from normal to severe (p<0.01) and from mild to severe (p<0.01). 

Statistically signifi cant diff erences in aggrecan expression were also detected 

in non-degenerated discs. For this gene, the expression was higher in the NP 

(p<0.01). 

Aggrecan expression decreased in the NP related to degeneration(see fi g. 

4C). Also, aggrecan was expression was measured in 110/114 (96%) samples 

of both the NP and the AF. The cells in the NP of the normal discs expressed 

aggrecan signifi cantly higher compared to the severely degenerated group 

(p<0.05). In the AF this expression was also signifi cantly lower for both the 

mildly degenerated group (p<0.05) and the severely degenerated group 
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(p<0.05), respectively. 

The catabolic enzyme MMP-13 was up-regulated in degenerated discs, both in 

the NP and the AF (see fi g. 4E). MMP-13 was detected in 4/26 (15%) normal NP 

samples, 13/24 (54%) mildly degenerated NPs and in all severely degenerated 

NPs. Similarly, MMP-13 was measured in 6/28 (21%) normal AF samples, in 

9/25 (36%) mildly degenerated AF samples and in all severely degenerated 

samples. The MMP-13 up-regulation  was signifi cant in the NP for both 

mildly degenerated discs (p<0.05) and severely degenerated discs (p<0.05). 

A signifi cant up-regulation of MMP-13 (p<0.001) could also demonstrated in 

the AF of severely degenerated discs and a signifi cant diff erence in MMP – 13 

was also found when these severely degenerated discs were compared to 

mildly degenerated discs (p<0.01). The expression of biglycan was similar in 

the NP and the AF (see fi g. 4D) and was only increased in the AF of severely 

degenerated discs compared to normal discs (p<0.05). Biglycan was measured 

in almost all samples of both the AF and the NP (103/114; 90%).  No signifi cant 

changes were observed in the expression of the collagen type II gene (see 

fi g. 4B). The frequency of the detection of this gene increased slightly related 

to the degeneration grade in both NP samples (20/26 (77%), 20/24 (83%) and 

100% respectively) as well as in AF samples (18/28 (64%), 19/26 (73%) and 5/6 

(83%) respectively).

Discussion

The GAG/Hyp ratio, as a measure of the proteoglycans and collagens, is high 

in the goat NP (30:1) and low in the goat AF (3:1), similar as in humans (see Fig. 

2C).163 These ratios match human GAG/Hyp ratios (NP 27:1; AF 2:1) remarkably 

well.163 Furthermore, mildly degenerated goat NP tissue has a GAG/Hyp 

ratio of  15 :1 (humans 12:1) and in severely degenerated goat discs the ratio 

decreases to 7:1 (humans 5:1).163 In humans it was shown that the amount 
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of GAGs decreased in degenerated discs, which explains the decrease in 

the GAG/Hyp ratio.11;54 The amount of collagens present in the NP of mildly 

degenerated samples increased insignifi cantly from 35% to 40% (see Fig. 2A), 

indicating that the changes in the ratio are caused by a loss of GAG groups 

from the NP proteoglycans from the NP in this model as well. In the severely 

degenerated discs however, the amount of collagens increased signifi cantly 

to almost 50% (see Fig. 2A). In these NP samples, the decrease in the ratio 

therefore was not only caused by a loss of proteoglycans but also by an 

increase in the amount of collagens. The RNA data back-up this observation 

since gene expression of aggrecan decreased and collagen type I expression 

increased (see Fig. 3A and C). The number of cross-links (HP) in the severely 

degenerated NPs was also decreased, indicating that de novo, reducible 

cross-linked collagen has been deposited recently. In the AF, the changes in 

the GAG/Hyp ratio were modest, but signifi cant. Similar eff ects have been 

observed in humans.163 In the severely degenerated AFs , not only the GAG/

Hyp ratio decreased, but also the amount of collagen (see Fig. 2A) as a result 

of the induced degeneration. The number of cross-links did not change in 

the AF. These observations might indicate that the turn-over of collagens in 

the AF was lower than in the NP. This is in line with the more intense changes 

observed in the NP as compared to the changes in the AF (see Fig. 1A and C). 

Most authors currently hold the imbalance between catabolic and anabolic 

enzymes responsible for the onset of human disc degeneration.54;125;126 

Changes in gene expression of extra cellular matrix (ECM) components are a 

result of this imbalance and have been studied extensively  in IVDs of various 

animals and humans.8;54;74;231 In normal, non-degenerated human discs, type I 

collagen is the most abundant protein in the AF209 and aggrecan in the NP.155 

The expression of these genes was also relatively high in their respective 

areas of the normal goat discs (Fig. 3A and 3C). Collagen type II and biglycan 

were present equally in the AF and NP (Fig. 3B and 3D). Previous reports 

confi rm a similar expression pattern of biglycan155. A “human-like” collagen 
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type II expression pattern was also expected in the goat, as collagen type II in 

general is more abundant in the NP then in the AF. 

Gene expression levels of the analyzed ECM genes in the current study 

responded similar as described in human disc degeneration.54;126 Aggrecan 

was signifi cantly down-regulated in both the NP and the AF of degenerated 

goat discs (Fig. 3C), fi ndings also observed in degenerated human NP and 

AF.54;226 Collagen type I was signifi cantly up-regulated both in the NP and AF 

of severely degenerated discs (Fig. 3A). Similar results have been described in 

other animal models8;74;231 and in humans.26 Collagen type II, however, responds 

diff erently. In mildly degenerated discs the collagen type II was increased (Fig. 

3B), which might be viewed as an attempt to repair the ECM in the NP (and 

to a lesser extent in the AF).  The collagen type II genes are ultimately down 

regulated in the severely degenerated disc when the repair mechanism has 

clearly failed and scar tissue formation takes over, as observed in the gene 

expression of collagen type I. This was not only observed in this study, but 

was also found in several other animal disc degeneration models74;181;231 as 

well as in humans.26 These gene expression patterns of the ECM components 

also match well with changes observed at the protein-level, i.e. the increased 

collagen content and the decrease in the GAG/Hyp ratio (Fig. 2A and C). The 

specifi c type of collagen responsible for the increase in the content (type I or 

type II) however remains unknown as we are so far unable to analyze these 

diff erent types on the protein level in the goat.  

Besides genes encoding for ECM, several genes involved in the degenerative 

process were analyzed. Biglycan is a small leucine rich protein which also has a 

role in the regulation and repair of ECM.54;106 Biglycan increased insignifi cantly 

in the degenerated discs (Fig. 3D), perhaps as a part of the degenerative 

process. The increase of biglycan, mainly in the AF, has been reported before 

in human degenerated intervertebral discs. 54;105 The catabolic enzyme 

MMP-13 was hardly expressed in normal (non-degenerated) IVD - NPs and 

IVD – AFs (Fig. 3E); similar fi ndings have been observed in rabbit IVDs.8 In 
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the degenerated discs, MMP-13 clearly increased in both NP and AF (Fig. 4E). 

MMPs are involved in the degradation of the ECM.126 MMP-13 is one of the most 

potent collagenases for degrading collagen type II and is suspected to play 

an important role in intervertebral disc degeneration.126;205 This pattern was 

expected as it has been described extensively before in animal models8;143;181 

and humans.126 ADAMTS-2 and ADAMTS-14 are involved in the assembly of 

collagen fi brils of collagen, both type I and II. 49 As collagen formation occurs 

both in anabolic and catabolic processes, the role of these genes can not be 

classifi ed as anabolic or catabolic. Both ADAMTS-2 and 14 were increasingly 

present in degenerated samples refl ecting increased collagen metabolism. 

The results of this study must be interpreted with respect to their limitations. 

Technically, the analysis of gene expression data in the IVD is diffi  cult due to 

the limited number of cells. RT-PCR overcomes this problem but the method 

is inevitably  infl uenced by  sensitivity for sample variation. To overcome 

this variation, results were normalized for two housekeeping genes (18S and 

YWHAZ). Only samples in which both housekeeping genes were detected 

were used for further analysis. The inability to detect a gene in such a sample 

was interpreted as the absence of the involved RNA. In general it can be stated 

that the expression of the gene is not the only factor involved in the eventual 

protein deposition since e.g. inhibiting and modifying gene products may 

also infl uence the actual output of the cell. In the present study the gene 

profi le observed in the cells was linked to the biochemical composition of 

the sample and was found to correlate. This observation strengthens the 

reliability of the gene expression data in the present study.

In our previous study we reported that the goat intervertebral disc has 

comparable anatomic, geometric and loading characteristics to humans. 

We also demonstrated that injection with CABC results in radiographic, 

macroscopic and microscopic disc degeneration characteristics comparable 

to humans94, without the maroscopic injury seen in e.g. stab models.111;134;180;182 

Although injury itself is not responsible for the degenerative signs94, other 
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relevant aspects of disc degeneration, like a diminished nutrition244, are not 

incorporated in this model. As the cause of intervertebral disc degeneration in 

humans remains unknown, the comparability with the chemical degradation 

used in this model is speculative. Still, the present study adds valuable, 

comparable information with regard to the biochemical composition and the 

gene profi les of both the normal and degenerated IVD.  The increase in MMP-

13 expression, the increased number of  ADAMTS-2 and-14 observations and 

the increase in biglycan expression are all signs of a degenerative process 

that has started. These changes might indicate that the injection with CABC 

not only results in breakdown of proteoglycans in the NP, but also induces a 

degenerative pathway that mimics human disc degeneration. 

In conclusion, we have observed biochemical and biological changes, both 

mimicking human disc degeneration, in a promising large animal model of 

disc degeneration. Previous and present data suggest that the CABC-induced 

intervertebral disc degeneration in the goat model resembles human 

intervertebral disc degeneration and therefore can be used as a valid model. 
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Abstract

New regenerative treatment strategies are being developed for intervertebral 

disc degeneration of which the implantation of various cell types is promising. 

The cell types used so far all require in vitro expansion prior to clinical use, 

as these cells are only limited available. Adipose-tissue is an abundant, 

expendable and easily accessible source of mesenchymal stem cells. The 

use of these cells therefore eliminates the need for in vitro expansion and 

subsequently one-step regenerative treatment strategies can be developed. 

Our group envisioned, described and evaluated such a one-step procedure for 

spinal fusion in the goat model. In this review, we summarize the current status 

of cell-based treatments for intervertebral disc degeneration and identify the 

additional research needed before adipose-derived mesenchymal stem cells 

can be evaluated in a one-step procedure for regenerative treatment of the 

intervertebral disc. We address the selection of stem cells from the stromal 

vascular fraction, the specifi c triggers needed for cell diff erentiation and 

potential suitable scaff olds. Although many factors need to be studied in 

more detail, potential application of a one-step procedure for intervertebral 

disc regeneration seems realistic.    
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Introduction

Degenerative diseases 

Disorders of the musculoskeletal system are among the most prevalent and 

costly medical conditions aff ecting western societies.64 Recent advances in 

cellular biology and material technology, the cornerstones of regenerative 

medicine, also referred to as reparative medicine or tissue engineering, 

are beginning to infl uence the clinical practice of diff erent disciplines 

including orthopedic surgery. Regenerative medicine has identifi ed various 

skeletal tissues as attractive translational skeletal targets, in particular bone, 

cartilage, meniscus and the intervertebral disc.56;68 The identifi cation and 

characterization of matrix constituents and the increased knowledge about 

both anabolic and catabolic triggers of  musculoskeletal tissues provide 

important information on possible targets for therapeutic intervention. 

However, most of these concepts have barely progressed from in vitro testing 

and are so detailed that any attempt to summarize them would not do them 

justice, and is beyond the scope of this review. Therefore, this  review will 

focus on a recently discussed type of biologic therapy: stem cell therapy 

and its role in intervertebral disc regeneration, in particular the use of adult 

adipose-derived mesenchymal stem cells. 

Degenerative disc disease and emerging biological treatment approaches

The intervertebral discs tightly connect the vertebrae of the spinal column, 

providing resistance to compression combined with the permission of 

limited movements. The outer part of the intervertebral disc (IVD) consists of 

perpendicularly oriented circumfl ex lamellae consisting of primarily collagen 

type I that cross between two vertebral bodies. This is called the annulus 

fi brosus (AF). These lamellae confi ne the nucleus pulposus (NP), a gel-like 

structure consisting of proteoglycans and water, held together by a mainly 

collagen type II network. 
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IVD degeneration can be described clinically as a loss of proper stability and 

mobility, which are the two major roles of the disc. However, the etiology 

and pathophysiology of disc degeneration are still largely unknown 18;71 

From a biomechanical point of view, disc degeneration can be described as 

a decrease in water content associated with proteoglycan diminution of the 

nucleus pulposus and inner annulus. This results in fl attening of the disc and 

eventually destruction of the annular structure.169;199 Although the cause of 

IVD degeneration remains unclear, an attempt to defi ne IVD degeneration 

was recently made as follows: an aberrant, cell-mediated response to 

progressive structural failure.1

Degenerative disc disease (DDD) applies to degenerated discs which are also 

painful.1 DDD is a highly common musculoskeletal impairment that currently 

has no identifi ed cause. However, a strong association exists between 

increasing age and progressive degradation.35;132 The traditional view during 

much of the last century was that DDD was primarily due to physical (over)

loading as well as changes associated with the normal aging process. In recent 

years, however, a dramatic advance has been made in the understanding of 

risk factors such as age, gender, genetic, environmental, chemical (smoking), 

and biomechanical infl uences for disc degeneration, thus changing our 

traditional views.4;21;22;278 

Current treatment options for DDD comprise either pain management 

or invasive surgical interventions like vertebral interbody fusion or spinal 

arthroplasty.77 The expanding comprehension of processes involved in DDD 

and disc repair, however, present the possibility of developing strategies for 

restoring disc tissues. The onset of DDD starts with the loss of proteoglycans 

in the NP and therefore several biologic strategies under investigation aim to 

restore the proteoglycan level or synthesis within the degenerated IVD. These 

strategies include the use of natural and recombinant proteins, cytokines or 

growth factors, gene therapy and cell therapy.142;160;162;200;293  

Growth factors like TGF-beta140;184;261, BMP-2261;293, BMP-7 (OP-1)164;295 or GDF-
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551;283 all have shown an anabolic eff ect on disc cells, characterized by their 

ability to increase the functional properties of IVD cells, such as production 

of collagen type II, Sox 9 and aggrecan.263 Another category of molecules 

has a similar eff ect as the growth factors on disc cells, but exerts its eff ect 

intracellularly, by controlling one or more aspects of cellular diff erentiation.293 

Examples of these factors include LMP-1292, Sox 9203 and SMADs.91;187   Anti-

infl ammatory factors, like TIMP-1282 and CPA-926193, were shown to reduce 

degenerative changes by inhibiting naturally present degradative enzymes 

like MMP-1or  MMP-3.282 The above-mentioned categories of biologic agents 

aim to modify the disc-cell metabolism, while some biologic treatment 

strategies aim to increase the number of cells in the disc. Mitogenic molecules 

for disc cells include insulin-like growth factor-1 (IGF-1) and epidermal growth 

factor (EGF), which were shown to have positive eff ects on the rate of mitosis 

and proteoglycan production of disc cells in vivo.263;283 All of the mentioned 

factors showed preservation of  the architecture of disc tissue and/or 

increase collagen and proteoglycan synthesis through diff erent mechanisms. 

However, the success of gene therapy and growth-factor injection depends 

on a critical mass of cells within the disc. Cell-based treatments do not 

share this requirement and may therefore be appropriate for a wide range 

of disease states of degenerative disc disease. Cell therapy is an alternative 

approach, and the regenerative eff ects of transplantation of autologous cells, 

such as nucleus pulposus cells74;81, annulus fi brosus cells235, cartilagenous 

chondrocytes79 and mesenchymal stem cells 230-232;296 into the IVD, have been 

demonstrated as well. This review focuses on the use of mesenchymal stem 

cells in intervertebral disc regeneration. 

