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BACKGROUND

Low back pain is a prevalent health problem in western society, forming a leading cause of 
years lived with disability for several decades1,2. Four out of five people suffer from at least 
one episode of low back pain during their life span3. High social-economic costs, up to over 
100 billion dollars in the USA alone, are the consequences of direct medical costs, and more 
important, of the indirect costs due to work absenteeism and a reduced productivity1. In the 
Netherlands, the direct and indirect costs of low back pain are ~0.6% of the gross national 
product4. Although the cause of low back pain is considered multifactorial, a correlation 
between low back pain and intervertebral disc degeneration of the lumbar spine is shown5–7. 
The intervertebral disc is a cartilaginous structure, separating the vertebrae in the spine. The 
healthy intervertebral disc transfers the mechanical loads of the spine and provides limited 
flexibility8. Anatomically, three different parts of the intervertebral disc can be distinguished. 
The centre of the disc is formed by a gel-like structure, the nucleus pulposus (NP), which 
is surrounded by the annulus fibrosus (AF) (Fig. 1). Both structures are anchored to the 
adjacent vertebrae via the cartilage endplates. 

Figure 1 | Overview of the intervertebral disc. On the left the intervertebral disc located between the two adjacent 
vertebrae and on the right a transverse section showing the nucleus pulposus (NP) in the middle of the disc and 
the annulus fibrosus (AF) surrounding the nucleus pulposus. Source: Anatomy & Physiology, Connexions Web site
 
The gelatinous nucleus pulposus is highly hydrated and composed of proteoglycans trapped 
in a network of collagen type II and elastin fibres8,9. The main proteoglycan of the nucleus 
is formed by a backbone of hyaluronic acid substituted with different aggrecan molecules, 
each consisting of a core protein where numerous glycosaminoglycan chains are attached 
to. These glycosaminoglycans are negatively charged and attract positive ions, thereby 
generating a high osmotic pressure which pulls water in to the nucleus. The water molecules 
cause the NP tissue to swell, creating an intradiscal pressure which strains the annulus 
fibrosus and distributes the pressure equally over the two endplates10. In contrast to the 
nucleus pulposus, the annulus fibrosus is a highly organised structure consisting of lamellae 
of collagen type I fibres running at an oblique angle between the superior and inferior 
vertebral bodies, the angle of the collagen fibres is reversed in successive lamellae (Fig. 1C). 
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The inner part of the annulus fibrosus also consists of proteoglycans mixed between the 
lamellae. The cartilage endplates, composed of a uniform layer of hyaline cartilage, functions 
as a mechanical barrier transmitting the intradiscal pressure evenly over the vertebrae8,11–13. 
The intervertebral disc is an avascular structure, only in the most outer layer of the annulus 
fibrosus small blood vessels are present14. Oxygen and nutrients diffuse into the disc via the 
endplates and the annulus fibrosus, in the opposite direction waste products are removed 
from the disc. As little as 1-2% of the intervertebral disc is populated by cells, sparsely spread 
out throughout the extracellular matrix12. The cells sense their environment via interactions 
with the extracellular matrix, e.g. integrin-binding and focal adhesions, and respond to 
the loading applied on the IVD by changing their protein expression15–17. Although the 
exact mechanotransductive pathways have not yet been elucidated, it is known that cells’ 
response varies according to the type of loading. In the healthy IVD, the round chondrocyte-
like cells of the nucleus pulposus synthesise proteoglycans and collagen type II fibres in 
response to hydrostatic pressure. In the annulus the cells are more elongated and similar to 
fibroblasts, producing collagen type I fibres in response to shear12,18.

The process of intervertebral disc degeneration is characterized by the loss of proteoglycans 
from the nucleus pulposus as well as a disorganization of the fibres of annulus fibrosus. With 
a reduced amount of proteoglycans, less water can be bound in the disc, consequentially 
reducing the intradiscal pressure. This will in turn alter the disc’s response to compressive 
loads and cause a reduction in disc height12,19. While the aetiology of disc degeneration 
remains unclear, it is defined as “an aberrant, cell-mediated response to progressive 
structural failure”8. The fundamental cause of disc degeneration is weakening of the 
tissue caused by either genetic predisposition20,21, loss of nutrient supply22,23, mechanical 
overloading24,25 or inflammatory factors26. To designate one particular cause of degeneration 
seems futile: the disease model of disc degeneration by Vergroesen et al.18 suggests that 
different pathological processes can augment each other in causing the same disease (Fig. 
2). In this disease model, disc degeneration is depicted as a positive feedback loop, involving 
cells, the extracellular matrix and biomechanics and is based on the observed changes in 
the nucleus pulposus. For example, the cells in the nucleus produce less proteoglycans and 
collagen type II but more collagen type I with aging. Furthermore an increase in inflammatory 
cytokines (IL-1, TNF-α) and matrix degrading enzymes (MMPs, ADAMTS) are observed in 
the degenerated disc27–29. Due to the reduced intradiscal pressure, the stress exerted on 
the cells shifts from a hydrostatic pressure towards a shear stress, triggering an even more 
catabolic state of the cells and apoptosis or senescence30. The vicious degenerative circle 
can be entered at the cells, the extracellular matrix or biomechanical loading, as is shown 
for human disc degeneration and in different animal models18. Both the definition of disc 
degeneration and the vicious circle point out the importance of vital cells and an intact 
extracellular matrix for suitable functioning of the IVD. Current therapies for the treatment 
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of disc degeneration are limited and either conservative (e.g physiotherapy), or highly 
invasive and only used in the severest cases of degeneration31. In the last case, the complete 
IVD is removed and the adjacent vertebrae are fused, reducing the flexibility of the spine 
and increasing the risk of degeneration in adjacent IVD32. More important, no therapies 
currently exist that are used for mild degeneration of the disc or are aimed to stop or reverse 
the degeneration process.  Regenerative medicine might offer promising strategies for the 
regeneration of mildly degenerated discs as it aims for the regeneration and remodelling of 
tissues in vivo.

 
Figure 2 | The vicious circle of disc degeneration. This models shows the importance and relationship between 
cells, extracellular matrix and biomechanics in the development of intervertebral disc degeneration18. 

Regenerative medicine traditionally encompasses three building blocks; cells, biologics 
and biomaterials, which can be used alone or in combination. All these are currently 
explored for the regeneration of mildly degenerated discs in a minimal invasive set up33–

35. Supplementing the disc with vital extracellular matrix producing cells is one strategy of 
regenerative medicine9,30,36. As young nucleus pulposus cells are difficult to obtain, stem 
cells form an excellent replacement source and can be obtained from adipose tissue and 
bone marrow. These cells can be differentiated into IVD matrix producing cells and are easily 
to obtain in substantial quantities37,38. Another approach is the use of biologics to stimulate 
the endogenous cells of the IVD to restore the synthesis of the extracellular matrix growth 
factors (TGF-β, BMP-2, BMP-7, GDF-5) and anti-inflammatory factors, (TIMP-1 & 3) are used 
to reduce the degenerative changes and promote the protein synthesis39–41. The use of 
cells and biologics do not provide instant restoration of the IVD’s function and therefore 
biomaterials like hydrogels are often developed to increase disc height and restore the 
biomechanical function of the disc by improving stability. In addition, the hydrogels are used 
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as a scaffold for cells and a carrier system for biological stimuli42–44. As some hydrogels are 
able to bind water they can restore the hydrostatic pressure in the disc, thereby positively 
affecting the gene expression and matrix production of the cells. Restoring the hydrostatic 
pressure in the disc is a very important goal in the regeneration of the disc as this will restore 
the biomechanical function of the disc and will provide stimulating mechanobiological cues 
for the cells. 