Stem cell sources

Stem cells are defi ned as unspecialized cells capable of long-term self-renewal 

and diff erentiation into more specialized cells. At the beginning of life, 

after fertilization of the ovum, a blastocyst is formed containing totipotent 
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cells, which divide and specialize into pluripotent, embryonic stem cells.173 

The pluripotent cells then further specialize into multipotent stem cells, or 

progenitor cells, that commit into lineages with tissue-specifi c functions like 

mesodermal tissue.173 Cells capable of producing mesenchymal tissues are 

referred to as mesenchymal stem cells (MSC) and are capable to diff erentiate 

to adipocytic, osteoblastic and chondrocytic lineages under appropriate 

conditions.209 MSCs have not only been isolated from embryonic241 or fetal 

tissues131, but also from almost every organ in adulthood.173  MSCs from adult 

tissues provide an attractive, alternative source of cells for tissue engineering, 

as the use of embryonic stem cells gives rise to ethical controversy. In addition, 

adult MSCs are relatively easy accessible and can be harvested from tissues 

like bone marrow, skin, muscle, and adipose tissue.56;70;209;277;299;300 Currently, 

bone marrow is the primary used source of adult MSCs, in which one of 105 

nucleated cells is a MSC.43 The low number of cells necessitates in vitro culture 

expansion to obtain suffi  cient numbers of cells for clinical application.41   

MSCs derived from the stromal vascular fraction (SVF) of adipose tissue were 

fi rstly identifi ed by Zuk et al. as a source of adult MSCs.299 SVF is a cell mixture 

isolated from adipose tissue by collagenase digestion and centrifugal 

enrichment, harboring a population of multipotent MSCs, so-called 

adipose-derived stem cells (ASCs).300 SVF is a pool of various cells, including 

endothelial cells, smooth muscle cells, pericytes, fi broblasts, mast cells, and 

pre-adipocytes.190;214 The incidence of ASCs in adipose tissue is estimated to 

be about 1 per 103 nucleated cells,300 which is two magnitudes higher than 

the number of MSCs in bone marrow.43 Despite the higher frequency and 

yield of ASCs over bone marrow MSCs, the biological properties of ASCs are 

not compromised. In culture, ASCs express cell-surface markers similar to 

those expressed by bone marrow MSCs, including CD105, SH3, Stro-1, CD90, 

and CD44.70;209 After lineage-specifi c stimulation, ASCs show multiple-lineage 

diff erentiation potentials: they can diff erentiate into adipogenic, myogenic, 

chondrogenic, osteogenic, endothelial, cardiomyogenic and potentially 
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neurogenic, phenotypes.70;299;300 As interest of clinicians in ASCs increases, 

several authors have compared ASCs and MSCs in terms of diff erentiation 

capacity.2;109;192 MSCs from bone marrow are reported  to provide a more 

suitable cell source for osteogenic and chondrogenic diff erentiation compared 

to ASCs, 2;109;192 although no signifi cant diff erences in terms of the multi-lineage 

diff erentiation capacity between ASCs and BM-MSCs were found in two 

other reports.60;126 However, MSCs from diff erent sources respond diff erently 

to culture conditions: for instance, medium containing dexamethasone is 

necessary for chondrogenesis in synovium-derived MSCs244 while the same 

medium suppresses chondrogenesis in ASCs.14 Therefor  e, the development 

of optimized protocols for the diff erentiation of MSCs from diff erent tissue 

sources is crucial for equal comparison of their diff erentiation capacities. The 

most important features of adipose tissue as a MSC source are the relative 

expendability and easy accessibility. Adipose tissue can be obtained in 

substantial quantities with minimal risk, as liposuction is a common procedure 

to obtain adipose tissue with zero reported deaths on 66,570 procedures 

and a serious adverse event rate of 0.68 per 1000 cases.108 Adipose tissue is 

also accessible at most sites used for a surgical procedure, neutralizing the 

need for a separate harvest site and its concomitant morbidity. Thus, ASCs 

are a promising source of stem cells for tissue engineering, and they have 

enormous clinical potentials as the principle source for both a one step or a 

multi-step procedure for tissue regeneration in general

Integration of ASC-based regenerative medicine and surgery

The ability to harvest and/or procure high quantities of lineage-specifi c cells 

or direct to regeneration-competent progenitor cells towards the proper 

phenotype, is crucial for orthopaedic tissue engineering interventions. As 

bone marrow derived stem cells must be expanded in vitro, current concepts 

of tissue engineering procedures consist of multi-step procedures, including 

at least a MSC harvesting step and a MSC re-insertion step after expansion.211;215  
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Based on the current knowledge of tissue engineering technology and ASC 

technology in particular, we formulated an innovative concept for a one step-

procedure for spinal interbody fusion.94 A time-frame for this procedure is 

shown in fi gure 1. The effi  cacy of this procedure is based on integration of 

tissue engineering technology with established surgical interventions using 

off -the-shelf biomaterials (calcium phosphate based scaff old, bioresorbable 

polymer cage), and retrieval of suffi  cient quantities of ASCs harvested with 

minimal invasive techniques within the scope of a single surgical procedure. 

RETRIEVAL SVF
FROM LIPOASPIRATE

0 80’

OPTIONAL: TRIGGERING / LABELING
OF STEM CELLS (Phase II)

OPTIONAL: COMBINING SVF WITH 
CARRIER (Phase III)

95’

INJECTION / INSERTION

END SURGERY

120’110’

OPERATION TIME (MINUTES))

ADIPOSE TISSUE 
HARVESTING START 

SURGERY

10’

PERCUTANEOUS

SPINE SURGERY

(Phase I)

(Phase IV)

Figure 1. Concept of a one-step surgical procedure. The surgery starts with harvesting of the adipose 
tissue, followed by a split procedure. The surgeon continues the surgery, whereas the tissue engineer 
isolates the stem cell-containing cell population from the adipose tissue, treat the cells to induce 
diff erentiation into the proper phenotype, and seeds the stimulated cells on the scaff old. The surgeon 
then implants the scaff old containing the stem cells, and fi nishes the surgery. The whole procedure 
takes approximately two hours.

Previous research studies focused on the integration of tissue engineering 

techniques and a posterior lumbar interbody fusion (PLIF)249;273;288, a well 

established and widely accepted surgical technique for spinal fusion as a 

treatment for (severe) intervertebral disc degeneration.77  ASCs containing 

SVF was isolated from subcutaneous adipose tissue at the surgical site 

immediately after skin incision, using the digestion and centrifugal enrichment 

methods as described by Zuk et al.300  It could be shown that suffi  cient ASCs 
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in SVF can be retrieved from diff erent areas of the body, enabling various 

surgical approaches to the spine (e.g. anterior, lateral, and  posterior).190  Our 

group showed the feasibility of short term ex vivo triggering of ASCs in the 

osteogenic direction using biologics130 and that ASCs acquired bone cell-like 

responsiveness to loading after osteogenic diff erentiation.129 Furthermore, in 

another study we observed vitality and diff use, rapid penetration of  triggered 

stem cells on and in a porous calcium phosphate scaff old.94 Implantation of 

a bioresorbable cage fi lled with the triggered stem cell seeded scaff old in 

a prepared intervertebral disc completes the procedure. Short term in vivo 

studies in a goat spinal interbody fusion model showed cellular retention of 

fl uorescently labeled SVF cells at 4 days after implantation and active bone 

formation by osteoblasts and resorption of scaff old material after 28 days.94 

For mildly degenerated discs, a similar concept might be feasible for ASCs-

based transplantation by simple injection in the contained structure of the 

intervertebral disc ( see Fig.1). It is envisioned that retrieval and procurement 

of the ASCs (Phase I, see Fig.1) can be performed in a standardized, similar 

way for both regenerative as well as fusion techniques, whereas triggering 

and/or carrier seeding of the cells (Phase II and III, see Fig. 1) must be tailored 

to the specifi c aim of the procedure. 

However, much is unknown and is currently under investigation with respect 

to the need of (rapid) selection of ASCs from SVF, the need for chondrogenic 

or NP-cell triggering of the ASCs and the need for carrier materials in the 

regenerative one-step procedure. Therefore, this review aims to give an 

overview about current in vitro and in vivo studies and potentials of MSCs in 

general in disc regeneration, pointing to ASC-related studies where possible.

In vitro studies

Cells in the nucleus pulposus share several characteristics with articular 

cartilage chondrocytes, for instance both cell types demonstrate sox9, 

aggrecan and collagen type II up-regulation.246;252 Many studies have shown 
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that adult MSCs can be directed into chondrocytes.220;290 The ability to 

isolate, expand and direct MSCs in vitro to particular lineages provides the 

opportunity to study events associated with diff erentiation. The specifi c 

environmental cues to initiate the proliferation and diff erentiation of MSCs 

in vivo towards NP-cells at present are not fully understood yet. For the 

purpose of disc regeneration by simple injection of ASCs, it is of particular 

interest to study the eff ects of the microenvironment within NP tissue on 

the diff erentiation of MSCs, as well as the interaction with scaff old materials 

potentially involved in disc regeneration. 
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Figure 2. Eff ects of micromass NP cells on the diff erentiation related gene expression of ASCs 
in monolayer or micromass. A: NP cells only signifi cantly down-regulated the gene expression of 
osteopontin and type I collagen in monolayer ASCs, but they signifi cantly up-regulated the gene 
expression of aggrecan and concomitantly down-regulate the gene expression of osteopontin, type 
I collagen and PPAR-γ in micromass ASCs; the data are expressed as means ± sd, n=3; the dash line 
represents time-point zero. B: Gene expression of type II collagen was only induced in the group 
where both ASCs and NP cells were cultured in micro masses.  *: Signifi cant diff erence (p<0.05). 
NP cells: Nucleus pulposus cells; ASCs: Adipose mesenchymal stem cells. Mono: monolayer, MM: 
micro mass. AGG: aggrecan, COL II: type II collagen, COL I: type I collagen, PPAR-γ: peroxisome 
proliferator-activated receptor gamma. (Reprinted from Biochemical and Biophysical Research 
Communications, vol.359, Lu Z.F., Zandieh Doulabi B., Wuisman P.I., Bank R.A. and Helder M.N., 
Diff erentiation of adipose stem cells b ynucleus pulposus cells: confi guration eff ects., p.991-6, 2007 
with permission from Elsevier.)

NP cells and MSCs are likely to interact after injection of MSCs in the 

intervertebral disc in our envisioned one step-procedure. Co-culture 

systems, both direct and indirect, have been widely used to investigate the 
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interactions between two diff erent cell types in vitro. In the direct system, 

cells communicate through both cell-cell contacts and paracrine mediators, 

however, in the indirect system cells communicate only through paracrine 

mediators. The low density of NP cells in nucleus tissue, which is only about 

4000 cells/per mm3 159, makes direct cell-cell contact between NP cells and 

ASCs a rare incidence when MSCs are injected into NP tissue. Therefore, the 

indirect co-culture system is more likely to mimic the in vivo situation after 

injection of ASCs for the NP regeneration. MSCs have been indirectly co-

cultured in monolayer with NP cells with contrasting results: Li et al. found 

MSCs diff erentiating towards the NP-cel like phenotype144, but Richardson 

et al. found that direct cell contact was necessary to induce the NP-cel like 

phenotype.220 

Regardless of the co-culture system, cell culture confi guration is also relevant 

for chondrogenic diff erentiation and monolayer culture is not appropriate 

for chondrogenic diff erentiation nor mimics the 3D in vivo situation.181;237 

Our group demonstrated that ASCs cultured as micromasses are able 

to diff erentiate toward NP cell-like cells by indirect NP cell co-culture, as 

determined with real-time PCR, showing an up-regulation of collagen type 

II and aggrecan and concomitant down-regulation of osteopontin, collagen 

type I and PPAR-γ (see Fig.2).152

As IVDs consist primarily of extracellular matrix (ECM), injected stem cells 

are likely to interact with the components of the ECM after injection in 

to the disc. It was shown that ECM plays a critical role in the regulation of 

stem cell diff erentiation into diff erent lineages, cell proliferation and cell  

migration.40;110;128 Collagen type II, the predominant collagen in nucleus 

pulposus ECM84;180, was shown to maintain the chondrogenic phenotype239;270 

and even to induce a chondrogenic phenotype in MSCs.31;47 These processes 

might be infl uenced by the capacity of chondrocytes to bind to collagen type 

II through α1β1, α2β1 and α10β1 integrins, resulting in the formation of a signaling 

complex which plays a role in the diff erentiation, matrix remodeling, and cell 
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survival.148 To investigate ASC behavior in a collagen type II environment, our 

group studied ASCs in collagen type I or II gels, indirectly co-cultured with NP 

cells. These experiments showed that collagen type II can act in concert with 

NP cells on chondrogenic diff erentiation of ASCs.153 

Besides interaction between cells and matrix components of the disc, the 

interaction with (synthetic) scaff olds might be of interest and is studied at 

present as well for the purpose of disc regeneration. A general roadmap 

for designing an optimal scaff old with respect to survival, proliferation and 

diff erentiation of stems cells, is currently lacking. Apart from the general 

requirements such as biocompatibility, recent studies indicate that the 

material properties of the scaff old may infl uence the diff erentiation potential 

of the seeded stem cells.39;175 In the context of osteogenic diff erentiation, it 

was suggested that this is due to a selective and material-related adsorption 

of serum proteins to the tested scaff old materials44;233 which directly aff ects 

the diff erentiation potential of the attached cells44. Recent advances in basic 

research on the interaction between stem cells and their physical environment 

emphasize that the physical properties of the substrate is of utmost 

importance in the behaviour of stem cells. It has been recently shown that 

the stiff ness of the substrate and the shape that cells adopt on a scaff old can 

force cells to diff erentiate to a certain lineage. Most interestingly, it has been 

shown that these physical stimuli can even overrule the stimulus provided 

by addition of soluble diff erentiation factors to the culture medium.62 This 

may open new perspectives for the design of scaff old materials with tuned 

physical properties that facilitate survival, growth, and diff erentiation of stem 

cells towards disc cells, which ultimately may restore disc function. 

Several scaff olds have been investigated to study the interaction between in 

vitro cultured disc cells and the material, including fi brin glue7, chitosan gel 

in combination with genipin,176;226 collagen/hyaluronate57, type II collagen-

based Atelocollagen® gel232;235 and a composite scaff old of polyglycolic acid 

and alginate/calcium.171;172 Recently the interaction of MSCs with some of 
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these materials was also studied. Using a hyaluronan scaff old, it was found 

that stem cells can survive in the relative hostile environment of the disc 57

and preliminary results suggested that MSCs could diff erentiate into 

intervertebral disc cells within an Atelocollagen® scaff old.232 

Currently, major problems still arise when using these scaff olds for tissue 

engineering purposes. A problem with chitosan and collagen/hyaluronan 

scaff olds is that the proteoglycan content is far lower in comparison to 

native cartilage. Presumably, the pre-fabricated scaff olds exhibit relatively 

large pores to allow cell seeding into the scaff olds, so that GAG produced 

by the cells may not be retained 226 suggesting that in-situ curable polymers 

which entrap both cells and produced ECM molecules are favourable. In this 

respect, a trend towards designing micro- or nano-scale dimension scaff olds 

may provide new perspectives.143

A B

Figure 3. A: shows a confocal image of SVF cells attaching to the inner pore of a 70:30 
Poly(D,L-lactide-co-caprolactone) scaff old. After allowing the heterogeneous mixture of SVF cells to 
attach to the scaff old for one hour, cells were fi xated and stained for CD34 (green). The nuclei of all 
attached cells were stained with propidium iodide as a counter stain (red). 
B: shows the exact same picture in which the scaff old was not visualized for clarity reasons.  
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Within the context of the one-step surgical procedure using ASCs, an 

important issue might be the selection of cells via the scaff old material. A 

prerequisite for a one-step operational procedure is that at least the stem 

cells within the heterogeneous SVF adhere to a scaff old. In addition, these 

stem cells should adhere within a short time frame. At present, studies are 

conducted in our lab investigating the adherence of the diff erent cell types 

within SVF to a bioresorbable polycaprolactone scaff old. Preliminary results 

indicate that adipose stem cells adhere within less than an hour and that 

the ASC-like cells preferentially adhere (see Fig.3). ASCs from the SVF might 

selectively adhere to micro-particles of caprolactone which subsequently 

can be injected into the degenerated disc. 

Finally, ASCs will be confronted with the specifi c hypoxic and acidic 

environment of the degenerated disc.26;117 The infl uence of hypoxia has been 

a topic of great interest, because NP cells or chondrocytes grow in a low-

oxygen environment. Although there are some contradictory data about 

the eff ect of hypoxia on chondrogenic diff erentiation of MSCs, most studies 

suggest that hypoxia can promote chondrogenic diff erentiation156;158;224. The 

infl uence of pH on disc cells has been studied less extensively but clearly has 

a negative eff ect on the ECM turnover of the NP cells.163

In vivo studies

Animal models: The complexity of factors involved in regeneration of the 

intervertebral disc can be studied only partially in vitro. Animal models off er 

the possibility to study the process of degeneration and regeneration over 

time.149 Furthermore, in vivo studies can be used for a standardized evaluation 

of biomechanical, histochemical and morphologic characteristics of 

degenerative processes in the spine149 and innovative regenerative treatment 

modalities for disc degeneration can be tested in vivo.162;231 Several animal 

models of disc degeneration are currently available.99;114;146;161;250 However, 

these animal models, especially small animal models (rat, rabbit e.g.),  have 
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shortcomings in their comparability to human disc degeneration, in particular 

with regard to disc geometry and remaining of a certain cell type (notochord 

cells, see below), even in adult animals.149 The diff erence in size between small 

animal discs and human discs clearly aff ects the diff usion process, crucial for 

the oxygenation of disc cells. Larger animal models have been validated as 

good models of the human disc with respect to biomechanics, geometry, 

structure and biochemistry, particularly the bovine, ovine and canine 

models.55;145;286 Notochordal cells, however, are present in the intervertebral 

discs of most of these animals at the age of skeletal maturity, unlike in 

humans.113;205 Notochordal cells appear to optimize disc matrix synthesis and 

therefore their presence infl uences the process of disc degeneration and 

regeneration.3;112  As a natural model for DDD has not been described in a 

large mammal, our group started to develop a standardized, reproducible 

DDD model by using chondroitinase ABC.103 Most importantly, the animal 

model must be similar in nature to the human pathologic process that it is 

intended to mimic. Otherwise, conclusions made from dissimilar animal and 

human pathologic states may not be clinically appropriate.  

Cells  in disc regeneration in vivo: Various cell types are currently under 

investigation for their therapeutic potential for intervertebral disc 

degeneration. Nucleus pulposus cells were studied in a canine disc 

degeneration model.74 Autologous NP cells were isolated, expanded in vitro 

and subsequently returned to an enucleated dog intervertebral disc. The  

transplanted cells survived, synthesized proteoglycan and disc height was 

regained.74 At present, the eff ect of autologous NP cell transplantation is 

being studied in clinical trials as well. 166;167 Preliminary results after two-years 

follow-up show that reduction of low back pain and prevention of loss of disc 

height has been achieved with the transplantation treatment.166;167 

Other strategies for cell-based repair of the nucleus pulposus include the re-

insertion of nucleus pulposus185;194 or elastic cartilage from the ear.79 Using 

diff erent in vivo models (rat and rabbit respectively) in which a disc herniation 
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was induced, the re-insertion of a fresh or cryo-preserved nucleus pulposus 

was found to prevent the progression of DDD. 185;194 In another rabbit study, 

cultured elastic cartilage-derived chondrocytes were injected in a previously 

reamed nucleus pulposus.79 After six month follow-up there was only vital 

hyaline-like cartilage in the place of the reamed nucleus pulposus and no 

fi brous tissue. However, for both, autologous disc chondrocytes and elastic 

cartilage from the ear an intrusive recovery procedure is required including 

an ex vivo expansion of cells. In case of retrieval of cells from a herniated disc, 

these cells may be abnormal and only few may be suited for repair. 

Few studies have been performed investigating the eff ect of MSCs on 

experimentally induced disc degeneration. One group performed several 

studies in rabbits using a nucleus aspiration model.230-232 MSCs embedded 

in a collagen type II gel were injected in the disc.230-232 MSCs survived 

over an eight-week period and proteoglycan content was enhanced in 

the implanted discs.232 In later studies, implantation of autogenic green 

fl uorescent protein-tagged MSCs also resulted in preservation of annular 

structure, re-establishing a disc nucleus positive for glycosaminoglycan and 

keratan sulfate proteoglycans, as well as partial restoration of disc height 

and disc hydration.230;231 In addition, the authors suggested that the MSCs 

in the re-established nucleus had diff erentiated into a chondrocyte-like/

nucleus pulposus cell phenotype expressing collagen II, keratan sulfate, and 

chondroitin-4-sulfate.231  In conclusion, although autogenic MSC implantation 

could not completely regenerate the disc, it could indeed overcome and 

counter the degeneration process to some extent. Biological ´triggering’ 

of the MSCs prior to implantation in order to direct diff erentiation might 

enhance the possibilities of stem cell therapy.186;291

Extending the concept of stem cell therapy further, investigators have 

exploited the use of allogenic stem cells. This has the added advantage of 

off -the-shelf availability. Moreover, as the cause of disc degeneration is 

thought to be multifactorial, the use of allogenic stem cells could eliminate 
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potential autogenic precipitating factors such as genetic predisposition.4;25;119, 

or the diminished potency of stem cells due to natural aging.242 In fact, the 

IVD is suggested to be immune-privileged due to its avascular nature. A 

study showing that allogenic nucleus pulposus cell transplantation did not 

elicit lymphocyte infi ltration, is consistent with this notion.188 The problem of 

immune rejection is likely to be even less for allogenic MSCs, since MSCs are 

capable of escaping allogenic recognition.147;229 Allogenic MSC transplantation 

has been attempted in normal rabbit lumber IVD, with MSCs surviving in 

the nucleus pulposus for 6 months producing proteoglycan and collagen 

II, suggesting that allogenic MSCs have similar regeneration potentials as 

autogenic cells.296 Allogenic transplantation has also been investigated in 

normal coccygeal IVD of adult rats.57 When transplanted in a hyaluronan 

gel scaff old, bone marrow MSCs survived in the nucleus pulposus over a 

4-week period57. Thus the potential of allogenic stem cells is worth further 

investigations using longer time points and larger animal models. 

Perspective

Regenerative medicine aims for the replacement, regeneration and 

remodeling of tissue or the functional enhancement of impaired tissues in 

vivo or to engineer and to grow functional tissue substitutes in vitro to implant 

in vivo. For the spine, the ultimate goal is the regeneration of a functional 

motion segment, consisting of a nucleus pulposus and annulus fi brosis, 

when the focus is on disc repair. However, DDD is quite complex, involving 

alteration in nutrition, disturbance in biomechanics, changes in matrix 

turnover, loss of cells, and in changes and loss of integrity of macrostructures. 

Such complexities confuse the search for reasonable therapeutic targets. 

Regenerative medicine building blocks comprise cells, scaff olds, and 

biologics. Biomaterials are designed to promote the organization, growth, 
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and diff erentiation of cells in the process of forming functional tissue by 

providing structural support, biological containment, and chemical clues. 

Biologics are needed to enhance cell proliferation and diff erentiation and 

include growth factors, cytokines, and hormones, as well as mechanical 

signals. Another key element in regenerative medicine is the availability of 

regeneration competent

cells. While cells constitute only 1% of the adult disc tissue by volume, their 

role in matrix synthesis and metabolic turnover is crucial and therefore a 

therapeutic strategy could be to replace, regenerate, or augment the disc cell 

population. Despite our imperfect knowledge, several cell-based approaches 

are in various stages of preclinical and even clinical evaluation.74;167;231 

Pre-clinical studies have shown the possibility to direct cells towards the 

NP-cell like phenotype for regenerative purposes. When designing in 

vitro or in vivo experiments in our opinion the clinical applicability must 

be considered. Each culture system has advantages and disadvantages 

for specifi c experiments and disc cells behave diff erently in diff erent 

systems.107 The specifi c questions asked will determine the appropriate 

experimental model that should be used. Three dimensional culture systems 

may be preferable to two-dimensional systems because they promote the 

retention of the chondrocytic phenotype of NP cells48  and the induction 

of NP cell-like phenotype of co-cultured ASCs (See Fig 1).152 In addition, the 

microenvironment of the DDD should be considered as degenerated discs 

have increased levels of proinfl ammatory cytokines, such as IL-1 and TNF-α, 

as well as a decreased nutrition and low pH and low oxygen tension in the 

NP.269  

The feasibility of regenerating  a degenerated intervertebral disc has been 

shown by two recent clinical studies in humans. In one study, fresh frozen 

composite disc allografts have shown to be an eff ective treatment for 

DDD, with good union of the grafts, preservation of motion and stability 

and without an immune reaction occuring.228 Another feasible strategy for 
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arresting and reversing DDD is the use of autologous disc chondrocytes 

as described previously.167 However, the use of autologous chondrocytes 

or bone marrow-derived MSCs requires the ex vivo expansion of the cells, 

which is costly, time-consuming and strictly regulated by the FDA, making 

it an intricate procedure. The use of allogenic progenitor cells would off er a 

more cost-eff ective approach. This possibility arises because of claims that 

MSCs can be successfully allografted.188;296 If so, a uniform donor line of these 

cells could be established and used directly in all suitable patients. Another 

possibility to circumvent these disadvantages is the use of the one-step 

procedure, with mesenchymal stem cells obtained from autologous adipose 

tissue. This concept circumvents these strict and cumbersome regulatory 

issues by complying with the FDA criteria for minimal manipulation of stem 

cells202, thus boosting the feasibility and applicability of stem cell technology 

in surgical disciplines considerably. Also, clinical costs are reduced if a 

one-step procedure is available, as the number and duration of hospital 

admissions may be diminished, as well as the need for expensive stem cell 

culture facilities. Disease transmission is decreased in a one-step procedure85, 

patient discomfort will be diminished as uncomfortable harvesting 

procedures (BM-MSCs) and successive hospital admissions are not necessary 

in a one-step procedure using ASCs. To further enhance the full potential of 

ASC disc therapy, future work should be focused on the ways of optimizing 

the effi  cacy as well as delineating the biological processes involved. The 

survival of transplanted cells can be a limiting factor and therefore the fate 

of ASCs should be carefully tracked after implantation, with special attention 

paid to the cell phenotype, induced functions, and long-term survival of 

ASCs.  Besides survival and injected cell numbers, biochemical triggering of 

ASCs, effi  cient removal or inactivation of degeneration by-products should 

be considered in future research. ASCs may have to be preconditioned if 

they are to survive and restore matrix in the harsh environment that is acidic, 

hypoxic, and poor in nutrients of the degenerating disc. Most importantly, 
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the enhancement may simply require “standard” SVF procurement as SVF of 

adipose tissue is a mixture of various cells, with varying protein expressions, 

having the capacity to diff erentiate into diff erent lineages depending on the 

involved diff erentiating-inducing factors and culture conditions. As shown in 

in vitro experiments, the micro-environment of the NP might be a suffi  cient 

trigger for ASC to develop into a chondrocyte-like NP cell producing 

extracellular matrix.152;220 At present the impact of this conclusion on cell-

based tissue engineering principles of the disc is unknown as, for instance, 

the use of purifi ed multipotent SVF with angiogenic potential might also 

allow better vascularization and tissue growth compared to the unpurifi ed 

SVF pool. While angiogenesis is favorable in spinal fusion (bone formation), it 

is not desirable in disc regeneration.

Possibly, survival of the ASCs is not necessarily a prerequisite for a successful 

regeneration strategy. ASCs might be effi  cient enough to act as helpers to 

induce endogenous disc cell proliferation and diff erentiation, which has not 

been suffi  ciently evaluated to date. 

 

Conclusions

Disc degeneration is a complex issue that involves a myriad of factors and by 

careful incremental research its mysteries are slowly unraveling. Regenerative 

medicine concepts have much to off er for orthopedics in general and disc 

disorders in particular, aiming to re-establish tissue structural properties. 

SVF-based treatment concepts for a variety of DDD indications are under 

development and might be used single or in combination with biologics and 

scaff old materials, either in a one-step (preferable) or in a multi-step procedure. 

For clinical application, these concepts should not only be eff ective, but also 

safe and aff ordable as degenerative disc disease will dramatically increase in 

the near future posing a large economic burden on the health care system.
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Abstract

Study Design

Animal study.

Objective

To study the mechanisms occurring after the injection of Stromal Vascular 

Fraction (SVF) of peri-renal adipose tissue into degenerated goat intervertebral 

discs.

Summary of Background Data

Adipose derived Stem Cells (ASCs) can be obtained quite easily and in 

high yields, allowing a novel therapy for spinal disorders in which ASCs are 

harvested and re-implanted within one single surgery. 

Methods

Goats underwent a chondroitinase ABC injection causing disc degeneration 

within 6 weeks. At this point, peri-renal adipose tissue was harvested and 

SVF isolated. In a fi rst study, SVF treatment of mildly degenerated discs was 

analyzed using disc height, histology and gene expression, as compared to 

controls. To identify the cause of the SVF induced infl ammatory response 

in the fi rst study, the eff ects of degenerated discs injected with phosphate-

buff ered saline (PBS), SVF, SVF that was red blood cell (RBC)-reduced using 

density gradient centrifugation, or ASCs cultured to homogeneity were 

analyzed. After sacrifi ce at twelve weeks X-ray, MRI, histology and gene 

expression analyses were performed. 

Results

Application of SVF resulted in severe infl ammatory cell infi ltration, causing 

severe degenerative changes in all parameters and osteoclastic activity in 
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surrounding bone. Control PBS injection resulted in some disc height loss, 

decrease in MRI index and mild degenerative changes. The SVF induced 

infl ammatory response was not observed in discs treated with cultured ASCs 

or in those injected with SVF treated with a gradient step (RBC reduction). In 

these discs, disc height and MRI index were decreased comparable to PBS-

injected discs, however, increased cellularity and anabolic gene expression 

(collagen type II and aggrecan) were observed in selected discs.

Conclusion

The additional gradient step decreased the infl ammatory responses in 

degenerated IVDs, and in some cases induced increased cellularity and 

anabolic gene expression. The additional gradient step reduced the 

infl ammatory response in this setting of peri-renal SVF injections into 

intervertebral discs of goats, although the exact mechanism through which 

this occurs remains to be clarifi ed.
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Introduction

New strategies to regenerate the intervertebral disc (IVD) are being 

developed and involve growth factor induction51;260, gene therapy183;203;282 

and cell transplantation therapy.166;167 The feasibility of regenerating a 

degenerated intervertebral disc has been shown in a human clinical study 

in which autologous disc chondrocytes were employed.167 Preliminary 

results after two-years follow-up show that reduction of low back pain and 

prevention of loss of disc height have been achieved with the transplantation 

treatment.166;167 Similar eff ects were obtained with bone marrow derived-

mesenchymal stem cells in rat58 and rabbit models.230 However, the use of 

autologous chondrocytes or bone marrow-derived MSCs requires the ex vivo 

expansion of the cells, which is costly, time-consuming and strictly regulated 

by competent authorities.

Adipose tissue derived mesenchymal-like stem cells (ASCs) can be harvested 

from easily accessible adipose tissue with minimal morbidity upon harvest. 

The stromal vascular fraction (SVF) extracted from this tissue contains 

clinically relevant numbers of adipose stem cells (1-10 per 103 nucleated cells)18, 

which is at least two magnitudes higher then the number of mesenchymal 

stem cells in bone marrow. This potentially eliminates the need for ex vivo 

expansion prior to reinsertion.94 Adipose stem cells have shown multi-lineage 

diff erentiation capacity, comparable to bone marrow mesenchymal stem 

cells, into the adipogenic, osteogenic and chondrogenic lineages.60;127

Based on these recent advances in stem cell research, we formulated a new 

concept in which adipose stem cells were harvested and reinserted in a single 

surgical procedure for intervertebral disc degeneration (Fig. 1), similar as a 

previously described one-step surgical procedure for spinal fusion.94 In this 

one-step procedure, adipose tissue is enzymatically digested, centrifuged 

and washed to obtain a heterogeneous mixture of cells, called the stromal 

vascular fraction (SVF).300 Besides mesenchymal-like stem cells, SVF also 
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contains endothelial cells, smooth muscle cells, pericytes, fi broblasts, 

macrophages, pre-adipocytes and erythrocytes (RBCs), if no lysis step is 

performed during isolation.190;214 To evaluate the eff ect of stromal vascular 

fraction in the intervertebral disc on disc regeneration in vivo we injected SVF 

cells, obtained from peri-renal fat in diff erent concentrations in a previously 

described mild intervertebral disc degeneration model in the goat.101-103

RETRIEVAL SVF
FROM LIPOASPIRATE

0 80’

OPTIONAL: TRIGGERING / LABELING
OF STEM CELLS (Phase II)

OPTIONAL: COMBINING SVF WITH 
CARRIER (Phase III)

95’

INJECTION / INSERTION

END SURGERY

120’110’

OPERATION TIME (MINUTES))

ADIPOSE TISSUE 
HARVESTING START 

SURGERY

10’

PERCUTANEOUS

SPINE SURGERY

(Phase I)

(Phase IV)

Figure 1. Concept of a one-step surgical procedure. The surgery starts with harvesting of the adipose 
tissue, followed by a split procedure. The surgeon continues the surgery, whereas the tissue engineer 
isolates the stem cell-containing cell population from the adipose tissue, treat the cells to induce 
diff erentiation into the proper phenotype, and seeds the stimulated cells on the scaff old. The surgeon 
then implants the scaff old containing the stem cells, and fi nishes the surgery. The whole procedure 
takes approximately two hours. 

The eff ect of the cell therapy was evaluated after one and three months by 

means of histology. However, an unexpected severe infl ammatory response 

was observed at both time points, as will be shown in the present study. 

To determine the trigger for the infl ammatory response, an additional study 

using goats was performed applying diff erent cell mixtures. For this purpose 

cultured ASCs, whole SVF and density gradient treated SVF were evaluated 

in the same goat intervertebral disc degeneration model. To rule out that 

adverse eff ects were due to residual Chondroitinase ABC activity (after three 
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months incubation time to develop degeneration), we also injected SVF into 

healthy discs. The discs were evaluated using disc height measurements, 

histology, and analysis of gene expression profi les including collagen type I, 

collagen type IIB, aggrecan, Il-6, TGF-β1, MMP-13 and PPAR-γ. 