The exploration of regenerative strategies requires a precise control of the parameters 
investigated. While animal models provide a natural environment with regard to nutrient 
supply, immunology and mechanical loading, these cannot be controlled with high precision. 
Here intervertebral disc culture systems offer an excellent solution as they provide a 
controlled setting of parameters such as mechanical loading, nutrient- and oxygen supply45–47. 
Bioreactors allow better insight in the degeneration process and support in the development 
and testing of new regenerative therapies ex vivo. Moreover, small animal models have 
drawbacks in the study of regenerative therapies with in particular the permanent presence 
of notochordal cells and the small size of the disc. The diffusion pathway for nutrient- and 
oxygen supply is shorter for the small discs and may therefore overestimate the effect of 
different regenerative cell therapies48–50. In the loaded disc culture system developed at our 
department (Fig. 3), goat IVDs can be cultured for three weeks with preservation of native 
properties45. The goat lumbar spine is shown to be a representable model for the human 
IVD with respect to loading direction51, size and geometry52 and lack of notochordal cells49. 

 
 

 Figure 3| The loaded disc culture system. In a culture chamber a single IVD is    
 cultured under application of continuously applied axial loading while culture   
 medium with oxygen nutrients is being circulated. 

Although the tissue engineering field for intervertebral disc regeneration is emerging, 
the golden formula regarding the optimal hydrogel, biologics and cells has still not been 
found. No standard minimal invasive regenerative therapy for the treatment of disc 
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degeneration is available for clinical application yet. Underlying this problem might be the 
many differences between conducted experiments and different evaluation techniques. 
Assessment of changes in cellular behaviour and extracellular matrix composition varies 
between experiments and quantification is often not possible. Moreover, in vitro research is 
not directly translatable to the (human) in vivo situation and for research involving animal 
models there are often more variables then just the intended regenerative strategy. This will 
hamper the ability to draw scientifically sound conclusions required for proper development 
of regenerative medicine strategies. Thus, new quantifiable and more standardised study 
models and evaluation technologies need to be established and validated before adequate 
tissue engineering strategies for the regeneration of mildly degenerated intervertebral discs 
can be realized. 

With this in mind, in this thesis we chose against empirical testing of tissue engineering 
approaches, but rather focused on improving evaluation technologies. This is a prerequisite 
for designing adequate treatment modalities based on thorough and quantitative parameter 
assessments. For most experiments, we use the ex vivo loaded disc culture system. With 
this ex vivo bioreactor, we are able to only investigate one parameter at the time. This 
allowed us to focus on a better understanding of the role of osmolality of the intervertebral 
disc. In particular the mechanobiological role of the disc cells in response to osmolality, in 
a physiological set up was investigated. Finally, we evaluate a combination of a hydrogel 
and biological growth factors, for regeneration of mildly degenerated IVDs in a goat model. 
This experiment was executed in an animal model as mild degenerated discs are required. 
Previously our research group established a model of mild degeneration resembling the 
changes observed in the human degenerating disc using enzymatic degeneration with a 
proteoglycan cleaving enzyme. Also, follow up time for this research is twelve weeks and 
thereby exceeding the maximum culture period of the loaded disc culture system. Using an 
animal model, we are able to evaluate clinical evaluations for disc degeneration, i.e. MRI 
T2*, and correlate this to biochemical outcome parameters. All together we aim to better 
understand and supplement the (lack of) self-regenerating properties of the intervertebral 
disc and complement the tissue engineering field for disc regeneration.
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AIMS AND OUTLINE OF THE THESIS

The general aim of this thesis is to improve different techniques required for a thorough 
and quantitative investigation of the effects of new regenerative medicine strategies in the 
treatment of intervertebral disc degeneration, with the overall goal to better understand 
and supplement the (lack of) self-regenerating properties of the intervertebral disc. 

The function of the intervertebral disc, both at cellular and biomechanical level, is 
determined by the composition of the extracellular matrix. It is highly relevant to analyse 
the biochemical composition of the extracellular matrix and to determine potential changes 
in cellular behaviour, which subsequently influences matrix composition. Proteoglycans, 
the primary component of the extracellular matrix, hamper RNA isolation from the nucleus 
and annulus and inhibit the real-time polymerase chain reaction (RT-PCR). In chapter 2 we 
describe an optimization process for the isolation of high quality RNA of IVD tissue, and 
articular cartilage as a reference, for subsequent RT-PCR. While RT-PCR gives an insight in 
the response of cells to their micro-environment, it does not reveal the actual composition 
of the IVD. Traditional biochemical assays require destruction of the tissue, thereby losing 
location specific information. Immunohistological staining provides this location specific 
information, but multiple successive sections are required for the detection of different 
proteins. The study described in chapter 3 investigates the use of Fourier Transform Infrared 
(FTIR) spectroscopy for the evaluation of the extracellular matrix composition of the 
intervertebral disc. More specifically a new method for analysing the 2nd derivative spectra 
was developed. As mentioned before, the building blocks of regenerative medicine consist 
of cells, biomaterials and biologics (e.g. growth factors). Mesenchymal stem cells are an 
excellent source of cells for regenerative therapies. Not only can these cells be directed 
toward nucleus pulposus cells, the secreted extracellular matrix proteins are of high 
quality, and in vivo studies show promising results. However, the spatial and temporal cell 
distribution inside the disc remains unclear, especially for large animal models. Therefore, 
in chapter 4 we describe a study evaluating luciferase-mediated bioluminescence imaging 
of mesenchymal stem cells injected in a large mammal IVD, to monitor spatial and temporal 
distribution of the cells within the disc. 

Subsequently, we address the functioning of the disc in a hyperosmolar condition. Upon 
loading water is expelled from the disc, while it flows back into the disc during unloading, 
driven by the osmotic gradient and resulting in a diurnal change in osmolality of the IVD 
(430-550 mOsm)53–55. In chapter 5 we disturbed the osmotic gradient of the IVD with its 
environment by using high osmotic culture medium and investigate the effect on the 
biomechanical properties and cellular behaviour of the intervertebral disc. 
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We finish this thesis by investigating a regenerative medicine strategy for the intervertebral 
disc in chapter 6. Therefore, we used the growth factors bone morphogenetic proteins 2 
and 7, which are covalently bound to a fibrin-hyaluronic acid hydrogel serving as a scaffold. 
Since this investigation requires a mild degenerated intervertebral disc and long follow up 
time, we used our well-established goat model for mild disc degeneration. 

In chapter 7 the information gathered in this thesis is integrated into a general discussion 
on how we could enhance the regenerative properties of the intervertebral disc, taking into 
account required analysing techniques, understanding of the degeneration process and the 
actual regeneration using regenerative medicine. It also provides future perspectives on 
these topics.
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ABSTRACT

Objectives
Studies which consider the molecular mechanisms of degeneration and regeneration of 
cartilaginous tissues are seriously hampered by problematic ribonucleic acid (RNA) isolations 
due to low cell density and the dense, proteoglycan-rich extracellular matrix of cartilage. 
Proteoglycans tend to co-purify with RNA, they can absorb the full spectrum of UV light and 
they are potent inhibitors of polymerase chain reaction (PCR). Therefore, the objective of 
the present study is to compare and optimise different homogenisation methods and RNA 
isolation kits for an array of cartilaginous tissues. 