Materials and Methods

Animals

The research protocols were approved by both a Scientifi c Board as well as 

the Animal Ethics Committee of the VU University Medical Center. In total, 

eighteen skeletally mature female Dutch milk goats (at least 3.5 years old) 

were used with an average weight of 71.7 ±13.7 kg.

All goats underwent a surgical procedure to induce disc degeneration 

by injecting the discs through a left retroperitoneal approach with 0.25 

U/ml Chondroitinase ABC (CABC; Sigma, St. Louis, MO, USA), using a 29 

gauge needle of 1 cm length, as described before103. In the six goats in 

study 2, approximately 100g of peri-renal fat was harvested from around 

the left kidney and processed for cell isolation, as described below,  prior 

to degeneration induction. After wound closure and recovery, the animals 

returned to the farm and were allowed to move freely. Disc degeneration was 

allowed to develop for three months. From each goat, X-rays were obtained 

prior to degeneration induction, prior to “treatment” three months later, and 

just before sacrifi ce, to document the degeneration induced.

Study 1

The fi rst study was designed as a time-oriented study in which fi ve 

degenerated discs were treated with 100 μl of two diff erent concentrations 

of freshly isolated stromal vascular fraction cells: either 105 or 106 nucleated 

cells/ml. 100 μl of phosphate buff ered saline was used as a control treatment 
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(PBS). The allocation of the diff erent mixtures over the diff erent levels was 

randomized. The goats in study 1 underwent a similar surgical procedure 

as described above using a right retroperitoneal approach to avoid scar 

tissue. For stromal vascular fraction isolation, ~ 100 g of peri-renal adipose-

tissue was harvested from around the right kidney and cells were isolated 

as described below. After cell isolation, 100 μl of PBS or stromal vascular 

fraction cell suspension was injected into the nucleus pulposus using a 26G 

needle. After wound closure, the animals returned to their cages (1 month 

follow-up) or the farm (3 months follow-up) and were allowed to move freely. 

Prior to sacrifi ce (1 months (n = 7) and three months (n = 5) after the second 

surgery), the animals were sedated with 10 mg/kg ketamine intramuscularly, 

and lateral roentgenograms were obtained. Subsequently, the goats were 

euthanized with an intravenous overdose of sodium pentobarbital (20 mg/

kg), where after the lumbar spinal columns were harvested, dissected and 

prepared for histologic and molecular analysis.

Study 2

The second study was designed to study the eff ect of diff erent cell mixtures 

on degenerated discs. For this purpose, 100 μl of four diff erent mixtures were 

randomly injected in four degenerated discs. These mixtures were either 

phosphate buff ered saline (PBS), cultured mesenchymal-like stem cells (ASCs; 

106 nucleated cells/ml), whole stromal vascular fraction (SVF; 106 nucleated 

cells/ml) or erythrocyte depleted stromal vascular fraction (SVF-RBC) using 

Optiprep® (Axis-shield, provided by Sigma) density gradient purifi cation, 

stromal vascular fraction resuspended to 106 nucleated cells/ml) in a similar 

procedure as in study 1. Finally, whole stromal vascular fraction was injected 

in one healthy disc (healthy; 106 nucleated cells/ml). The discs were analyzed 

after three months with X-rays (disc height), histology and RT-PCR.
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Cell mixtures

Stromal vascular fraction: Stromal vascular fraction was isolated as described 

by Zuk et al. with minor modifi cations.299;300 The obtained adipose tissue was 

washed with PBS to remove the majority of red blood cells, chopped into 

small pieces of about 50 mm3, and the extracellular matrix was digested for 60 

min at 37°C with 1 U of Blendzyme (Roche Diagnostics, Brussels, Belgium) per 

gram adipose tissue in PBS. A single cell suspension was obtained by fi ltering 

the digested material through a 100 μm mesh fi lter (Stokvis & Smith B.V., 

IJmuiden, The Netherlands) to remove tissue debris. The adipose stem cell-

containing cell suspension was centrifuged at 600g for 10 min, and the pellet 

was resuspended in culture medium, which was composed of Dulbecco’s 

modifi ed Eagle’s medium (D-MEM, Gibco, Paisley, UK) supplemented with 

500 μg/ml streptomycin sulphate (Sigma), 600 μg/ml penicillin (Sigma), 50 μg/

ml gentamicin (Gibco), 2.5 μg/ml fungizone (Gibco), and 10% foetal bovine 

serum (FBS, Hyclone, Logan, UT). In study 1, after centrifugation, the stromal 

vascular fraction pellet was resuspended in DMEM without additives, washed 

for an additional two times with PBS, subsequently resuspended to either 106 

or 107 cells/ml PBS, and fi nally injected in 100 μl volumes in the goat discs. 

In study 2, after the re-suspension in DMEM without additives, the stromal 

vascular fraction was divided into two equal parts. One part was further 

processed as described for study 1, whereas the other part was subjected to 

Optiprep® density gradient centrifugation (see below). 

SVF-RBC: Optiprep® density gradient-mediated SVF purifi cation through 

reduction of red blood cells was performed according to the manufacturer’s 

instructions (protocol C2, Axis-shield). The adipose stem cell-containing, 

mononuclear stromal vascular fraction band was collected, washed twice 

with PBS, and fi nally resuspended to 106 nucleated cells/ml in PBS. Of this cell 

suspension, 100 μl was injected in the enzymatically degenerated discs.

ASCs: In study 2, stromal vascular fraction was harvested during the 

degeneration induction surgery, similar as described above for study 1. These 
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cells were resuspended in culture medium and seeded in 75 cm2 culture 

fl asks (Greiner Bio-One, Kremsmuenster, Austria). Upon confl uency, adipose 

stem cells were dissociated from the culture fl asks using 0.25% trypsin/ 0.1% 

EDTA in PBS, harvested, and reseeded once (P1). After harvesting, cells were 

stored in liquid nitrogen until one week before reinsertion. At that time, cells 

were thawed, allowed to recover for one week, and fi nally resuspended to 106 

nucleated cells/ml PBS just prior to implantation in the goat discs during the 

second surgery of the goats. 

Intervertebral disc analysis

Intervertebral disc height measurement: Before each surgery and autopsy, 

standardized lateral lumbar roentgenograms were obtained. The 

roentgenograms were measured digitally using image analysis software 

(Centricity Radiology Web, GE Medical Systems, Milwaukee, WI, U.S.A.). 

The average intervertebral disc height was calculated by averaging three 

measurements: two at the ventral and caudal part, where the disc height 

was at its lowest and one at the central part at the highest disc height. The 

average adjacent caudal vertebral body height was obtained concordantly. 

Subsequently, the average intervertebral disc height was divided by the 

average caudal vertebral height, resulting in a value called the disc height 

index (DHI) levelling out inter-animal size diff erences.151 Changes in the DHI 

where expressed as loss of %DHI (%DHI = 100-pre-autopsy DHI/pre-operative 

DHI * 100%). 

Histology: Intervertebral discs were sectioned into 3 mm slices using a band 

saw (Exakt, Norderstedt, Germany). One paramidsagittal slice was fi xed in 

10% neutral buff ered formalin, decalcifi ed, paraffi  n-embedded, sectioned 

to 7 μm sections, and stained with haematoxylin and eosin (H&E). Further, 

an Alcian Blue-Periodic Acid Schiff  (AB-PAS) staining was performed on 

adjacent sections. The pH of the Alcian Blue used for the staining was 1.0. 

Each section was scored using a histologic grading scale described before 
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for goat intervertebral disc degeneration.103 Also, the number of cells was 

counted and averaged in 3 randomly selected fi elds of view (magnifi cation 

x20) of the NP of each disc.

RT-PCR: The remaining paramidsagittal slice was used to study RNA 

content. Samples were obtained from the central part of the NP of the slice. 

Subsequently, the samples were homogenized with ceramic beads in a lysis 

solution by MagNalyser (Roche Diagnostics, Almere, The Netherlands) with 

four runs of 30 s at 6,500 rpm with in-between cooling. Total RNA was isolated 

with the automated MagnaPure robot (Roche Diagnostics), using the total 

RNA tissue isolation kit II (Roche Diagnostics). The RNA samples were stored 

at -80°C for RT-PCR assays. Total RNA was reverse-transcribed in 20 μl of RT-

PCR mix. Stability of expression of house keeping gene 18S was calculated 

by geNorm software (http://medgen.ugent.be/genorm) and approved. 18S 

was used as a normalization factor to calculate the relative gene expression. 

Primers used for RT-PCR are shown in Table 2. 

Statistical analysis

The results of the DHI were analyzed using repeated measures ANOVA 

followed by Tukey-Kramer post-hoc analysis. Similarly, the diff erences in the 

non-parametric histological score as well as the gene profi le analyses were 

analyzed using the Friedman test followed by Dunn’s multiple comparisons 

test. The calculations were performed using Instat statistical analysis software 

(Graphpad Software Inc., San Diego, USA).

Results

Study 1 (12 goats)

After enzymatic degeneration induction the disc height index had decreased 

signifi cantly by 12 ± 10% SEM compared to the original height index (100% 
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by defi nition; p<0.001). The intervertebral discs used as sham controls 

had a normal appearance with concentric lamellae which were easily 

distinguishable from the nucleus pulposus tissue (Fig. 2A). 

A C

B ED

Figure 2. A: micrograph of a paramidsaggital section of a sham-operated disc stained with AB-
PAS. The disc was isolated after 1 month (1x). There is a normal, concentric organization of the 
lamellae of the annulus fi brosus (AF), the extra cellular matrix (ECM) of the nucleus pulposus (NP) is 
proteoglycan-rich and the border between the NP and the AF is easily recognizable. B: micrograph 
of a paramidsaggital section of a PBS-injected disc stained with AB-PAS. The disc was collected after 
1 month (1x). This disc shows some characteristics of mild disc degeneration: the border between 
the NP and AF is not well-defi ned, the ECM of the NP is more dense and cracks are visible in the AF. 
C: micrograph of a paramidsaggital section of a stromal vascular fraction (SVF; 106 nucleated cells/
ml) injected disc stained with AB-PAS. Disc was collected after 1 month (1x). The infl ammated area 
in the NP extends into the vertebral bodies, through both endplates. Also, beginning osteophyte 
formation can be observed. The black box denotes the position of micrograph 2D, the white box 
of micrograph 2E. D: detail of a SVF (106 nucleated cells/ml) injected disc stained with AB-PAS after 
1 month (200x). This micrograph is a detail of the round cellular infi ltrate observed in the 1 month 
follow-up group after injection of the disc with SVF. E: detail of a SVF (106 nucleated cells/ml) injected 
disc stained with AB-PAS after 1 month (200x). This detail shows two osteoclasts as observed at the 
edges of the infl ammatory response and the vertebral bodies. 

The extracellular matrix of the latter had an open structure with chondrocyte-

like cells present in the matrix. The enzymatically degenerated discs injected 

with PBS in the second surgery (sham treatment) had a more degenerated 

appearance (Fig. 2B). In these discs annular fi ssures were observed, as well 

as a condensation of the extracellular matrix of the nucleus pulposus with a 
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decreased number of cells and a diminished demarcation between anulus 

fi brosus and the nucleus pulposus (Fig. 2B). In 38 of 48 of the discs injected 

with stromal vascular fraction, a severe infl ammatory response occurred (Fig. 

2C). A dose dependent eff ect was observed to some extent, as 10/14 discs 

injected with 105 peri-renal SVF demonstrated an infl ammatory response, 

while this was observed in 13/14 discs injected with 106 cells after 1 month. 

After three months this was observed in  7/10 and 8/10 respectively. In the 

central region a cellular infi ltrate was observed in the early phase (1 month) 

of the response (Fig. 2D). At the margins, neovascularisation was observed 

in the disc and osteoclastic activity was high at the bone-infi ltrate junction 

(Fig. 2E). After three months, (myo)fi broblastic cells were observed in the 

central area where extensive remodelling (scar tissue formation/collagen 

deposition) occurred. This reaction was similar to the response that can be 

observed in discs injured with 0.5 U of Chondroitinase ABC. Also, osteoblasts 

were observed at the margins rimming along osteoid. 

Study 2 (6 goats)

Disc height Index: Degeneration induction resulted in a signifi cant decrease of 

the disc height index by by 14 ±1.6% after the fi rst three months of degeneration 

induction (Fig 3A), as compared to the sham discs, which decreased by 0.1 ± 

1.8% (p = 0.0003). No osteophyte formation or end-plate irregularities were 

observed after three months of degeneration development.

After autopsy at six months, sham operated discs had gained 1.1± 2.9% (Fig.3B). 

PBS discs had lost an additional 8.6± 4.5%.  during the “treatment” follow-up 

(Fig. 3B). This diff erence however was not signifi cant. The disc height index 

of SVF injected discs changed signifi cantly compared to the sham-treated 

discs (Fig. 3B): healthy discs injected with SVF decreased by 40.1± 3.9%.  (p< 

0.001) and degenerated discs injected with SVF decreased by 19.9± 4.7 % 

(p < 0.01). The disc height index of discs injected with ASCs had increased 

with 4.0± 3.2 %., which was signifi cantly higher than the loss of disc height 
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index observed in the healthy SVF discs (p < 0.001) and the degenerated SVF 

discs (p < 0.01; Fig. 3B). The disc height index of SVF-RBC discs decreased by 

5.5 ± 2.8 %., which was signifi cantly diff erent compared to healthy SVF discs 

(p < 0.01) and degenerated SVF discs (p < 0.05). No signifi cant diff erences 

were observed between PBS, SVF-RBC, ASCs and sham discs. Osteophyte 

formation and endplate irregularities were observed in 4/6 healthy SVF discs, 

5/6 of degenerated SVF discs and also in 1/6 SVF-RBC injected discs.
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Figure 3. A: shows the decrease in the disc height index (DHI) after degeneration induction (pre-
induction to pre-treatment) and after treatment with the diff erent cell mixtures (pre-treatment to 
pre-autopsy). During the induction period the DHI of the four Chondroitinase ABC injected discs 
decreased with 14%. During the follow-up after treatment, the sham discs kept their original height 
(101%), the phosphate buff ered saline injected discs DHI decreased to 81.3%, the discs injected with 
cultured ASCs (‘cult’) to 85.2% and the ‘Opti’ discs to 83.1%. The DHI of the stromal vascular fraction 
(SVF) injected discs decreased dramatically: ‘SVF+’ to 69.2% and ’SVF-‘ to 48.5%. B: shows the change 
in DHI during the follow-up after treatment. This fi gure shows the eff ects of the diff erent treatments 
more clearly and corrects for the previously induced degeneration. a = signifi cantly diff erent 
compared to sham discs; b = signifi cantly diff erent compared to SVF- discs (p < 0.05).
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Histology: The discs injected with stromal vascular fraction had an infl ammatory 

response similar as described in the fi rst study. Early infl ammatory signs were 

not observed after three months follow-up, as these discs demonstrated 

more advanced signs of infl ammation like scar tissue formation in the central 

part of the nucleus pulposus combined with bone formation at the rims of the 

vertebrae. Discs injected with ASCs demonstrated mild signs of intervertebral 

disc degeneration, similar to that observed after PBS injection, consisting of 

fi ssures and increased density of the NP. This was also observed in the discs 

injected with RBC depleted SVF, although one disc did demonstrate similar 

end-plate irregularities and an infl ammatory response as described in the 

whole SVF injected discs. The severe infl ammatory response in the stromal 

vascular fraction injected discs results in an almost maximal histological 

score (max. = 6) of 5.5 ± 0.5. for healthy SFV injected discs and 5.8 ± 0.2.  for 

degenerated SVF injected discs (Fig. 4). This was signifi cantly higher than the 

sham-operated discs which had an average score of 1.0 ± 0.3.  (p < 0.01 when 

compared to healthy SVF as well as SVF). 

a a
Histological score

0
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treatment
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e

Figure 4. Results of the histological score (±SEM). The minimum score of non-degenerate discs is 0, 
the maximum score of severely degenerated discs is 6. Sham discs had a average score of 1.0, stromal 
vascular fraction injected discs both almost reached the maximum scores and were signifi cantly 
higher when compared to sham discs (a; p<0.05). No signifi cant diff erences were observed between 
any of the other cell mixture treatments.
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The sham-treated discs had a normal, non-degenerated appearance. The 

enzymatically degenerated discs which were injected with PBS as a control 

treatment, showed disc degeneration with fi ssures in the anulus fi brosus, 

condensation of the extracellular matrix of the nucleus pulposus and loss of 

demarcation between these structures. 

400x
˜ 20 cells

400 x
˜ 57 cellsA B

Figure 5. A: Micrograph of the nucleus pulposus (NP)of a ‘PBS’ disc (AB-PAS staining, x400). 
Approximately 20 chondrocyte-like cells can be counted in this fi eld of view. B: Micrograph of the 
nucleus pulposus (NP)of an ‘Opti’ disc (AB-PAS staining, x400). The increase (≈3-fold) in the number 
of chondrocyte-like cells in this fi eld of view can be observed (approximately 57). 

To further analyze the potential regenerative eff ect of cells obtained from 

goat adipose tissue, the density of cells per fi eld of view was analyzed in all 

NPs. The discs demonstrating a severe infl ammatory response, defi ned as 

endplate irregularities and massive round cellular infi ltraton, were classifi ed as 

severely degenerated (11 discs total). All discs in this category were discarded 

for subsequent cell density analysis as NP cells were no longer present. Next, 

the density of cells present per fi eld of view in the NP was determined as 

a measure of regenerative potential. These numbers are shown in Figure 5. 

In the nucleus pulposus of PBS discs, the density of chondrocyte-like cells 

counted per fi eld of view was 17.1). No diff erences were found between any 

of the analyzed combinations. However, when all cell injected discs were 
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combined (SVF, SVF-RBC and ASCs) the cell density in the NP was increased to 

31.3 (SD 5.2), which was signifi cant compared to the PBS discs (p= 0.02).

RT-PCR: The expression of ECM genes did not change among the diff erent 

treatment groups. In the NPs of sham discs, aggrecan expression was high 

and biglycan expression low. Both collagen type I and collagen type IIb were 

not detected in these sham discs. Furthermore, there was no expression of 

the catabolic genes IL-6, MMP-13 and TGF-β1. However, IL-1 was detected in 

these sham samples. 

Based on our histological fi ndings we were able to re-group the discs in to 

three new categories. First, the discs demonstrating an infl ammatory response 

defi ned as endplate irregularities and massive cellular infi ltration. Second, a 

group of discs with an increased numbers of cells in the NP was identifi ed by 

histology, defi ned as follows: the average number of cells in normal discs was 

17.1 with a standard deviation of 4.2. Therefore, an increased number of cells 

was defi ned as 17.1 plus two times standard deviation, resulting in 25 cells per 

fi eld of view (Fig. 5). Third a category remains with a lower concentration of 

25 cells per fi eld of view. 

0

1

2

3

4

aggrecan Collagen
type  IIB

Collagen
type  I

MMP-13 IL-6 TGF-B1re
la

tiv
e 

ge
ne

 e
xp

re
ss

io
n/

18
(a

rb
itr

ar
y 

un
its

)

cell # normal cell # increased inflammatory response

ab a b a a a

Figure 6. Results of the RT-PCR analysis of three diff erent subgroups. Discs with an infl ammatory 
response (10 in total) were grouped (infl ammatory response). In seven of the discs injected with 
diff erent cell mixtures the number of chondrocyte-like cells was increased. These discs were grouped 
as well (chondrocyte-like cells increased). The remaining discs were also grouped (chondrocyte-
like cells normal). Signifi cant diff erences in gene expression were observed between these groups: 
extracellular matrix genes (collagen type IIB and aggrecan) were increased in the discs with an 
increased number of chondrocyte-like cells. The catabolic genes (IL-6, TGF-β1 and MMP-13) were 
increased in the discs with an infl ammatory response. a = signifi cantly diff erent compared to sham 
discs; b = signifi cantly diff erent compared to SVF- discs (p < 0.05). Data are expressed as a ratio of 18S. 
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When gene expression of these groups was compared, signifi cant 

diff erences were observed (Fig. 6). Aggrecan expression was increased in 

discs with increased numbers cells compared to the discs demonstrating 

an infl ammatory response (p < 0.05). Collagen type IIB expression was 

signifi cantly increased in discs with increased numbers of cells compared 

to discs demonstrating an infl ammatory response (p < 0.001) as well as 

compared to discs with normal numbers of cells (p < 0.001). The expression of 

collagen type I was signifi cantly increased in the discs with an infl ammatory 

response, both compared to discs with increased numbers of chondrocyte-

like cells (p < 0.05) as well as to discs with normal numbers of chondrocyte-

like cells (p < 0.001). MMP-13 was high in the infl ammatory discs compared to 

discs with normal numbers of cells (p < 0.001) but not diff erent if compared 

to discs with increased numbers of chondrocyte-like cells (p = 0.12). No 

signifi cant diff erences were observed in IL-1 expression (p = 0.84), whereas, 

IL-6 expression was signifi cantly increased in discs with an infl ammatory 

response compared to discs with normal numbers of chondrocyte-like cells 

(p < 0.05) as was TGF-β1 (p < 0.01).

Peroxisome proliferator-activated receptor gamma (PPAR-γ) is expressed by 

ASCs152 and is teherfore a potential marker. However, expression has also been 

described in other cell-types, like macrophages.24  In the second study gen 

expression of PPAR-γ was ≈ 100-fold higher in all discs having cells injected, 

as compared to discs to which no cells were administered (Fig. 7). This gene 

That infl ammatory cells were responsible for this expression was ruled 

out by analyzing PPAR-γ in discs injected with 0.5% CABC obtained from a 

previous study.101 These discs displayed a strong infl ammatory response with 

cellular infi ltration, similar to the existing infl ammatory response without 

adipose-tissue derived cells being injected (Fig. 7). Together, this suggests 

that adipose-derived cells were still present in the discs three months after 

injection, even if massive infi ltration had occurred. 
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“Cell -treated ” “No cells injected ”
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Figure 7. Results of the RT-PCR analysis of PPAR-γ expression in three diff erent subgroups and an 
“infl ammation control group”. Discs with a cell injection-induced infl ammatory response (10 in total) 
were grouped (infl ammatory response). In seven of the discs injected with diff erent cell mixtures the 
number of chondrocyte-like cells was increased. These discs were grouped as well ( Chondrocyte-
like cells increased). The remaining discs were also grouped (Chondrocyte-like cells normal). The 
“infl ammation control group” consisted of 6 discs injected with 0.5% CABC, showing infl ammation, 
but in which no cell treatment has been performed. Signifi cant diff erences were not observed 
between any of the groups. However, the PPAR-γ in the cell injected discs was ≈ 100-fold higher as 
in the discs in which no cells were injected (infl ammation control). The data are expressed as a ratio 
of 18S.

Discussion

In two studies in an enzymatically induced caprine disc degenration model, 

the feasibility and potential of a one-step treatment procedure using SVF, 

obtained from peri-renal adipose tissue, injection in to the lumbar disc were 

evaluated. SVF injection in this model induced an adverse infl ammatory eff ect, 

consisting of massive infi ltration with infl ammatory cells, neovascularization, 

osteoclastic activity and scar tissue formation. The adverse infl ammatory 

eff ects, observed in almost all SVF injected discs were unexpected. The 

instigative trigger for this reaction was not clear. SVF has been used before 

in human clinical trials for regenerative purposes.141;294 SVF cells were added 

to autologous bone grafts141 or used in mamma-augmentation surgery 

combined with autologous fat transplantation.294 Both studies reported 

successful regeneration, without the presence of infl ammation, as observed 
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in the present study. SVF has even been used before in the treatment for IVD 

degeneration.75;92 Some regenerative potential, using subcutaneous adipose 

tissue derived cells was reported in a canine study, without the occurrence 

of an infl ammatory response.75 In a clinical study involving ten patients, a 

hematopoietic stem cell mixture was harvested from the bone marrow and 

re-inserted in the IVD immediately.92 Although the exact composition of the 

mixture in the clinical study is unclear, the fi erce response described in the 

present study was not observed in this study either. Furthermore, several 

studies report on the capability of ASCs to avoid (allogeneic) rejection as 

these cells are hypo- immunogenic and able to induce a local suppressive 

microenvironment.147;229 The adverse, infl ammatory response as observed 

in the present studies has not been described before. Several factors could 

have been responsible for the infl ammatory response observed in the 

present study. In general, these factors include the cells present in the SVF 

cell mixture, factors present in peri-renal fat, animal (model) diff erences or 

factors present in the SVF due to our isolation procedure. 

Besides ASCs, SVF contains endothelial cells, smooth muscle cells, pericytes, 

fi broblasts, macrophages, pre-adipocytes and also red blood cells (when 

no lysis step is carried out).190;214 Any of these cells might be responsible for 

the response observed in the fi rst part of the present study. Heterogeneous 

mixtures (although derived from tissue from diff erent anatomic areas) have 

been injected in discs before,75;92 without an adverse infl ammatory response, 

obscuring the responsible component of SVF for the infl ammatory reaction. 

Based on joint cartilage studies104;225, however, it is possible that the red 

blood cells present in our SVF mixture had adverse eff ects. Injection of whole 

blood in synovial joints has been shown to result in degenerative changes as 

observed in hemophilic arthropathy.104;225 These changes are thought to occur 

through a mechanism in which iron derived from hemoglobin react with 

peroxides from macrophages, resulting in radical formation and subsequent 

tissue destruction as well as chondrocyte apoptosis.105;106 Both macrophages 
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and red blood cells are present in SVF as well. The second part of our study 

was designed to evaluate this hypothesis by depletion of red blood cells 

of the SVF using an extra gradient washing step. The controls in which the 

red blood cells were not depleted again showed an infl ammatory response, 

RBC-depleted SVF discs  showed an infl ammatory response in one disc. It is 

suspected that the removal of RBCs using the gradient was not complete, as 

the mixture macroscopically was still colored pink. Therefore, the reduced 

number of infl amed discs might be interpreted as a dose-response reaction. 

Most certainly the exact number of RBCs in SVF and the exact number of 

remaining RBC will have to be documented in future studies. Alternatively, the 

additional washing step itself, introduced in the mixture that was subjected 

to the additional gradient to remove RBCs might have further diluted other 

factors, like residual collagenase or other factors present in whole SVF. The 

SVF isolation protocol from the canine intervertebral disc regeneration study 
75was basically comparable to our protocol, although a diff erent enzyme 

was used for SVF isolation and one more washing step was applied to the 

SVF prior to injection. A defi nitive answer to explain the occurrence of the 

infl ammatory response after SVF injection is therefore not provided by the 

present study. 

Another diff erence with all previously described SVF isolation protocols is the 

source of the adipose tissue. In our model, we chose to use the adipose tissue 

harvested from the peri-renal region, as the goat in general has a limited 

amount of (rather fi brous) subcutaneous adipose tissue, and the peri-renal 

fat can be found in the area of surgery. However, the peri-renal fat might be 

diff erent from subcutaneous fat, as the cell yield per gram of tissue is lower ( 

approximately ten times lower) and the content of so-called brown adipose 

tissue is higher, at least in humans, than in the subcutaneous adipose tissue.179 

This brown adipose tissue functions as a protective measure for vital organs 

like the kidney and produces heat when necessary.69 For this function, the 

BAT is highly vascularized, which is likely to arise from a correspondingly 
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high production of VEGF by the brown adipocytes.69 The SVF harvested from 

the peri-renal fat therefore might also contain more VEGF, or cells directed 

towards angiogenesis, resulting in the infl ammatory response observed in 

our goat model. 

Third, the infl ammatory response might be explained by our model, the 

enzymatically degenerated goat model. Residual activity of the CABC enzyme 

is not expected, as long term follow-up studies on this model have previously 

shown that degeneration no longer progresses after three months.102 Another 

possible explanation for the infl ammatory response could be residual 

enzyme activity from the SVF isolation procedure. Since the response was 

similar to that observed when higher concentrations of Chondroitinase ABC 

were used to induce injury101, there appears to be a consistency with respect 

to enzymatically-induced injury. Specifi c diff erences between dogs, humans 

and our goat model can not be ruled out by the present studies, however, in 

our opinion are unlikely as similarities are more pronounced than diff erences 

between mammals. The fact that the infl ammatory response does not occur 

in the discs after a gradient is applied further argues against the fact that the 

animal or model itself are responsible for the reaction observed. To further 

analyze this, ongoing studies will de directed at evaluating our procedure in 

a diff erent animal model as well.  

Finally, our isolation procedure might be responsible for the response 

observed. Personal communication with the group of Ganey et al. disclosed 

that our procedures are almost identical. One diff erence was observed, 

regarding the washing steps as we used two PBS washing steps after 

collagenase digestion while Ganeys group sued three washing steps. The 

residual collagenase present in our SVF mixture therefore potentially is 10-fold 

higher. The concentration dependent eff ect observed in the fi rst study might 

also be explained by the residual collagenase theory. Further, the additional 

washing steps after the Optiprep gradient treatment would also dilute the 

residual collagenase. Unfortunately, residual collagenase levels were not 
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determined in our studies, however, these will certainly be performed in 

ongoing studies further characterizing the infl ammatory response observed.    

Some promising indications that regeneration events may already have 

been initiated within a short time frame of three months after SVF injection 

were also observed in the present study. This impression is founded by: (i) 

the increase in the number of chondrocyte-like cells in some (7/13) of the 

cell-injected discs, indicating regeneration potential; and (ii) the increased 

gene expression of the extracellular matrix proteins aggrecan and collagen 

type IIB in the discs with increased numbers of chondrocyte-like cells, and 

the absence or relatively low gene expression of proteins associated with 

degradation (IL-1, MMP-13 and TGF-β1). Important in this regard is that the 

increase in cell number argues against suggestions that drastically increasing 

the number of cells in the disc might seriously compromise the nutrient 

and oxygen supply, which results in massive cell death.210 Our observation 

indicates that this does not necessarily occur in the degenerated goat IVD 

and/or that we did not yet reach the upper limit of the cell numbers that can 

be injected without adverse eff ects. Also the PPAR-γ expression data (Fig. 

7) point in this direction, as the persistent expression of PPAR-γ up to three 

months after injection of the adipose tissue derived SVF suggest that some 

of these cells survive. Unfortunat  ely, due to problems in designing specifi c 

primer sets, we were unable to determine the relative distribution between 

PPAR-γ1 and PPAR- γ2 expression, of which the latter is more specifi cally 

expressed in adipose-tissue derived cells.24 However, the diff erence between 

the relative expression in cell-injected discs and discs without added adipose 

tissue-derived cells suggests that injected cells survive in the degenerated 

IVD.

In conclusion, several keystones were identifi ed to further fi ne-tune the one 

step cellular therapy for intervertebral disc degeneration. Increased numbers 

of NP cells and increased expression of relevant genes that indicate adequate 

matrix production (Aggrecan, Collagen II)   are present in degenerated 
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discs after SVF injection. When the severe infl ammatory response can be 

prevented, by potential changes in the peri-renal SVF isolation protocol, cell-

based therapy seems feasible. Applying a gradient washing step to the SVF 

largely prevents this infl ammatory response through a mechanism which is 

not infallible and not fully understood yet.





In Vivo Evaluation of Adjacent Segment 

Degeneration in a Goat Spinal Fusion 

Model 

Chapter8
RJW Hoogendoorn

MN Helder 

PIJM Wuisman

RA Bank

V Everts 

TH Smit



CH
A

PT
ER

 8

136

Abstract

Study design

The adjacent discs of thirteen goats, originally used in a lumbar spinal fusion 

model study, were analyzed for symptoms of intervertebral disc degeneration 

by means of MRI, macroscopy and  histology. These goats were followed for 

six months and the results were compared with six control goats.    

Objectives

To evaluate the development of adjacent segment disc degeneration in vivo 

in a goat lumbar spinal fusion model.

Summary of background data

There is ongoing debate on whether adjacent segment degeneration (ASD) 

develops through increased biomechanical load on discs adjacent to fusion 

sites, or by the natural process of pre-existing degenerative disease. Animal 

models off er an opportunity to separate these factors by evaluating the 

development of ASD in non-degenerated animal spines. 

Methods

In a spinal fusion model study, two segments (L3-L4 and L1-L2) were fi xated 

and followed for 3 months (n = 6) and 6 months (n = 7) in 13 skeletally mature 

goats. Two adjacent discs (T13-L1 and L4-L5), one interjacent disc (L2-L3) 

and a control disc (L5-L6) were analyzed by means of MRI, macroscopy and 

histology. These results were compared with the discs of six, non-operated 

‘normal’ goats.

Results

No diff erences were observed in the adjacent and interjacent intervertebral 

discs after both follow-up periods. However, severe degenerative changes 

were observed in the L5-L6 level, originally included as controls. 
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Conclusion

Large animal fusion models off er an excellent opportunity to study ASD in vivo, 

as pre-existing degenerative disc disease is not present and biomechanical 

eff ects of the fusion can be studied more isolated. Our results suggest that 

adjacent disc degeneration does not develop in our spinal goat fusion model. 