Materials and Methods
Tissue samples such as the nucleus pulposus (NP), annulus fibrosus (AF), articular cartilage 
(AC) and meniscus, were collected from goats and homogenised by either the MagNA 
Lyser or Freezer Mill. RNA of duplicate samples was subsequently isolated by either TRIzol 
(benchmark), or the RNeasy Lipid Tissue, RNeasy Fibrous Tissue, or Aurum Total RNA Fatty 
and Fibrous Tissue kits. RNA yield, purity, and integrity were determined and gene expression 
levels of type II collagen and aggrecan were measured by real-time PCR. 

Results
No differences between the two homogenisation methods were found. RNA isolation using 
the RNeasy Fibrous and Lipid kits resulted in the purest RNA (A260/A280 ratio), whereas 
TRIzol isolations resulted in RNA that is not as pure, and show a larger difference in gene 
expression of duplicate samples compared with both RNeasy kits. The Aurum kit showed 
low reproducibility. 

Conclusion
For the extraction of high-quality RNA from cartilaginous structures, we suggest 
homogenisation of the samples by the MagNA Lyser. For AC, NP and AF we recommend the 
RNeasy Fibrous kit, whereas for the meniscus the RNeasy Lipid kit is advised.

 

KEYWORDS
 
RNA – RNA isolation – nucleus pulposus – annulus fibrosus – articular cartilage – meniscus 
– real time PCR
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INTRODUCTION

Low back pain and osteoarthritis both are prevalent health problems in western society, 
with high odds to causing disability and result in high socio-economic costs1. Many studies 
nowadays are performed to investigate either the aetiology of degeneration of cartilaginous 
tissues, e.g. articular cartilage and the intervertebral disc (IVD), or are aimed at tissue 
regeneration. Both research fields will benefit from knowledge on changes in cellular 
behaviour, as can be obtained via real-time PCR and microarray analysis. 

Both real time PCR and microarray analysis of cartilaginous tissues are seriously hampered 
by the problematic RNA isolation of these tissues2–4. Low cell density (1-2%), and a dense, 
highly cross-linked extracellular matrix composed of primarily proteoglycans impede the 
RNA isolation process4,5. Moreover, when analysing the aetiology of IVD degeneration 
or osteoarthritis, RNA degradation is increased in comparison to healthy tissues, and 
concomitantly a decrease in viable cells and increased cell death occurs2,6. The large 
negatively charged proteoglycans not only tend to co-purify with the RNA7, but they can also 
absorb the full spectrum of UV-light, interfering with the UV photometric quantification of 
nucleic acids and thereby may impeding a solid and reliable RNA quantification. In addition, 
proteoglycans are potent inhibitors of polymerase chain reactions which make amplification 
of specific genes from the isolated RNA even more difficult8. 

Therefore, most data on gene expression of cartilaginous tissues is based on RNA extracted 
from isolated and/or in vitro cultured cells. Since chondrocytes, NP and AF cells dedifferentiate 
during in vitro culture, gene expression analysis may not reflect the in vivo situation9–11. A 
number of methods have been developed to isolate RNA from articular cartilage2,4,12, but 
only one study compares different methods for RNA extraction from intervertebral disc 
tissue3. Changes in gene expression in IVD tissue after different interventions aimed at 
regeneration of the IVD were shown in different in vivo studies. However, most of these 
studies involve small animals, and the results found in small animal models cannot directly 
be translated to the human situation due to different dimensions and physiology of the IVD 
and the presence of notochordal cells in these small animals13,14. The large animal studies 
available all use different RNA isolation kits for different cartilaginous tissues but more 
important, they fall short in showing the quality and quantity of the obtained RNA3,15–17.
To overcome this paucity, we compared four different RNA isolation kits for four different 
cartilaginous tissues obtained from a large animal model, the goat [i.e. the more fibrous tissue 
meniscus (M) and annulus fibrosis (AF) and the proteoglycan rich articular cartilage (AC) and 
nucleus pulposus (NP)]. Besides the standard method for RNA isolation via the Guanidine 
thiocynate (GITC) method using Trizol, we also investigated the use of the RNeasy Lipid Tissue 
kit, the RNeasy Fibrous Tissue kit and the Aurum Total RNA Fatty and Fibrous Tissue kit, all 
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commercially available. The RNeasy Lipid Tissue Kit and RNeasy Fibrous Tissue Kit are silica 
gel-based purification kits, which are designed for optimal lysis of tissues rich in fat- or fibre, 
respectively. Aurum total RNA fatty and fibrous kit is also designed for tissues that are difficult 
to disrupt such as fatty and fibrous tissues, and is based on filter-binding extraction but in a 
vacuum format using the Bio-Rad Aurum vacuum manifold setup. Moreover, two different 
ways of tissue homogenisation were used to examine the effect of homogenisation on the 
different RNA isolation kits, i.e. the MagNA Lyser and the Freezer Mill. From these studies 
we deduced the optimal RNA isolation and tissue homogenisation specified for each tissue. 

MATERIALS AND METHODS

Tissue Samples
Tissue samples, i.e. articular cartilage (AC), meniscus (M), intervertebral disc annulus 
fibrosus (AF) and intervertebral disc nucleus pulposus (NP) were obtained from skeletally 
mature 3-to-5-year old Dutch female milk goats (n=3) at autopsy. The research protocol 
was approved by the scientific board and the animal ethics committee of the VU University 
medical centre, and is in accordance with national guidelines and regulations. After 
collection, samples were cut in half, immediately frozen in liquid nitrogen and stored at -80°C 
until further use. Tissue samples of less than 100mg were used in this study. Additionally, 
few samples were stored in RNA Later Solution (Life Technologies) to test for optimal storage 
conditions of the tissues. Figure 1 describes the flow of the performed experiments as well 
as the comparisons made in order to evaluate and compare the different RNA extraction 
and homogenisation methods. 

Tissue Homogenisation
Each half of the obtained tissue samples was homogenised by either the MagNA Lyser 
(Roche) or the Freezer Mill (Spex CertiPrep). The MagNA Lyser is a homogeniser that disrupts 
and simultaneously homogenises tissue by rapid agitation of a 2-ml screw tube containing 
the tissue, 1.4-mm ceramic beads and a lysis buffer. Although tissue disruption and tissue 
homogenisation are two different processes, in this manuscript we will only use the term 
homogenisation for both processes. Tissues to be homogenised by the MagNA Lyser were 
divided in four and transferred into pre-cooled tubes, filled with ceramic beads, and the lysis 
buffers derived from the different RNA isolation kits were added. Homogenisation occurred 
in 4 runs of 40s at 6500 rpm. In between the runs, samples were cooled at 4˚C for two 
minutes. In case the samples were very viscous, samples were placed on a roller mixer for 
~10 minutes. The Freezer Mill is an impact grinder that uses a steel impactor that moves 
back and forth between the metal ends of a vial by strong magnetic fields in liquid nitrogen. 
For the Freezer Mill, frozen samples were added to a pre-cooled grinding container. Tissue 
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was grinded in liquid nitrogen in three runs of two minutes each at a frequency of 10Hz, a 
cooling step of two minutes between each run was applied to achieve optimal brittleness. 
The homogenised tissue powder was divided into four groups and suspended in the lysis 
buffer provided by the different RNA isolation kits. 

Figure 1 | Overview of the experimental series. Arrows show the flow of the experiment: tissue samples were 
collected from goats, homogenised using two different methods and of each homogenate RNA was isolated 
by four different techniques. RNA yield and purity was determined by NanoDrop. Real time PCR was used to 
determine the quality and quantity of mRNA transcripts for the gene expression of type II Collagen and Aggrecan. 
Numbered blocks show the different comparisons made to compare the different RNA isolation kits. [1] RNA yield 
and purity compared for the four different kits (Table 2). [2] Comparison of the two homogenisation methods, i.e. 
MagNA Lyser and Freezer Mill (Fig. 2). [3] Gene expression analysis used to compare the different RNA isolation 
kits (Fig. 3). 

RNA Isolation
After tissue homogenisation, samples were subjected to RNA isolation using either Trizol (Life 
Technologies), the RNeasy Lipid Tissue kit (Qiagen), the RNeasy Fibrous Tissue kit (Qiagen), 
or the Aurum Total RNA Fatty and Fibrous Tissue kit (BIO-RAD). Kits are further referred to 
as Trizol, Lipid, Fibrous and Aurum, respectively. The homogenised tissue was separated 
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into two equal parts and RNA was isolated with the same kit but independently, i.e. n=2 per 
RNA isolation method per homogenisation method performed for cartilaginous material 
obtained from 3 different goats. RNA isolation occurred according to the manufacturer’s 
protocol. For Trizol isolations, the proposed additional steps for RNA isolation from tissues 
rich in proteoglycans were tested, i.e. high salt precipitation, extra centrifuging step and 
precipitation using lithium chloride (LiCl,  (8M) instead of propanol. Minor modifications 
and suggested improvements for the RNeasy Fibrous kit include using 20 μl of proteinase K 
instead of 10 µl for NP tissues as pilot studies showed increased RNA quality and quantity. 
Besides, 70% ethanol (EtOH), isopropanol and phenol:chloroform:isoamyl alcohol were 
tried in addition to 100% EtOH. Both the Lipid and Fibrous kits were used in centrifuge 
format, whereas the Aurum kit was used in vacuum format. DNase I treatment (Qiagen) 
was performed as described by the manufacturer’s protocol for all the kits except Trizol. 
Additionally, RNA clean up sets, MinElute (Qiagen) and RNA clean up kit (Invitek) were used 
after RNA isolation via Trizol. 

RNA analysis
The quantity and quality of the isolated RNA were determined by NanoDrop ND-1000 
(NanoDrop Technologies). The RNA concentration was determined by measuring the 
absorbance at 260 nm and purity was assessed by determining the A260/A280 ratio, 
which should be between 1.8 - 2.0, and the A260/A230 ratio. Additionally, RNA integrity 
of specific samples was verified by calculating the RNA integrity number (RIN) from the 
28S/18S ratio’s, using the Agilent RNA 6000 Pico Chips (Agilent Technologies) according to 
the manufacturer’s instructions.

cDNA synthesis
First strand cDNA synthesis was performed using 100 ng total RNA as input, in a 25 μl reverse 
transcription reaction mix consisting of 5 U Transcriptor Reverse Transcriptase, 0.08 U 
random primers, 10 U protector RNase inhibitor, and 1 mM of each dNTP in 1 × Transcriptor 
RT buffer (all Roche Diagnostics). Reactions were incubated at 42˚C for 45 min, followed by 
an inactivation of the transcriptase enzyme at 80˚C for 5 min.

Real-time PCR
Real-time PCR reactions were performed using the SYBRGreen reaction kit according 
to the manufacturer’s protocol (Roche Diagnostics) in a LightCycler 480 system (Roche 
Diagnostics). The LightCycler reactions were prepared in 20 μl total volume with 7 μl PCR-
H₂O, 0.5 μl forward primer (0.2 μM), 0.5 μl reverse primer (0.2 μM), 10 μl LightCycler 
Mastermix (LightCycler 480 SYBR Green I Master; Roche Diagnostics), to which 2 μl of 10 
times diluted cDNA was added as PCR template. Controls in the real time PCR reaction 
included RT reactions without the reverse transcriptase (control for DNA carry-over) and RT 
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reactions without template (control for reagent contamination). Primers (Life Technologies) 
used for real-time PCR are listed in table 1. Primers were designed from sequences available 
in the data banks, based on homology in conserved domains between human, mouse, rat, 
dog and/or cow. Primers were previously used by Vonk et al18,19. The amplified PCR fragment 
extended over at least one exon border, except for 18S. 18S ribosomal RNA (18S rRNA), 
Ubiquitin C (UBC) and Tyrosine 3-monooxygenase (YWHAZ) were used as housekeeping 
genes. The stability of the housekeeping genes was checked by the geNorm software (https://
genorm.cmgg.be/). Gene expression levels were normalized for the normalization factor 
calculated with the equation . Expression of the target genes, type 
II Collagen (Col2a1) and Aggrecan (Acan), was quantified with the Fit Point method in the 
Light Cycler software, crossing points from a standard curve of 6 serial dilutions, ranging 2 
pg - 10 fg, of DNA derived from each gene were assessed. Relative gene expression is shown 
as the ratio between absolute expression of the gene of interest divided by the absolute 
normalization factor for housekeeping gene expression  of the same sample. PCR efficiency 
(E) was automatically calculated using fit point method, as provided by Light Cycler (E = 
10−1/slope). Gene expression data were used only if the PCR efficiency was calculated 
between 1.85 - 2.0 (Table 1).  

Table 1| Primer sequences used for PCR

Gene Oligonucleotide Sequence Annealing tem-
perature (˚C)

Product  
size (bp)

PCR  
efficiency

18s 
Forward 5’ GTAACCCGTTGAACCCCATT 3’

57 151 1.91
Reverse 5’ CCATCCAATCGGTAGTAGCG 3’

UBC
Forward 5’ GCGGTGAACGCCGATGATTAT 3’

56 202 1.86
Reverse 5’ TTTGCCTTGACATTCTCGATGG 3’

YWHAZ
Forward 5’ GATGAAGCCATTGCTGAACTTG 3’

56 229 1.97
Reverse 5’ CTATTTGTGGGACAGCATGGA 3’

Col2a1
Forward 5’ AGGGCCAGGATGTCCGGCA 3’

56 195 2.0
Reverse 5’ GGGTCCCAGGTTCTCCATCT 3’

Acan
Forward 5’ CAACTACCCGGCCATCC 3’

57 160 2.0
Reverse 5’ GATGGCTCTGTAATGGAACAC 3’

 
UBC; ubiquitin C, Col2a1; Collagen type II, Acan; Aggrecen

Statistical analysis
The normality of the data for the different groups was checked and a Wilcoxon rank-
sum test was used to determine significant differences in gene expression. SPSS statistics 
software version 20 (IBM Corp.) was used. To assess RNA quality and be able to compare the 
different homogenisation methods and RNA isolation kits, the variance in gene expression 
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of duplicate samples was calculated, assuming that the fold difference for perfect duplicates 
is 1 (Fig. 1, orange blocks [2] and [3]). After tissue homogenisation, samples were split and 
processed independently, i.e. n=2 per RNA isolation method per homogenisation method 
performed for cartilaginous material obtained from 3 different goats.