There is however an increased risk of disc degeneration in the L5-L6 level 

through an unclear mechanism.
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Introduction

Adjacent segment degeneration (ASD) is known as degeneration of the 

motion segment  developing above or below another fused spinal segment.201 

Although listhesis, instability, hypertrophic facet joint arthritis, herniated 

nucleus pulposus, and stenosis have been reported in adjacent segments 

as well86;139;201, disc degeneration is the most commonly observed change in 

ASD.170;207 ASD is reported in many studies following spinal fusion.49;83;139;170;280 

Development of ASD is generally attributed to an increased pressure and 

range of motion acting on adjacent levels after spinal fusion. An increased 

pressure and motion in adjacent discs has clearly been demonstrated in 

biomechanical studies in vitro.19;45;46;285 Cadaveric studies analyzing the eff ect 

of multiple level fusions revealed that both the motion and the intradiscal 

pressure in the adjacent disc increased in single-level fusions and increased 

even more in double-level fusions.50;218 When the increased motion and 

intradiscal pressure do result in ASD, this is likely to be more common in 

multilevel fusions than in single level fusions.118 

However, the reports on the incidence of ASD in clinical human studies are 

inconsistent. Several authors note that spinal fusion in general is performed 

in degenerative spines and authors claim that the degenerative changes 

observed in adjacent segments are part of a pre-existing and ongoing 

process of degenerative disc disease.86;207;240;274 When these authors used 

proper age and gender matched control groups with similar pre-existing 

degenerative disc disease, they found no statistically signifi cant diff erences 

between adjacent discs and control discs.86;207;240;274 Recently, Pellise et al.206 

found evidence that degenerative changes occurred in all intervertebral 

discs above a fusion site, regardless of the proximity of the fusion site. In 

animal models, fusion can be performed in spines unaff ected by pre-existing 

disease. Therefore, biomechanical eff ects of spinal fusion on the adjacent 

segments can be evaluated without the confounding factor of pre-existing 
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degenerative disc disease. A as yet unpublished goat fusion model study, 

performed in our group in which two levels (L3-L4 and L1-L2) were fi xated, 

off ered the opportunity to study two adjacent level IVDs (L4-L5 and T13-L1) 

and one interjacent IVD (L2-L3) in each of these goats. The non-adjacent L5-

L6 level of each of these goats was included in the analysis as a control level. 

Also, six non-treated goats, used in a previous study103, were analyzed as an 

additional control group. In all discs degeneration was studied using MRI, 

macroscopic analysis and histology. 

Materials and Methods

Animals

All research protocols have been approved by both, a scientifi c board as well 

as the animal ethics committee of the VU University Medical Center. Twenty-

one mature Dutch milk goats were used. The average weight was 76 kg (66-

94). 

In all goats, spinal fusion was performed at two diff erent levels (L3-L4 and L1-

L2). In each goat, three categories of discs were analyzed after either three or 

six months: two discs (T13-L1 and L4-L5) as adjacent levels; one disc (L2-L3) as 

interjacent level and one disc (L5-L6) which is not adjacent to a fusion site as 

a control level. These exact same IVD levels were also used of the six control 

goats who were not operated on, which will be referred to as ‘normal’ discs 

for clarity reasons.  

Surgical technique

Surgery was performed as described previously.134 In short, the animals 

underwent general anaesthesia and through a left retroperitoneal approach, 

a rectangular defect was created in the L3–L4 and L1-L2 intervertebral discs 

and vertebral bodies in a standardized way using a custom-made box gauge 
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(10x10 mm). Subsequently, the cages, made of bioresorbable 70/30 poly(L-

D,L)-lactide (10x10x18 mm), were inserted and anterior fi xation with two 

laterally placed  titanium screws  connected by a titanium rod (See Fig. 1) was 

applied.  

After two weeks, when wound healing was completed, the animals were 

moved to a large indoor and outdoor environment without restrictions. Eating 

habits, ambulatory activities, and health status were monitored daily. At the 

designated time, the goats were sedated and euthanized with an overdose 

of pentobarbital. The six goats in which surgery was not performed were 

euthanized similarly directly after arrival in the animal facilities to serve as 

control goats. For clarity purposes these discs will be referred to as “normal” 

discs in this paper. To summarize, we compared normal, control, adjacent and 

interjacent discs in the present study. 

T13 -L1
L2 -L3 L4 -L5

L3 -L4L1 -L2

Figure 1. Lateral X-ray obtained prior to autopsy. The L1-L2 segment and the L3-L4 segment were 
both fi xated by a single cage, inserted laterally. Additional support was provided by two titanium 
screws in each segment, connected by a titanium rod. The interjacent IVD is clearly visible (L2-L3), as 
well as the both adjacent discs (T13-L1 and L4-L5). L5-L6 was used as a control disc. 

Analyses

Magnetic Resonance Imaging: MRI scans were obtained using a 1.5 Tesla 

clinical imager (Symphony Quantum, Siemens AG Medical Solutions, 

Erlangen, Germany). Sagittal sections were made using a T2 weighted spin 

echo sequence, a turbo factor 5 and a spine array coil (time to repetition (TR): 
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3 sec., time to echo (TE): 85 msec., fi eld of view 200, matrix of 118 x 384, and 

a slice thickness of 3 mm with a 10% gap). Quantitative MRI-imaging analysis 

was performed according to the method described by Sobajima et al.250 In 

short, the image data were transferred to image analysis software (Centricity 

Radiology Web, GE Medical Systems, Milwaukee, WI, U.S.A.). The nucleus 

pulposus surface area was outlined to defi ne the region of interest. Surface 

area and signal intensity were computed automatically by the image analysis 

software. Subsequently, the product of these two measures was calculated 

(MRI index = area * average signal intensity). 

A standard (tube containing water) was scanned in each MR image of the 

spinal fusion goats as well. All MRI Index values are divided by the signal 

intensity of this standard to correct for inter MRI diff erences. This standard 

was not included in the MRI  scans of the ´normal’ goats from our previous 

study. Therefore, MRI results of these goats were not included in the present 

study.

Macroscopic evaluation: IVDs of ‘normal’ goats and operated goats were 

sectioned into 3 mm slices using a band saw (Exakt, Norderstedt, Germany). 

Two paramidsagittal slices were photographed and scored by a blinded 

observer using a modifi ed Thompson score, a grading system originally 

developed for macroscopic evaluation of human disc degeneration.264 This 

score was applied to goat IVDs as described previously.2 To determine the 

reliability of the macroscopic score, two observers independently scored all 

samples (RH and MH). 

Histology: One paramidsagittal slice was fi xed in 10% neutral buff ered 

formalin, decalcifi ed, paraffi  n-embedded, cut to 7 μm sections, and stained 

with haematoxylin and eosin (H&E). Further, an Alcian Blue-Periodic Acid 

Schiff  (AB-PAS) staining was performed on adjacent sections. The pH of the 

Alcian Blue used for the staining was 1.0. The sections were scored using 

a previously described goat disc degeneration score.103 To determine the 

reliability of the histologic score, two observers independently scored all 

samples (RH and VE).
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Statistical analysis

The Wilcoxon’s rank sum test and the one-sample t-test were used to detect 

whether ‘normal’, control, adjacent or interjacent discs were diff erent from 

defi ned base-line values. To analyze the diff erences between interjacent 

discs, adjacent discs and the control discs, repeated measures ANOVA was 

performed followed by the Tukey-Kramer post-hoc test or the Friedman test 

using Dunn’s multiple comparisons test. Diff erences between the ‘normal’ 

goats and the treated goats were analyzed using the Mann-Whitney test and 

the unpaired t-test. To assess intra- and inter-observer reliability, the Cohen’s 

kappa was calculated.8 P-values were considered signifi cant below 0.05. The 

analyses were performed using the statistical package for the social sciences 

(SPSS; 14.0; SPSS Inc, Chicago, USA).

Results

One goat experienced a pressure neuropathy during surgery and was excluded 

from this study. The remaining fourteen goats recovered uneventful. Normal 

ambulatory and social activities were regained on the third post-operative 

day. Thirteen segments were mechanically stable, as determined by manual 

palpation after harvesting. In the unstable segment the lateral screw was 

placed in the caudal intervertebral disc. This goat was also excluded from the 

study. Therefore, the three months follow-up group consisted of six, and the 

six months follow-up group of seven goats. 

Magnetic resonance Imaging: The MRI Index is the product of the area of the NP 

and the average signal intensity and therefore the highest index corresponds 

with the least degeneration. No signifi cant diff erences were found between 

any of the groups (Fig. 2). 

Macroscopic analysis: The exact agreement of both macroscopic scorers was 

87%, resulting in a kappa-value of 0.64.8 First the average score of all separate 
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groups was  compared to 1 (score representing a non-degenerate disc). 

Only the L5-L6 discs in the goats that underwent surgery had a signifi cantly 

higher score compared to 1 after six months (p<0.03; see Fig. 3). There were 

no statistical diff erences between the normal goat IVD scores and any of the 

discs in the ‘surgery’ goats, nor were there between control, adjacent and 

interjacent levels. 

MRI Index

0
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10

12

14

16

L5-L6 L4-L5 L2-L3 T13-L1

IVD

3 months

6 months

Figure 2. Results of the MRI index (±SEM). The indices are expressed as relative to 100% water in a 
test tube. Higher scores indicate healthier discs. No signifi cant diff erences were observed between 
any of the examined discs.
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Figure 3. Results of the macroscopic score ( ±SEM). Grade 1 in the macroscopic score corresponds 
with normal discs. No signifi cant changes compared to normal were observed. The L5-L6 discs 
however were scored signifi cantly higher compared to the other adjacent discs (p<0.03).
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Histology: The exact agreement and the kappa value of the inter-observer 

reliability were 88% and 0.81 respectively. The histological score of the 

‘normal’ levels ranged between 1.3 and 0.3 (see Fig. 4A). These were never 

signifi cantly diff erent from 0 (histologic score represents a non-degenerate 

disc by defi nition) The average histological score of the L5-L6 control level 

however was 2.2 after 3 months, which is not diff erent from 0 (p=0.22). After 

six months the score was increased to 2.9, which is signifi cantly higher than 0 

(p=0.03). There were no diff erences found between any of the other groups 

at both time-points when compared to zero or to each other (see Fig. 4A). 
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Figure 4. A, Results of the histologicscore (SEM). Compared with zero (defi ned score of a 
nondegenerated disc) the control discs (L5–L6) had a signifi cantly increased score after 6 months 
(*, p =  0.03). The average histologic score of the L5–L6 discs corresponds to moderate disc 
degeneration. All other levels had a histologic score correlating to no or mild disc degeneration. 
B, Results of the histologic score presented as a scatterplot. In this graph, the diff erences within the 
L5–L6 control group can be observed and shows that several of these control discs have a histologic 
score corresponding with severe disc degeneration.

The control levels (L5-L6) were aff ected in a notable distribution: some of the 

discs were not aff ected (score <2), the remaining discs were all degenerated 

quite severely and were scored over grade 4 (see Fig. 4B). All ‘normal’ 

intervertebral discs had a histological score < 2.  In the non-degenerate 

samples (see Fig. 5A)  the NP area is populated with chondrocyte-like cells 

and has an open, proteoglycan-rich extracellular matrix. In the degenerated 

control sample, however, changes resembling degeneration were observed. 

In the NP area a more dense structure of the NP was observed, with a scar-
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tissue like structure. The demarcation between the AF and NP also disappeared 

in some of these samples (Fig. 5B). Also, changes in the annulus fi brosus 

were observed in these degenerated control levels.  These signs of severe 

degeneration were observed in 2/6 control levels after three months and in 

4/7 control levels after six months (L5-L6; see Fig. 5B). These degenerative 

changes were not observed in any of the ‘normal’ IVDs.  

A B

Figure 5. A, Micrograph of a histologic section of a control disc (L5–L6;1_; histologic Grade 0). The 
open structure of the NP can be observed as well as the intact layered structure of the AF indicating 
that this disc is not degenerated. B, Micrograph of a histologic section of another control disc (L5–
L6; 1_; histologic Grade 6). Changes in the anulus fi brosus can be observed. The anterior AF has 
horizontal clefts (arrow) and has lost its layered structure. Also, the extracellular matrix area of the 
NP has become denser. These signs indicate a severe degenerative state.

Discussion

It is generally assumed that ASD develops either through changes in 

biomechanical parameters49;83;280 and/or due to pre-existing degenerative 

disease in the fused spine of the patient.86;207;240;274 To separate these two 

factors, animal models are ideal because healthy spines can be fi xated and 

used to study the development of ASD. In the present study, thirteen goats 

were available, from an as yet unpublished other study,  for the analysis of the 

adjacent disc degeneration in a goat spinal fusion study. Intervertebral discs 

were analyzed for degenerative signs, facet joints and vertebral bodies were 
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not included in the analysis. The discs were studied using MRI, macroscopic 

and histological scores and biochemical analysis. Because the pre-operative 

state of the goat spines was not determined in the spinal fusion study, the 

adjacent discs were compared to the discs of six untreated goats, designated 

as ‘normal’ goats.

Despite several limitations in the set-up of this study, some observations of 

interest were made. After three and six months, changes were not observed in 

any of the analyzed parameters of the adjacent or interjacent discs compared 

to ‘normal’ goats. However, severe degenerative signs were observed in 

several of the L5-L6 discs of these fi xated goats (that originally had been 

included in the study as control levels), mainly in the six months follow-up 

group. These results suggest that the anterolateral fusion of the present study 

does not lead to degenerative changes in adjacent discs within six months. 

However, there appears to be an increased risk for severe degeneration at the 

L5-L6 level which developed within six months after fi xation. 

The exact mechanism responsible for ASD is unclear. Increased mobility 

and intradiscal pressure have been demonstrated in (human) cadaveric 

and fi nite element model studies and are thought to play a role in the 

development of ASD.135;150  In animal models it was shown that increased 

intradiscal pressure and increased mobility result in disc degeneration.135;150 

However, contradicting results are reported in literature on the incidence of 

ASD in multi-level fusions.76;78;95;287 Therefore, it is not clear whether increased 

intradiscal pressure and increased mobility actually occur in vivo. Dekutoski 

et al. measured the movement of adjacent segments both in vitro and in vivo 

in dogs.61 Although an increased movement was measured in the adjacent 

segment after immobilization of L3-L7, these increments were very small 

(between 1° and 3°) and ASD was not observed after 12 weeks follow-

up.61 Movement of adjacent segments has also been studied in humans in 

vivo.15;154;254 Axelsson et al.15 observed both hyper- and hypomobility, and Luk 

et al.154 demonstrated that the segmental movement of adjacent segments 
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actually decreased after single- and double-level fusions. In both studies ASD 

was not observed either.15;154 Therefore, the increased motion and pressure, 

as observed in cadaveric studies in adjacent segments, does not necessarily 

occur in vivo.  

Animal models have been used to study ASD before. Philips et al.208 found 

degenerative signs in rabbit adjacent discs after posterolateral fusion. 

However, ASD was not found in studies with large animals.37;52;53;61 Rabbit 

spines  have proportional, mechanical and cellular diff erences with the human 

spine and their fl exible curved spine moves considerably in their symmetric 

gate.73 The relatively short legs of the rabbit further enhance the need for 

movement from the spine for propulsion. The abovementioned may explain 

the development of ASD in rabbit spines after fusion, as the maximum range 

of movement of the spine is met more frequently. Large animals like the dog 

and the goat have relatively long legs, a straight spine and an asymmetric 

gate, resulting in a relatively small rotation and fl exion in the lumbar spine.73 

Large animals are therefore more suitable to study the development of ASD, 

as the human spine also is relatively straight and the gate asymmetric as well.   

In the present study degenerative signs were not observed in adjacent or 

interjacent discs. However, the L5-L6 segment, which was two levels down 

from the fi xated L3-L4 segment, was severely degenerated in 2/6 goats after 

three months and in 4/7 goats after six months as observed in the histologic 

analysis. A similar eff ect was seen in the macroscopic analysis and the MRI 

analysis, although not signifi cantly. The observed degenerative changes in 

these control levels were quite severe (see Fig. 5B), including fi ssures of the 

AF and complete loss of demarcation between the NP and the AF. However, 

not all L5-L6 discs responded similarly. In the six months group, two discs 

were not degenerated at all (score 0, see Fig 4B). Four of the discs however 

responded with severe degeneration (score 5-6, see Fig. 4B). The diff erence 

between these discs might indicate that some threshold is crossed in some 

of the animals, resulting in severe degeneration, and in some animals it is 
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not. A similar eff ect is observed in the group that was analyzed after three 

months, in which two of the discs had developed severe degenerative 

signs (score 4 and 6, see Fig. 4B). Notably, none of the ‘normal’ discs had a 

histological score higher than two (see Fig. 4B). Although the pre-operative 

degenerative state of the goats in the present study was not determined, the 

absence of degenerative signs in the ‘normal’ goats and the time-dependent 

development of severe degenerative signs in the L5-L6 levels indicate that 

changes occur after an alternating two-segment fusion in this level. The 

mechanism through which these changes occur at the L5-L6 level remains 

unclear. Biomechanical changes are likely to be involved in these changes, 

however biomechanical parameters were not recorded in the present 

study. This will be of interest for future studies. Also, in future studies, the 

pre-operative condition must be recorded to accurately determine the 

development of degenerative changes in time. The most caudal levels are 

prone to disc degeneration in non-fused humans spines as well due to their 

vulnerability for biomechanical changes.279 A similar eff ect might occur in the 

goat. As the lower levels are connected to the pelvis, the spine may function 

as a fi xed beam to the pelvis, in which case, the largest  moments act on the 

lower level. However, these explanations are speculative.    

  In the present study, degenerative signs were not observed after six months 

in adjacent and interjacent discs. However, ASD is a long term complication 

of spinal fusion, with an  average incidence of approximately 3% in humans 
95 and the longest clinical follow-up reported was 20 years.274 The changes 

observed in the  L5-L6 level in the present study, however, demonstrate 

that severe degenerative signs can develop within six months in the goat 

spine. Also, increased pressure and motion were shown before to result in 

degenerative changes within 28 days in vivo.135;150 These previous studies 

and our observations indicate that six months follow-up is suffi  cient for 

degenerative changes to develop. Furthermore, this study is the fi rst large 

animal study analyzing adjacent segment disc degeneration longer than 
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three months, as previous studies in large animal models had a maximum 

follow-up of three months.37;52;53;61 

In the animals in the present study an alternating, anterolateral fusion was 

performed to analyze diff erences between two specifi c fusion techniques.

(unpublished data) The anterolateral fusion technique results in the highest 

eff ect on motion in the adjacent segments in in vitro studies.67 Therefore this 

technique is also most likely to induce degenerative changes in adjacent discs 

and suitable to evaluate the development of adjacent segment degeneration. 

Also, this technique off ers reliable, immediate post-operative fi xation of the 

fused segments, which is favourable for comparative reasons. The isolated 

L3-L4 and L1-L2 fusion sites result in so called ‘fl oating’ fusions. Floating 

fusions have been reported to have the highest risk for adjacent segment 

degeneration.76 In analogy with the fusion technique, fl oating fusions are 

therefore most likely to induce adjacent segment degeneration and are 

suitable for the evaluation of this condition.

In summary, large animal models are suitable models to study changes in 

adjacent disc degeneration without the presence of pre-existing degenerative 

disc disease, as healthy spines can be fused experimentally. The present 

study off ered an opportunity to study degenerative changes in a goat spinal 

fusion study. Despite limitations in the set-up of the study, two observations 

of interest are reported: 1) adjacent segment disc degeneration does not 

develop within six months after fi xation of the segments in this model and 2) 

severe degenerative changes do occur in the L5-L6 level within six months. 

These observation justify the need for large animal ASD studies with long 

follow-up and proper set-up. These studies will add important information 

on the ongoing discussion on the cause of ASD.
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General Discussion

This thesis contributes to the development of new treatment strategies for 

intervertebral disc degeneration. The main goal of the thesis is to evaluate 

the feasibility of a one-step cell-based minimal invasive treatment for disc 

degeneration using adipose tissue derived stem cells. For this purpose we 

developed a new in vivo model of disc degeneration in the goat, which forms 

the fi rst part of the thesis.

Intervertebral disc nutrition

The intervertebral disc is the largest avascular tissue in the body, and 

maintenance of an adequate nutrient supply has long been regarded as 

essential for preventing disc degeneration.178;191 Essential nutrients such as 

oxygen and glucose and substrates for matrix production such as amino 

acids and sulfate are supplied to the disc by the blood supply at the disc’s 

margins (Fig. 1). 

Figure 1.Schematic view of the routes supplying nutrients to the avascular disc.
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Tracer penetration studies have shown that nutrients penetrate into the disc 

from the endplate and the tissues surrounding the anulus periphery.269 These 

nutrients then move from the surrounding capillaries through the dense 

extracellular matrix of the disc to the cells, which, in the centre of the nucleus 

in an adult human lumbar disc, may be 7 to 8 mm from the nearest blood 

supply. Metabolic waste products are removed from the tissue by the reverse 

route.98 The nutritional environment of the cells thus varies throughout the 

disc, with the oxygen concentration and pH around cells in the disc centre 

being diff erent from that around cells at the disc periphery.98 Ageing was 

found to aff ect transport into the disc in rabbit studies and more recently in 

humans as well in MRI-gadodiamide studies.216 In this study signal intensity 

was lower in slightly degenerate discs as compared to normal discs, probably 

due to  impaired blood supply to the endplate and calcifi cation and sclerosis 

of these endplates.178 As the degeneration increased, signal changes were 

more variable and sometimes even increased when marked endplate 

irregularities were found.216 A multifactorial process consisting of impaired 

nutrition, unfavorable inheritance, aging and loading history is now thought 

to cause degeneration. The abovementioned eff ects weaken the disc before 

actual disruption by some minor incident, or impair its healing response1, 

resulting into actual disc degeneration.  

The avascular nature of the disc importantly infl uences the research on 

degeneration and regeneration for several reasons. First, it infl uences the 

model of choice, as the size of the animal directly correlates with the size of the 

disc and the distances that have to be passed by diff usion. This infl uences the 

extrapolation from the results from animal models, especially in small animal 

models like mice, rats and rabbits. These small animal models therefore may be 

biased against the infl uence of nutritional or healing defi ciencies that underlie 

human disc degeneration.149 In addition, the nucleus of many small animals 

remains populated with notochordal cells113, cells that are involved in matrix 

synthesis and regulation3, whereas in humans they disappear in the second 
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decade of life.205 However, the relevance of a model is always dependent on 

the question asked. Although physiological diff erences may exist between 

small animal models and humans, these models are relatively cheap and 

many biological tools are available for such small animals, identifying these 

animals as suitable candidates for initial studies on disc de- and regeneration. 

However, before human clinical trials, an intermediate large animal model 

should be used to evaluate the effi  cacy in more human-like conditions. As 

described before in our publications, the goat intervertebral disc resembles 

the human intervertebral disc proportionally, as well as mechanically.133;247;248 

The absolute size of the goat intervertebral disc is approximately half that of 

the human lumbar intervertebral discs, with a maximum height of 6-7 mm.272 

Based on these considerations the goat model was developed.

However, a model will always be a surrogate for the actual disease. 

The question whether animal models truly mimic a degenerate human 

intervertebral disc is not easily answered, not at the least because the 

defi nition of human disc degeneration itself leaves room for interpretation. 

Only recently , a fi rst attempt was made to defi ne IVD degeneration as an 

aberrant, cell-mediated response to progressive structural failure.1 In our 

opinion, this is a solid attempt to defi ning this process, however, the strongest 

aspect of this defi nition is its room for interpretation of details that are as yet 

unknown. Descriptive characterizations of disc degeneration involve reduced 

disc height, loss of signal on (T2-weighted) MRIs of the NP, decreased water 

and proteoglycan content, increased cell death, loss of collagen integrity 

and disrupted mechanical function and morphology, including fi ssures and 

vascularization.1;11;30;281 The parameters measured in the goat all resemble 

the values observed in human disc degeneration, providing (circumstantial) 

evidence that the model mimics human intervertebral disc degeneration 

closely. 

Various methods have been described to induce artifi cial disc degeneration 

in an animal model. To mimic the process of intervertebral disc degeneration, 
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a similar pathway as involved in human intervertebral disc degeneration 

should be induced. For this purpose we selected Chondroitinase ABC. CABC 

is an enzyme that digests chondroitin sulfate isomers. These chondroitin 

sulfates, but also keratan sulfate isomers, make up the side chains of the 

proteoglycan molecules. (Fig. 2) In degeneration, the proteoglycan molecules 

are cleaved from the hyaluronic acid molecules binding them, resulting in 

free aggregates (Fig. 2).  

Figure 2. Variation in composition of the human nucleus pulposus with age. The fi gure depicts the 
collagen fi brils and aggrecan-derived proteoglycans in the nucleus pulposus of fetal, young juvenile, 
adolescent/young adult, and mature adult/degenerate intervertebral discs. In the fetus, there is 
little collagen and the aggrecan is rich in chondroitin sulfate. In the young juvenile, the collagen 
fi bril content is increased, the aggrecan contains both chondroitin sulfate and keratan sulfate, and 
proteolytic processing of the proteoglycan aggregates is evident. In the young adult, collagen content 
is maximal, the aggrecan and link protein have undergone proteolytic processing, aggrecan is 
present as both proteoglycan aggregates and nonaggregated fragments, and the chondroitin sulfate 
chains of Aggrecan are of decreased size, whereas its keratan sulfate chains are of increased size. In 
the mature adult, the collagen fi brils show evidence of enhanced proteolytic processing, the aggrecan 
and link protein have undergone extensive proteolytic processing, the proportion of aggrecan in a 
nonaggregated form is increased, and the hyaluronan content is increased. CABC theoretically 
intervenes on the CS and KS sulphate side chains as obseverved in Figure 2, similar as observed in 
human intervertebral disc degeneration.
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Whether these free aggregates still function in terms off  disc swelling pressure 

is not clear, although it seems logical that the function is not related to their 

linkage to the matrix, as long as size secures their entrapment in the disc 

matrix.227 Furthermore, these side chains are shortened in degenerative discs 

which will result in a loss of these chains from the NP and as a result, loss of 

swelling pressure. (Fig 2) The latter process is mimicked by the injection of the 

enzyme CABC, directly reducing these side chains and subsequently reducing 

the swelling pressure. Ideally, this loss induces mechanical changes resulting 

in a pathway of cell apoptosis, structural changes and eventually changes 

in the parameters identifi ed previously. The relatively short duration of the 

induced degeneration combined with the use of relatively young and healthy 

animals however might still favor the nutritional state and healing capacity 

of the modeled disc degeneration as compared to human intervertebral disc 

degeneration.  

The enzyme activity of the Chondroitinase ABC is needed to induce 

degeneration. However, at some point activity should cease and ongoing 

degeneration should be caused by the degenerative cascade that was 

triggered by the enzyme. Ongoing enzyme activity will infl uence the 

reparative processes induced after e.g. stem cell treatment. Unfortunately, we 

were unable to measure this parameter. Enzyme activity might be of interest 

to measure in future studies, however, long-term results described in Chapter 

4 indicate that potential residual activity does not result in serious adverse 

eff ects after 6 months. Several papers have appeared describing spontaneous 

recovery of disc degeneration in Chondroitinase ABC induced degeneration 

models.12;48;124 One of these studies124 actually describes restoration of GAG 

content and histological appearance after twelve weeks in a rabbit model. 

For this purpose, we specifi cally designed our study in Chapter 4 in order to 

evaluate this spontaneous recovery. In this thesis, spontaneous recovery was 

not observed, and ongoing development of osteophytes and annular fi ssures 

and cracks indicate ongoing progression of degeneration. What is described 
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by the remaining authors addressing recovery after initial CABC nucleolysis, 

probably is best explained by the formation of a scar-like tissue, as is also 

discussed in the specifi c articles. This new tissue results in more stability, 

as is described before in severe degenerated human discs.262  Formation 

of scar tissue, by means of exogenous crosslink augmentation, has even 

been embraced as a concept for the treatment of instability.93   In one study 

reporting recovery, some restoration of GAG content is reported as well as 

disc height recovery. However, the authors conclude from their data that 

these observations are probably based on the large variation observed as the 

increase in GAG content was not confi rmed by histological GAG staining.32  

The avascular nature of the disc is not only relevant for the development 

and modeling of degeneration. It also concerns the regeneration of the disc. 

Newly inserted cells will have to survive and produce extracellular matrix in 

the hostile environment formed by the degenerated intervertebral disc.269 

As failure of the nutrient supply is thought to be a causative factor in disc 

degeneration, survival of the reimplanted cells is one of the fi rst major 

challenges to be overcome. Several studies involved in cell transplantations 

however have shown cell survival: Sakai et al  followed green fl uorescent protein 

labeled MSCs injected in rabbit nuclei for almost one year demonstrating 

survival of these cells throughout that time-frame.231 More recently, Hohaus 

et al. demonstrated the survival of ASCs for a period of six months in a large 

animal model (dog) using a DAPI label.97 Although these models might 

underestimate the nutritional challenges present in human intervertebral 

disc degeneration, cell survival might be feasible within the degenerated 

disc. In vitro experiments have shown that low oxygen concentrations 

drive MSCs towards expression of hypoxia-inducing factor (HIF1-α), a factor 

involved in the regulation of classic phenotypic markers of the nucleus 

pulposus phenotype.222 Little is known of the specifi c environmental cues to 

initiate the proliferation and diff erentiation of ASCs in vivo towards NP-cells 

at present. When MSCs are cultured under specifi c conditions mimicking the 
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environment of intervertebral discs, they can be diff erentiated towards cells 

expressing similar genes as nucleus pulposus cells221 Our group and others 

demonstrated that ASCs are able to diff erentiate toward NP cell-like cells 

by indirect co-culture, in which only paracrine communication is possible 

between cell-types,  with NP cells in vitro.152;220 When ASCs are injected in the 

intervertebral disc, NP cells and ASCs are likely to interact through paracrine 

communication as well, as the cell density in the nucleus pulposus (NP) is 

very low (about 4000 cells/mm3).159 Ideally , the environmental and paracrine 

cues present in the intervertebral disc trigger the diff erentiation of the ASCs 

into chondrocyte-like cells. This speculation forms the basis for our one-step 

procedure. As yet it is not clear whether the degenerated intervertebral 

disc provides these cues. Perhaps, cell based treatments like ours need to 

be combined with e.g. specifi c growth factors to induce diff erentiation, or 

inhibiting factors neutralizing the catabolic enzymes present in the disc. 

These speculations provide substrate for research for years to come. 

Indications

A major issue in the intervertebral disc degeneration research is the 

indication for treatment. Although no scientifi c proof is available, it is 

generally assumed that treatment of DDD with cellular therapy is only 

feasible in mildly degenerated discs. A recent study by Ho et al. suggests 

stem cell therapy might be eff ective in the more severely degenerated discs 

as well, although recovery of disc height and restoration of normal anatomy 

were not achieved.96 Severe degenerative signs like osteophytes and large 

fi ssures and cracks in the AF, however, are beyond repair with cellular 

therapy and spinal fusion or total disc replacement (TDR) are probably still 

the appropriate therapeutic options for this advanced stages of the DDD, as 

severe morphological changes, like osteophytes and annular fi ssures, are not 

expected to recover after cell supplementation. Cellular treatments, at least 

for now,  are aimed at restoration of the proteoglycan content of the nucleus 
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pulposus. In the future, cellular treatments will have to be aimed at repair of 

the annulus fi brosus as well, as a healthy AF assures the confi nement of the 

NP and supplies mechanical stability. However, the complex orientation of 

the AF in concentric layers with perpendicular arrangement of the collagen 

fi brils, complicates cellular therapy even more than it already is for “mere” NP 

regeneration. Some eff orts are currently directed towards tissue engineering 

of constructs similar to the AF120, however, for now it is unclear how these 

constructs can be implanted. Currently, spinal interbody fusion is selected 

when gross morphologic changes are combined with instability of the 

spine segment. In this concept, two vertebra are fused by removal of the 

intervertebral disc and allowing for bony fusion between the vertebra. This 

eliminates instability and thus reduces pain.  Early reports on interbody fusion 

are mainly positive33;89;136;219, however,  with longer follow-up, the number of 

complications increased.38;65;265;267 

In general, patients do not complain of mildly degenerated discs. Patients 

complain of low back pain. In fact, many diff erent structures may be 

responsible for this low back pain: e.g. it was shown that the facet joints are 

responsible for low back pain in 15% of the cases238, and the sacroiliac joints 

in 13%.28  In another study, intervertebral disc degeneration was actually 

identifi ed as the source of the low back pain in 39% of the cases.238 However, no 

diagnostic criteria were found in this study to identify patients with low back 

pain caused by the intervertebral disc itself.238 The correlation of specifi c tests 

for disc degeneration and low back pain is poor in general. Firm evidence, for 

instance, is lacking in the presence or absence of a causal relation between 

radiographic degenerative fi ndings and non-specifi c low back pain. 275 The 

golden standard for the diagnosis of intervertebral disc degeneration is MRI20, 

and although an association has been found between MRI changes and low 

back pain, the interpretation of these fi ndings is complicated, as degenerative 

changes have been found in up to 30% of the asymptomatic people as well. 
27;212 In a recent review of specifi c tests to identify a degenerative disc as 
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the source of low back pain, it was demonstrated that only the absence of 

signal intensity changes of the NP on MRI had a moderate ability to rule out 

the individual disc as a source of the low back pain.87 Patients complaining 

of low back pain will only be selected for treatment of intervertebral disc 

degeneration when the disc can be identifi ed as a source of the pain. Therefore, 

identifying the correct indication for cellular therapy for intervertebral disc 

degeneration will be critical before proper clinical evaluation can be started.