RESULTS

RNA Isolation
Table 2 shows the average weight of the tissue samples, RNA yield and quality (A260/A280  
and A260/A230 ratio) determined for four different cartilaginous tissues, homogenised by 
either the Magnalyser (Magna) or Freezer Mill (Freezer). RNA extraction was executed using 
four different kits, i.e. Trizol (Trizol), RNeasy Lipid Tissue kit (Lipid), RNeasy Fibrous Tissue 
kit (Fibrous), and Aurum Total RNA Fatty and Fibrous Tissue kit (Aurum). RNA isolation with 
all four kits for all cartilaginous tissues resulted in quantifiable amounts of RNA. Yields 
obtained with the Lipid and Fibrous kits were lower for all tissues and homogenisation 
methods, compared to Trizol and the Aurum kit. RNA yields obtained with the Aurum kit 
show high standard deviations in comparison with the other three kits, especially for the 
yields of the Aurum samples homogenised by the MagNA lyser. For all four tissues, higher 
A260/ A280 ratios were found for the Lipid and Fibrous kit compared to Trizol and Aurum 
RNA isolations, suggesting that although the RNA yield for these kits is lower, the obtained 
RNA is less contaminated. The high standard deviations and low purity of the RNA isolated 
with the Aurum kit indicate the kit has low reproducibility for RNA isolation of cartilaginous 
tissues. The additional steps as suggested by the manufacturer to isolate pure RNA from 
material containing a very high level of proteoglycans for Trizol and the Fibrous kit did all 
not improve RNA quality (data not shown). In addition the modifications prior isolation, 
i.e. tissue storage in RNA Later Solution, and after isolation via RNA clean up kits, did also 
not improve the quality of the obtained RNA (data not shown). Moreover, storage of the 
tissue samples in RNA Later solution even deteriorated the homogenisation process as the 
tissues became very rigid. Because protein contaminations and solvent carryovers could 
interfere with the UV photometric quantification of nucleic acids, RNA concentration and 
integrity of randomly selected samples was also determined with the Agilant Nanochip 
in parallel to the Nanodrop. The average RIN value for all tissues was 4.13 ± 0,64. For all 
tissues, homogenisation with the Magna Lyser resulted in better RIN values compared to the 
Freezer Mill (4,45 ± 0,57 and 3,80 ± 0,48, respectively (mean ± SD)). Clear peaks in both the 
18S and 28S bands were observed for all four tissues, see supplementary figure 1. 

Gene expression analysis to validate RNA quality
The high concentration of proteoglycans in the cartilaginous tissues not only causes 
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problems in the RNA isolation process but can also inhibit real time PCR reactions, therefore 
quantitative real time PCR analysis was performed to validate the quality and purity of the 
isolated RNA by analysing type II Collagen (Col2a1) and Aggrecan (Acan) gene expression. 
For NP, AF and AC, expression of Col2a1 and Acan was measured after RNA isolation with 
both the Lipid and the Fibrous kits, whereas for some samples isolated by Trizol or the 
Aurum kit no gene expression could be observed (Table 3). For meniscus tissue, only the 
Lipid kit resulted in quantifiable gene expression of all samples. RNA quality was validated 
by comparing the variance in gene expression between duplicate samples, assuming that 
the fold difference for perfect duplicates is 1. Tissue samples where split in two after 
homogenisation, RNA isolation and gene expression analysis was performed in a similar 
matter but independently for each half. Since the expression of type II Collagen was highly 
variable between all four cartilaginous tissues, we only present the data of Aggrecan 
expression. Real time PCR analysis was performed for all samples to validate the quality 
of the isolated RNA, numbers indicate the total of quantifiable samples. Samples were 
obtained from 3 goats and per goat, 2 duplicate samples were run along independently 
in all experiments for both homogenisation methods and four different methods for RNA 
extraction. Col2a1; Collagen type II, Acan; Aggrecan.

Comparison of tissue homogenisation methods
By determining the fold differences in gene expression between duplicate samples 
we compared the two different homogenisation methods for each isolation kit. For 
the Aurum RNA isolation kit large variations in gene expression between duplicate 
samples, up to > 1500-fold differences, were observed. Taken together these large 
variations, the relative high number of samples where gene expression could not 
be determined (Table 3), and the abnormal RNA yields and A260/A280 ratios (Table 
2), we decided to exclude results obtained with the Aurum kit from further analysis.  
Large differences between duplicates were observed for the samples isolated with Trizol, 
regardless of homogenisation method, especially for meniscus and annulus fibrosis tissue 
as can be observed for Aggrecan expression in figure 2B. Only for articular cartilage, RNA 
isolation with Trizol resulted in similar gene expression for the duplicate samples. For the 
Lipid and Fibrous kits, homogenisation method does not influence gene expression analysis 
as no significant differences could be detected between duplicate samples (Fig. 2A).
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Table 2 | Comparison of RNA yield and purity isolated using two different homogenisation 
methods and four different RNA isolation methods for four different types of cartilaginous tissues.   
RNA yield, purity of A| articular cartilage, B| meniscus, C| nucleus pulposus and D| annulus fibrosus as measured 
by Nanodrop, data is presented as mean ± SD, n=3 (goats), n=2 (per goat per tissue per homogenisation method 
per RNA isolation method). 

A RNA isola-
tion kit

Disruption 
method Tissue weight (mg)

Purity Yield (µg RNA / 
g tissue)A260/280 A260/A230

ar
tic

ul
ar

 c
ar

til
ag

e 
(A

C)

Trizol
Magna 70±23,66 1,28±0,11 0,27±0,09 14,39±12,26

Spex 56,67±25,82 1,49±0,08 0,22±0,1 12,79±5,06

Lipid
Magna 66,67±2,58 1,93±0,15 0,34±0,09 3,33±1,27

Spex 61,67±5,16 1,84±0,17 0,46±0,46 3,92±1,32

Fibrous
Magna 56,17±9,97 1,94±0,18 0,40±0,05 3,65±1,09

Spex 63,33±10,33 1,79±0,1 0,67±0,29 6,81±3,68

Aurum
Magna 72±26,78 1,39±0,11 0,23±0,09 153,6±303,6

Spex 86,67±18,07 1,46±0,14 0,26±0,12 7,78±7,21

B RNA isola-
tion kit Disruption Tissue weight (mg)

Purity Yield (µg RNA / 
g tissue)A260/280 A260/A230

M
en

isc
us

 (M
)

Trizol
Magna 85,00±13,42 1,41±0,16 0,33±0,21 12,9±15,5

Spex 73,33±12,91 1,38±0,17 0,19±0,16 26,34±28,68

Lipid
Magna 71,67±5,16 1,85±0.16 0,53±0,41 3,66±2,66

Spex 51,67±2,58 1,73±0,07 0,69±0,31 9,65±1,69

Fibrous
Magna 71,00±21,04 1,95±0,18 0,47±0,24 4,50±3,58

Spex 58,33±2,58 1,66±0,17 0,30±0,29 4,14±3,15

Aurum
Magna 88,33±5,50 1,44±0,10 0,49±0,32 114,9±174

Spex 80,00±15,49 1,29±0,03 0,19±0,14 36,39±80,13
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C RNA isola-
tion kit Disruption Tissue weight (mg)

Purity Yield (µg RNA / 
g tissue)A260/280 A260/A230

An
nu

lu
s F

ib
ro

su
s (

AF
)

Trizol
Magna 78,33±18,07 1,32±0,22 0,24±0,2 12,97±6,14

Spex 83,33±5,16 1,24±0,16 0,12±0,04 6,17±3,95

Lipid
Magna 70,00±0,00 1,88±0,20 0,24±0,10 2,16±0,67

Spex 68,33±5,16 1,73±0,20 0,44±0,42 3,94±2,00

Fibrous
Magna 95,17±31,28 1,94±0,20 0,36±0,17 2,42±0,81

Spex 51,67±2,58 1,78±0,05 0,19±0,12 2,65±0,18

Aurum
Magna 83,83±6,01 1,45±0,09 0,47±0,36 113,2±79,18

Spex 66,67±18,07 1,32±0,10 0,26±0,13 23,6±32,32

D RNA isola-
tion kit Disruption Tissue weight (mg)