There is ongoing debate in literature on the eff ect of a spinal fusion on the 

adjacent segments.  Several other authors found that adjacent segment 

degeneration (ASD) occurs after spinal fusion.49;83;139;170;280 Unfortunately, no 

clear defi nition of ASD was provided in any of these studies, resulting in poor 

comparability of these studies. A recent study tried to defi ne these terms in 

more detail88 which is benefi cial for the discussion. In our study, ASD was 

defi ned as degeneration occurring at the adjacent levels, as clinical signs were 

not measurable for obvious reasons in an animal model. In contrast, other 

authors state that the degenerative changes observed in adjacent segments 

are part of a pre-existing and ongoing process of degenerative disc disease of 

degenerate spines in which spinal fusion is performed.86;207;240;274

To preserve the mobility of the segment, more functional TDR have been 

developed.165 A systematic review of the available, low quality literature 

indicates that TDR may protect for adjacent segment degeneration (signs but 

no symptoms). This eff ect is more clear for adjacent segment disease ( signs 

and symptoms of disc degeneration). The animal model is probably the best 

option to study the development of adjacent segment degeneration, as this 

is the only situation conceivable in which healthy, young, non-degenerate 

spines can be partially fused and monitored over time for the development 

of adjacent segment degeneration. However, due to the low incidence of 

adjacent segment degeneration (3-4% per year)95 large studies with long 

follow-up are needed to provide solid answers. The signifi cant changes 

observed in our short-term study point to a relevant eff ect, although not all 
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levels were aff ected equally. The adjacent segment degeneration however is 

an example of mild intervertebral disc degeneration potentially resulting in 

clinical problems after several years. Potentially, mild degeneration combined 

with early diagnosis positively identifi es these discs as indication for cellular 

therapy. In line with our concept for intervertebral disc degeneration, a 

similar concept was tested and evaluated for spinal fusion 94. We envision 

a potential two-track cellular treatment for spinal instability consisting of 

spinal fusion based upon cell-seeded scaff olds for bone formation combined 

with preventive injection of adjacent intervertebral discs to prevent or stop 

an ongoing process of degeneration. In addition, surgically treated disc 

herniations are subject of progressive degeneration and therefore pose 

potential indications for cellular therapy to help delay or even stop this 

process.

Future perspective

In my opinion, the IVD provides a unique structure in which cells can be 

delivered without subsequent migration due to its avascular nature, further 

enhanced by its relatively limited capacity to develop an immune response 

due to its avascular nature as well. The aim of the Skeletal Tissue Engineering 

Group Amsterdam has been the development of simple therapeutic options 

using a syringe instead of the scalpel for various orthopedic diseases. As 

a major part of this thesis, a large animal model for intervertebral disc 

degeneration was developed to evaluate new therapies. Animal models 

play an important role in the determination of safety of new treatments as 

illustrated by the results in this thesis. With this model available, future studies 

should be directed towards the development of new regenerative therapies. 

In the near future, our eff orts will be directed towards the identifi cation of 

the specifi c cues responsible for the adverse aff ects observed in our studies, 

in close collaboration with other groups applying ASCs for intervertebral 

disc regeneration. Preliminary results as a direct result of collaboration 
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with these groups have identifi ed some cues that cellular therapy might be 

feasible, however, the fact that this thesis has also shown that serious adverse 

eff ects may occur, warrants further studies into the assessment of potential 

risks, limitations, and side conditions which should be met before clinical 

implementation. Further, our future studies will be directed towards the 

development of the one-step procedure for intervertebral disc regeneration 

in more detail, looking into e.g. the need and specifi c composition of scaff olds, 

cell delivery systems and chemical stimulants. Also, cellular therapy of the AF 

will be addressed as an essential part of intervertebral disc regeneration.
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Summary

The research presented in this thesis actually comprises of two parts: in 

the fi rst part a new intervertebral disc degeneration model was developed 

and in the second part this model was used to evaluate the regenerative 

potential of adipose tissue-derived regenerative cells directly injected into 

the disc in a one-step procedure. For this purpose we needed a model of 

mild disc degeneration, and therefore a new model of intervertebral disc 

degeneration was developed. It so happened that the available models 

all had limitations in terms of size, cell population and the severity of the 

artifi cially induced degeneration as compared to human intervertebral disc 

degeneration. In Chapter 2 we evaluated the cell population present in the 

goat intervertebral disc at diff erent ages, and showed that notochordal cells 

are not present in the nuclei pulposi of mature goats, as is true in humans, in 

who these cells disappear in approximately the second decade of life. Based 

on previous research from our group we had already shown the comparability 

of mechanical loads and size of goat spines to human spines, and therefore 

we decided to evaluate the induction of degeneration using a proteoglycan 

degrading enzyme, called Chondroitinase ABC (CABC). To evaluate the 

degeneration the loss of disc height, the signal intensity of the nucleus 

pulposus on MRI, macroscopic and histologic changes were recorded. The 

time needed for the degeneration to develop, as well as the determination 

of the optimal concentration of CABC was evaluated in the studies described 

in Chapter 3, resulting in a new model of disc degeneration, in which 

goat intervertebral discs were directly injected with 0.25 U/ml CABC. This 

concentration results in mild intervertebral disc degeneration after twelve 

weeks in all discs injected. Biochemical changes and gene expression profi les 

of the degenerated goat intervertebral discs were also evaluated in a study 

described in Chapter 4, showing the comparability of the proteoglycan/

aggrecan ratio in goat intervertebral discs and also demonstrating the up-
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regulation of genes involved in the catabolic pathway like MMP-13 and 

collagen type I, while the expression of Aggrecan was down-regulated. To 

determine the reproducibility and reliability of the newly developed model 

the study was repeated and the long term development of disc degeneration 

was observed, which is described in Chapter 5.  This study indicated that 

the degeneration could be induced reliably using CABC and that there was 

no spontaneous recovery after six months. The severity of the degeneration 

seemed to  develop further, as is the case in human disc degeneration, as 

observed by the development of endplate irregularities and osteophytes. 

Based on the studies in the abovementioned chapters we concluded 

that we had developed a reliable an reproducible large animal model for 

intervertebral disc degeneration that was suitable for our second purpose: 

the evaluation of cellular therapy for disc degeneration.

The current developments and technologies were reviewed in Chapter 6, 

in which the feasibility of a one-step procedure is described by analogy to 

another study by our group involving spinal fusion. Further, we identifi ed the 

additional research needed before adipose-derived mesenchymal stem cells 

can be evaluated in a one-step procedure and address the selection of stem 

cells from the stromal vascular fraction, the specifi c triggers needed for cell 

diff erentiation and potential suitable scaff olds. Based on in vitro  experiments 

indicating that relevant triggers are present in the micro-environment 

of the intervertebral disc, we hypothesized that the mere injection of 

stromal vascular fraction, containing mesenchymal stem cells could lead 

to regeneration.  However, an unexpected advantageous outcome was 

observed in Chapter 7, describing an experiment evaluating the injection 

of two diff erent concentrations of SVF in enzymatically degenerated 

intervertebral discs. A severe infl ammatory response was observed, including 

osteophyte formation, destruction of the endplates and massive cellular 

infi ltration of the intervertebral disc with infl ammatory cells leading to gross 

morphologic destruction of the tissue. In an additional experiment the SVF 



CH
A

PT
ER

 1
1

192

fraction was injected in both degenerated and healthy discs to exclude 

eff ects of the degeneration induction method, which were not found. 

Also, the SVF was subjected to an additional washing step using a gradient 

designed to remove red blood cells. Application of this gradient prevented 

the infl ammatory response. Based on this experiment no solid conclusions 

could be made as to what specifi c trigger was responsible for the adverse 

eff ects observed in our fi rst SVF experiment, however, it did show that the 

adverse response could be prevented. In addition, analyzing the discs which 

did not display an infl ammatory response, an up-regulation of aggrecan 

expression was observed, as well as continued expression of PPAR-γ, a marker 

for adipose tissue derived cells suggesting, but not proving cell survival in the 

discs. Cellular therapy probably is most eff ective in mildly degenerated discs, 

which in general, have not led to physical complaints by the patient, e.g. pain. 

One of the future indications might therefore be prevention of degeneration 

development, for instance in the adjacent discs of a fused segment. There 

is ongoing debate in the literature whether adjacent segment degeneration 

exists and whether it is clinically relevant, or that it is a mere symptom of the 

ongoing process of degeneration that was already present in the degenerated, 

fused human spine.  In Chapter 8 we use a goat fusion model to evaluate 

the development of adjacent segment degeneration in the further healthy 

fused goat spines. This allows for evaluation of the development without the 

presence of ongoing degeneration. The number of goats and the evaluation 

time was to short to draw solid conclusions however a degenerating eff ect 

was observed in the most caudal level. In our opinion, animal model  research 

is the way to go to identify the existence of adjacent segment degeneration. 

Finally, Chapter 9  discusses the major issues involved in disc degeneration 

research, including the avascular nature of the disc, identifying it as a unique 

structure in the body, the relevance of animal models which is essential for 

studying the degeneration and regeneration process however is not suitable 

to evaluate the clinical relevance of the problem as the correlation between 

degenerative signs and symptoms is only limited. 
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GSamenvatting 

Het onderzoek gepresenteerd in deze promotie studie bestaat eigenlijk uit 

twee delen: het eerste deel is gericht op de ontwikkeling van een nieuw discus 

degeneratie model en in het tweede gedeelte wordt dit model gebruikt 

om het therapeutische eff ect van een één-staps-procedure te evalueren 

waarbij uit vetweefsel gewonnen (stam)cellen direct in de tussenwervelschijf 

worden geïnjecteerd. Om dit te evalueren hadden wij een model nodig van 

milde degeneratie. De vanuit de literatuur beschikbare modellen hadden 

allemaal hun beperkingen met betrekking tot onze vraagstelling: verschillen 

in grootte, de cel populatie en de ernst van de geïnduceerde degeneratie 

vergeleken met humane degeneratie. In Hoofdstuk 2 werd de celpopulatie 

in geitentussenwervelschijven op verschillende leeftijden geëvalueerd. Deze 

studie liet zien dat notochordaal cellen niet aanwezig zijn in de nuclei pulposi 

van volwassen geitentussenwervelschijven. Hetzelfde geldt voor humane 

tussenwervelschijven waaruit deze cellen na de tweede decade verdwijnen. 

In vorige studies van onze groep was ook al aangetoond dat er vergelijkbare 

mechanische krachten werken in geiten en humane wervelkolommen, en 

dat de grootte goed vergelijkbaar is. Gebaseerd hierop kozen we voor de 

geit om de injectie van Chondroïtinase ABC (CABC) te evalueren als middel 

om degeneratie op te wekken. Hiervoor werd het enzym direct in de 

nucleus pulposus van de geiten gespoten. Om de opgewekte degeneratie 

te analyseren werd het verlies van discushoogte geanalyseerd, de signaal 

intensiteit van de nucleus pulposus op MRI beelden, de veranderingen op 

macroscopische foto’s en op microscopische coupes. De tijd die nodig is om 

de degeneratie te laten ontwikkelen en de optimale concentratie enzym 

hiervoor werden bepaald met behulp van de studies beschreven in Hoofdstuk 

3. Dit resulteerde in een nieuw model van milde discus degeneratie door 

0.25 U/ml CABC direct in de geitentussenwervelschijven te injecteren. Deze 

concentratie zorgt ervoor dat er na twaalf weken milde discusdegeneratie is 
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ontstaan in alle disci die geïnjecteerd zijn. De biochemische veranderingen 

en de veranderingen in genexpressie van deze enzymatisch gedegenereerde 

tussenwervelschijven worden beschreven in Hoofdstuk 4. Deze studie liet 

zien dat de ratio tussen proteoglycanen en collagenen ook vergelijkbaar 

is met humane tussenwervelschijven. Tevens was de expressie van genen 

betrokken bij catabole processen zoals MMP-13 en collageen type I 

verhoogd, terwijl de expressie van aggrecan juist verlaagd was. Om ook de 

ontwikkelingen na de termijn van twaalf weken in kaart te brengen werd er 

nog een studie verricht (Hoofdstuk 5) waarin de reproduceerbaarheid en de 

degeneratie ontwikkeling tot een half jaar onderzocht werd. Hiermee werd 

vastgesteld dat de methode betrouwbaar is en dat er geen spontaan herstel 

op treed binnen zes maanden. In tegendeel, de degeneratie nam toe want er 

ontwikkelden zich osteofyten en eindplaat defecten. 

Gebaseerd op bovenstaande studies concludeerden wij dat we een 

betrouwbaar en reproduceerbaar model voor milde degeneratie in een 

groot proefdier hadden ontwikkeld dat geschikt is voor ons tweede studie 

doel: de evaluatie van cel therapie voor discusdegeneratie. De meest recente 

ontwikkelingen op het gebied van discus regeneratie werden op een rijtje 

gezet in Hoofdstuk 6. Hierin word ook de theoretische haalbaarheid van 

een één-staps-procedure voor cel therapie beschreven naar analogie van 

een andere studie van onze groep waarin deze techniek wordt toegepast 

voor wervelfusie in een geiten model. Ook werd hierin additioneel benodigd 

onderzoek beschreven voordat mesenchymale stamcellen uit vetweefsel in 

een één-staps-procedure gebruikt zouden kunnen worden en bespreken 

we mogelijkheden zoals stam cel selectie uit de cel fractie die uit vetweefsel 

gewonnen kan worden, potentiële “triggers” voor diff erentiatie en mogelijke 

draagmaterialen voor deze cellen. In vitro experimenten lieten zien dat 

de benodigde specifi eke triggers voor diff erentiatie al aanwezig zijn in 

de tussenwervelschijf zelf, en hierop voortbordurend hypothetiseerden 

wij dat simpele injectie van het celmengsel uit vet, waarin, onder andere, 
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Gmesenchymale stamcellen, in de tussenwervelschijf al zou kunnen leiden 

tot regeneratie. In Hoofdstuk 7 beschrijven wij een experiment waarin 

deze cellen in twee verschillende concentraties in gedegenereerde 

tussenwervelschijven worden gespoten maar waarbij, onverwachts, een 

nadelige reactie optrad: een ernstige ontstekingsreactie gepaard gaand 

met osteofyt formatie, eindplaat destructie en massale infi ltratie met 

ontstekingscellen resulterend in complete destructie van de anatomie van 

de tussenwervelschijf. In een additioneel experiment wordt SVF in zowel 

gezonde als gedegenereerde disci geïnjecteerd om te excluderen dat deze 

reactie wordt veroorzaakt door ons degeneratieve enzym (CABC). Verder 

werd SVF geïnjecteerd dat extra was gewassen met een speciale gradiënt die 

ontworpen is om rode bloed cellen te verwijderen. Deze wasstap voorkwam 

in bijna alle gevallen de ontstekingsreactie maar toch kon dit experiment 

nog niet defi nitief zeggen welke factor verantwoordelijk is voor de 

ontstekingreactie omdat er te veel onzeker waarden in het experiment zaten. 

Het belangrijkste punt van deze studie was dan ook dat we aantoonden dat 

deze ontstekingsreactie voorkomen kon worden. Verdere analyse van de 

disci uit dit tweede experiment liet ook zien dat als de ontstekingsreactie 

niet optrad, er wel een toegenomen expressie was van aggrecan. Ook 

werd PPAR-γ, een ´marker” voor uit vet afkomstige cellen, gedurende het 

hele experiment tot expressie gebracht in de disci, een teken dat maar 

geen bewijs voor het overleven van cellen afkomstig uit vetweefsel zoals 

stamcellen. Er wordt gedacht dat cel therapie het meest geschikt is voor mild 

gedegenereerde disci. De relatie met pijn van deze afwijking is echter maar 

beperkt. Daarom is preventie van de ontwikkeling van ernstige degeneratie 

een mogelijke toepassing. Een concreet voorbeeld van deze toepassing 

is de injectie van deze cellen in de disci naast een segment dat gefuseerd 

wordt. In de literatuur wordt gezegd dat deze disci een toegenomen risico 

lopen op het ontwikkelen van degeneratie maar anderen beweren dat deze 

degeneratie slechts een uiting is van de degeneratie die al op aan het treden 
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was in de tussenwervelschijven. Hoofdstuk 8 analyseert de ontwikkeling 

van degeneratie in de tussenwervelschijven naast een gefuseerd segment. 

Deze unieke situatie geeft de mogelijkheid de ontwikkeling van degeneratie 

te onderzoeken in een gezonde niet gedegenereerde wervelkolom die toch 

gedeeltelijk gefuseerd is. Het aantal geiten en de tijd was echter te beperkt 

om harde uitspraken te kunnen doen maar in deze studie zagen wij wel 

degelijk een eff ect in de laagste tussenwervelschijf van de wervelkolom na 

fusie. 

Uiteindelijk wordt in Hoofdstuk 9 de belangrijkste algemene discussie 

punten in discusdegeneratie onderzoek besproken. Hierbij gaat het onder 

andere om de unieke structuur van de tussenwervelschijf, de grootste 

avasculaire structuur van het menselijk lichaam. Ook wordt de relevantie 

van diermodel onderzoek in zijn algemeenheid besproken waarbij het in 

mijn opinie essentieel is voor het bestuderen van zowel degeneratie als 

regeneratie maar waarbij er maar een beperkte waarde is van diermodellen 

met betrekking tot de kliniek aangezien discusdegeneratie maar matig 

correleert met lage rugpijn of ander klachten waar een patiënt zich bij en arts 

presenteert.
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