Purity Yield (µg RNA / 
g tissue)A260/280 A260/A230

N
uc

le
us

 P
ul

po
su

s (
N

P)

Trizol
Magna 75±19,49 0,98±0,13 0,13±0,04 26.06±9,8

Spex 83,33±5,16 1,04±0,08 0,15±0,04 5,44±2,99

Lipid
Magna 68,33±14,38 1,49±0,12 0,22±0,20 3,22±1,67

Spex 65,00±15,49 1,67±0,13 0,47±0,34 2,46±0,28

Fibrous
Magna 86,67±29,44 1,65±0,20 0,46±0,18 2,86±0,83

Spex 43,33±12,91 1,76±0,15 0,13±0,08 4,03±0,59

Aurum
Magna 64,83±23,16 1,52±0,26 0,8±0,7 102,8±143,9

Spex 53,33±20,66 1,36±0,21 0,26±0,11 43,66±87,12

 
Table 3| Overview of successful analysis of gene expression 

RNA  
isolation kit

Disruption 
method

Articular  
Cartilage Meniscus Annulus  

Fibrosus
Nucleus  
Pulposus

Col2a1 Acan Col2a1 Acan Col2a1 Acan Col2a1 Acan

Trizol
MagNA 6/6 6/6 6/6 6/6 6/6 6/6 2/6 2/6

Freezer 6/6 6/6 4/6 5/6 5/6 5/6 4/6 4/6

Lipid
MagNA 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6

Freezer 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6

Fibrous
MagNA 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6

Freezer 6/6 6/6 2/6 2/6 6/6 6/6 6/6 6/6

Aurum
MagNA 5/6 6/6 6/6 6/6 6/6 6/6 3/6 3/6

Freezer 6/6 6/6 2/6 2/6 5/6 5/6 5/6 5/6
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Figure 2 | Comparison of tissue homogenisation methods. Shown are the variances in Aggrecan gene expression 
between two duplicate samples for the four cartilaginous tissues isolated with the same kit by homogenised by 
either the MagNA Lyser or Freezer Mill, A| for the RNeasy Lipid and Fibrous kits and B| for Trizol. Data is presented 
as mean ± SEM, note the linear scale for graph A and the logarithmic scale for graph B. As the Aggrecan gene 
expression of NP tissue after RNA isolation with Trizol, could only be determined for the duplicates of the samples 
of 1 goat, for both homogenisation methods, no error bars are shown in figure 2B-NP. AC; articular cartilage, M; 
meniscus, AF; annulus fibrosus, NP; nucleus pulposus.

Comparison and validation of the different RNA isolation kits
Since no differences between the two homogenisation methods for the Lipid and Fibrous 
kits were observed, data from samples isolated by either one of these kits but homogenised 
by different methods were pooled. In order to compare these two kits with the frequently 
used RNA isolation method Trizol, we also pooled the data from the two homogenisation 
methods, despite the observed differences (Fig. 2B). Reproducible gene expression was 
found for all tissues isolated with the Lipid and Fibrous kits and no differences between the 
two kits were observed (Fig. 3A), whereas large variations were observed for the Trizol RNA 
isolations (Fig. 3B). Although for the meniscus no significant difference between the Lipid 
and Fibrous kit was found, figure 3B shows less difference between duplicates for the Lipid 
kit. 

DISCUSSION

To evaluate regenerative strategies for cartilaginous tissues, the extraction of high-quality 
RNA is a critical step. However, RNA extraction from these tissues has been difficult due to the 
low cell density and the dense, high cross-linked extracellular matrix rich in proteoglycans. In 
this study we compared different RNA isolation methods, to provide the optimal extraction 
procedure for the obtainment of high quality RNA from different cartilaginous tissues i.e. 
the more fibrous tissue meniscus (M) and annulus fibrosis (AF) and the proteoglycan rich
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Figure 3 | Comparison of RNA isolation kits analysed by real time PCR. Results of RNA isolation with the 
different kits and for the different cartilaginous tissues is compared by analysing the differences in Aggrecan 
gene expression between duplicate samples, A| for the RNeasy Lipid and Fibrous kits and B| for Trizol (green). 
Tissues homogenised with the same method are pooled. Data is presented as mean ± SEM, note the linear scale 
for graph A and the logarithmic scale for graph B . AC; articular cartilage, M; meniscus, AF; annulus fibrosus, NP; 
nucleus pulposus. 

articular cartilage (AC) and nucleus pulposus (NP). For meniscus tissue the RNeasy Lipid 
Tissue kit showed the best results whereas for the other tissues (NP, AF and AC) optimal RNA 
isolation and subsequent real time PCR analysis was achieved with both the RNeasy Fibrous 
and RNeasy Lipid kit.

Efficient tissue homogenisation is an important step for obtaining high-quality RNA for 
real time  PCR analysis from cartilaginous tissues due to the relatively small amounts of 
extractable RNA and generally limited quantities of tissue available for analysis. Since more 
than 95% of the tissues at hand consist of extracellular matrix and the tissue samples are 
small and hard, homogenisation with a mortar and pestle is difficult. In this study two 
homogenisation methods, MagNA Lyser and Freezer Mill, were used. We observed no 
differences in RNA quality and yield, and gene expression results obtained by  real time 
PCR between the two homogenisation methods for the RNeasy Lipid and RNeasy Fibrous 
kit. As the MagNA Lyser can be used to homogenise 16 samples at the same time and the 
Freezer Mill can only process one sample and requires large quantities of liquid nitrogen, 
we suggest the MagNA Lyser as the most optimal method for the homogenisation of 
cartilaginous tissues. Furthermore, homogenisation with MagNa Lyser occurs in the lysis 
buffer derived from the RNA isolation kit, this way RNA degradation is prevented compared 
to tissue powder obtained after homogenisation with the Freezer Mill. In contrast to our 
results, Ruettger et al. observed a negative effect of homogenisation by milling the tissue 
before RNA isolation via Trizol and the RNeasy kit2.
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RNA isolation with the RNeasy Lipid and Fibrous kits showed less protein contamination 
compared to Trizol and the Aurum kit. For Trizol, the combination of a high salt precipitation 
and an additional centrifugation step did not improve RNA quality. Lee et al.3 also showed 
that the addition of a high salt solution was not sufficient to increase the RNA quality 
extracted from bovine NP, contaminating precipitates were still observed. However, using 
the RNeasy method for RNA extraction from bovine NP tissue did in their hands not result in 
increased RNA quality and yield compared to Trizol isolations. Tissue weight of the samples 
was comparable to the current study. Using a double amount of proteinase K during 
isolation with the fibrous kit, to remove residual proteoglycans, for NP tissue consequently 
resulted in a clear improvement of RNA quality, which is consistent with the finding by 
Mallein-Gerin et al.20. Our finding that storage of tissue samples in RNA Later solution did 
not improve the RNA extraction is in accordance with the study of Ruettger et al.2 who 
also did advise not to store articular cartilage in RNAlater solution as the tissue becomes 
extremely rigid and difficult to homogenise. As the proteoglycans not only impede RNA 
isolation, but may also inhibit the polymerase chain reactions, we analysed type II Collagen 
and Aggrecan gene expression using real time PCR. Based on these results, we excluded 
the Aurum kit due to large variations in duplicate samples, the relatively many samples 
where no quantifiable gene expression could be observed, and the large variations found 
in RNA quality and quantity compared to the other kits. In line with the results found for 
RNA yield and quality, gene expression analysis after RNA extraction with either the RNeasy 
Fibrous or RNeasy Lipid kit was also found to be more stable and reproducible compared 
to Trizol. For meniscus tissue, however, the RNAeasy Lipid kit showed the most optimal 
results. RNA extraction using Trizol is not recommended for cartilaginous tissues which is 
in accordance with the recommendations by Ruettger et al.2 who suggested Trizol for RNA 
isolation of cultured chondrocytes and the, rather costly, time consuming, RNaqueous kit21 
for isolation of articular cartilage. Contradictory, Lee et al.3 excluded RNA isolation with a 
RNeasy kit and further optimized RNA isolation using Trizol, however, it must be noted that 
this study focuses on optimizing tissue homogenisation via cryosectioning, presumably due 
to the low RNA yield obtained with RNeasy kit. 

RIN values of the isolated RNA this study are relatively low (~4,11 SD 0.64), and according 
to guidelines of too low quality for further analysis (<6)22. However, successful real time 
PCR analysis of samples with a low RIN value showed that the isolated RNA is of high 
enough quality for real-time PCR. Moreover, the RIN values of several duplicate samples 
are contradictory compared to the observed gene expression. For example, of 2 different 
NP samples the RIN value of 1 duplicate was not quantifiable (sample 1: duplicate values of 
3,8 and N/A and sample 2: duplicate values of 4,6 and N/A) whereas real time PCR results 
showed barely any difference between duplicates (1,06 and 1,08). Visa versa, comparable 
RIN values for duplicates (1: 5,6 – 2: 5,5) resulted in a 6.95 fold difference in gene expression 
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for articular cartilage.

In addition to the A260/A280 ratio, the A260/A230 ratio is also commonly checked as a 
marker for phenol and salt contaminations. The goal of our study was to isolate RNA from 
cartilaginous tissues for subsequent real-time PCR analysis as both the isolation and PCR 
analysis are both hampered by the high concentration of proteoglycans present in the 
tissue. The A260/A230 ratio’s we found in our study are low (0.34 SD 0.2) but similar to 
the ratio’s found by other studies for nucleus pulposus and annulus fibrosus tissue2,3. 
Moreover, in our study only the RNA isolation using Trizol has a potential for phenol and 
salt contamination, whereas all A260/A230 ratios were low independent of RNA isolation 
method. Most important, real time PCR was possible despite the low A260/A230 ratio’s 
showing the quality of the isolated RNA is of good enough quality. 

In conclusion, for AC, AF and NP tissue no differences between the RNeasy Fibrous and 
RNeasy Lipid kit were observed with respect to RNA quality and yield, and gene expression 
analysis. Since the RNeasy Fibrous kit does not involve toxic chemicals like phenol and 
chloroform, we propose this kit for the isolation of high-quality RNA for these tissues. For 
meniscus tissue the RNeasy Lipid kits is recommended. 

This study is the first to compare RNA extraction of four different cartilaginous tissues with 
four different commercially available RNA isolation kits in parallel. We have shown that high-
quality RNA can be isolated from small samples of cartilaginous tissues, and is suitable for 
analysis of gene expression by quantitative real time PCR. 
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SUPPLEMENTS

 

Supplementary figure 1 | Shown are the electropherograms of RNA isolated from the nucleus pulposus (NP) 
analysed with the Agilent 2100 Bioanalyzer. The nucleus pulposus is used as an example as this is the most 
difficult of the four cartilaginous tissues to isolate RNA from. RNA was isolated with RNeasy Fibrous kit (F)  for 
both samples of the same NP (#2-2), on the left NP tissue homogenized with the MagNA Lyser (M) is shown 
whereas for the right graph the Freezer Mill was used (S). MNPF2-2; Magnalyser, Nucleus Pulposus tissue, RNeasy 
Fibrous kit, sample #2-2. SNPF2-2; Freezer Mill, Nucleus Pulposus tissue, RNeasy Fibrous kit, sample #2-2. 
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 ABSTRACT 

Traditionally tissue samples are analysed using protein or enzyme specific stains on serial 
sections to build up a picture of the distribution of components contained within them. In 
this study we investigated the potential of multivariate curve resolution-alternating least 
squares (MCR-ALS) to deconvolute 2nd derivative spectra of Fourier transform infrared (FTIR) 
microscopic images measured in transflectance mode of goat and human paraffin embedded 
intervertebral disc (IVD) tissue sections, to see if this methodology can provide analogous 
information to that provided by immunohistochemical stains and bioassays but from a 
single section. MCR-ALS analysis of non-degenerate and enzymatically in vivo degenerated 
goat IVDs reveals five matrix components displaying distribution maps matching histological 
stains for collagen, elastin and proteoglycan (PG), as well as immunohistochemical stains for 
collagen type I and II. Interestingly, two components exhibiting characteristic spectral and 
distribution profiles of proteoglycans were found, and relative component/tissue maps of 
these components (labelled PG1 and PG2) showed distinct distributions in non-degenerate 
versus mildly degenerate goat samples. MCR-ALS analysis of human IVD sections resulted in 
comparable spectral profiles to those observed in the goat samples, highlighting the inter 
species transferability of the presented methodology. Multivariate FTIR image analysis of 
a set of 43 goat IVD sections allowed the extraction of semi-quantitative information from 
component/tissue gradients taken across the IVD width of collagen type I, collagen type 
II, PG1 and PG2. Regional component/tissue parameters were calculated and significant 
correlations were found between histological grades of degeneration and PG parameters 
(PG1: p=0.0003, PG2: p<0.0001); glycosaminoglycan (GAG) content and PGs (PG1: 
p=0.0055, PG2: p=0.0001); and MRI T2* measurements and PGs (PG1: p=0.0021, PG2: 
p<0.0001). Additionally, component/tissue parameters for collagen type I and II showed 
significant correlations with total collagen content (p=0.0204, p=0.0127). In conclusion, the 
presented findings illustrate, that the described multivariate FTIR imaging approach affords 
the necessary chemical specificity to be considered an important tool in the study of IVD 
degeneration in goat and human IVDs.
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INTRODUCTION

Low back pain (LBP) affects millions of people worldwide, and has been linked to degenerative 
changes of the intervertebral disc (IVD)1,2. The IVD is a structurally and chemically complex 
cartilaginous tissue consisting of distinct regions; a softer gelatinous inner core known as 
the nucleus pulposus (NP) and a highly organized fibrous outer region known as the annulus 
fibrosus (AF)3. The proteoglycan and collagen type II concentrations gradually decrease from 
the NP out towards the AF, whilst the collagen type I concentration increases4,5. Additionally, 
the presence and importance of elastic fibres was studied and an intricate network of elastin 
fibres, microfibrils and collagen fibres has been found6. During aging and degeneration, IVD 
cells produce abnormal amounts of matrix components and matrix-degrading enzymes7–11. 
Eventually the IVD matrix composition changes, for example, the degradation and loss of 
proteoglycans, a change in the distribution and composition of collagens, the denaturation 
of collagen type II and increased decorin and fibronectin concentrations have been 
reported12,13. On a macroscopic level these changes in matrix composition lead to changes 
in the structure of the IVD, the boundary between AF and NP becomes less distinct, annular 
lamella become irregular, bifurcating and interdigitating, and cleft and fissure formation 
occurs, which leads to a loss in the functionality of the IVD12. In recent years a wide range of 
potential therapeutic strategies have been developed allowing more sophisticated designs 
and enhancing the success of regenerative therapies14–16. It has therefore become of great 
interest to develop comprehensive analytical methodologies to objectively define critical 
characteristics of target matrices as well as to assess repair and regeneration efficacy.

Fourier transform infrared (FTIR) spectroscopy provides information about the chemical 
species in a sample based on the frequency of the vibrations of its covalent bonds17. 
Additionally, using a FTIR imaging set-up it is possible to measure spatially resolved 
quantitative biochemical information. This together with technological developments in this 
field18 , which now allow a typical experiment to be completed and analysed within hours, 
make this technique a viable tool for rapid disease screening and diagnosis in pathologies 
where tissue biopsies are collected as part of routine diagnosis18. FTIR imaging has been 
used for the analysis of biological samples such as cells, bone and cartilaginous tissue in its 
native, repaired and regenerated state19–25. Different components in the extracellular matrix 
of connective tissue e.g collagens and proteoglycans, show discriminatory spectroscopic 
characteristics and information about multiple species can be derived from the measurement 
of a single section without the need for lengthy immunohistochemical staining from multiple 
successive sections24,25.

However, despite its great potential FTIR imaging of biological samples is not without 
drawbacks; significant overlap of infrared spectral profiles of different tissue components 
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(Fig. 1) complicates the extraction of chemically specific parameters26. The analysis of FTIR 
spectroscopic imaging data can be further hindered by spectral artefacts related to sample 
preparation27,28 and collection mode29,30. This is particularly true of spectra collected in 
transflectance mode, which has some advantages over transmission mode, for example the 
use of low cost substrates, ease of sample preparation and a great potential for automation, 
which has been reported to be affected by spectral distortions due to reflective and optical 
phenomena such as Mie scattering and electric field standing wave effects31–38. For FTIR 
spectroscopy to become a diagnostically useful tool the challenge lies in the development of 
analytical strategies which enable the development of robust methods with high chemical 
specificity. Current methodologies utilize 2nd derivative infrared spectra and multivariate 
analysis methods such as principal component analysis (PCA), partial least squares (PLS) and 
cluster analysis to enhance the data interpretation of the FTIR imaging data of cartilaginous 
tissue39–43. Only recently the potential of multivariate curve resolution-alternating least 
squares (MCR-ALS) methods for the analysis of biological samples was highlighted44. Like 
PCA, MCR methods are able to describe data matrices of multi-component measurements, 
without any prior knowledge of the nature and composition of the mixtures. The only 
assumption is a bilinear structure of the data matrices. In spectroscopic data, a bilinear 
structure arises through obedience of the Beer–Lambert law which implies a linear 
relationship between the absorbance and concentration of a component and the additivity 
of these absorbencies in a mixture45,46. However, while PCA analysis of infrared images results 
in abstract factors, MCR analysis transforms abstract results into noise filtered, physically 
and/or chemically meaningful spectra and distribution maps of single components through 
the application of constraints related to the physicochemical or mathematical properties of 
the mixture components45–48. Iterative MCR methods such as MCR-ALS have been shown 
to work especially well for the resolution of vibrational spectroscopic images of biological 
samples49–53. Furthermore, MCR-ALS results can then be used as input information into 
segmentation analysis for histopathological classification44. 

To date, there have been limited studies of IVDs using FTIR spectroscopy and multivariate 
data analysis54,55. In this work, we examine the potential of MCR-ALS analysis to extract 
spatially resolved biochemical information of non-degenerated and enzymatically in 
vivo degenerated goat IVDs from 2nd derivative FTIR microscopic imaging data collected 
in transflectance mode. Additionally, the transferability of the described multivariate 
imaging approach from goat to human IVD sections is investigated. As a second objective, 
the derived methodology is applied to a second set of goat IVDs discs (n=43) obtained from 
an in vivo goat study investigating the effect of two different growth factors (BMP2 and 
BMP2/7) in combination with a fibrin hyaluronic acid hydrogel on the regeneration of the 
intervertebral disc. Extracted multivariate spectroscopic parameters are correlated with 
parameters derived from histological grading, biochemical and MRI T2* measurements.
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Figure 1| Vector normalized 2nd derivative ATR-FTIR reference spectra of collage type I (green), collagen type 
II (red), chondroitin sulphate (blue), paraffin (grey) and elastin (orange) components (see data collection in the 
materials and methods section: reference materials), including peak assignments43. 

MATERIALS AND METHODS

Reference materials
Collagen type II (collagen from bovine tracheal cartilage), collagen type I (collagen from 
bovine achilles tendon), chondroitin sulphate A sodium salt (chondroitin sulphate A sodium 
salt from bovine trachea) and elastin (elastin from bovine neck ligament) were purchased 
from Sigma Aldrich (Gillingham, Dorset, UK). Attenuated total reflectance (ATR) FTIR spectra 
of reference material were collected at a spectral resolution of 4 cm–1 using a Nexus FTIR 
spectrometer (Thermo Scientific, UK) fitted with a diamond Golden Gate ATR accessory 
(Specac Limited, Orpington, Kent, UK). ATR-FTIR spectra were vector normalized (950–1800 
cm–1, ISys 5.0.0.14) and second derivatives of the spectra were generated using the Savitzky–
Golay transformation (filter order 3, filter length 15, ISys 5.0.0.14).

Goat IVD samples; set one
Non-degenerated (control) and enzyme induced mildly degenerated goat IVDs were 
provided by the VU University Medical Centre, Amsterdam. The samples originate from a 
larger set of samples used to study the biomechanical and NP viscoelastic properties of non-
degenerate and mildly degenerated goat IVDs. A detailed description of the experimental 
set-up is outlined in Detiger et al.56. In short, eight skeletally mature female Dutch milk goats 
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were obtained from a local farmer. During a surgical procedure three out of six lumbar 
IVDs in each goat were injected with chondroitinase ABC (CABC), an enzyme which cleaves 
proteoglycans and more specifically glycosaminoglycans (GAGs), which thus induces the 
onset of degeneration57–60. The research protocol was approved by the Scientific Board and 
the Animal Ethics Committee of VUmc. To confirm that mild degeneration had occurred, 
radiographic and MRI analyses were conducted. After biomechanical and viscoelastic 
testing the samples were stored at –20 °C until further analysis. After thawing, IVDs were 
cut from the endplates with a surgical knife, formalin fixed (10% v/v, overnight at 4 °C) and 
paraffin embedded (sagittal directions). Consecutive 4 μm sections of each sample were 
mounted on glass slides (Lavender X-Tra Slides, Leica, Milton Keynes, UK) for histological 
and immunohistochemical staining, and on custom made reflective 316 stainless steel 
slides for FTIR imaging analysis.

Histology and immunohistochemistry
Sections were deparaffinised, rehydrated and subjected to H&E, Alcian blue (pH 2.5) and 
Masson Trichrome (Masson Trichrome with aniline blue, Bio-Optica, Milan, Italy) staining 
using standard protocols. Additionally, immunohistochemistry was used to visualize the 
distribution of collagen type I and collagen type II. For the immunohistochemical staining 
paraffin sections were deparaffinised, rehydrated and endogenous peroxidase blocked using 
hydrogen peroxide. After washing in distilled water, sections for collagen type II staining 
were treated with a hyaluronidase-protease enzyme antigen retrieval solution for 1 h at 37 
°C (0.2% w/v protease and 2% w/v hyaluronidase in TBS; Sigma-Aldrich, Gillingham, Dorset, 
UK). Following washing, non-specific binding sites were blocked at room temperature for 
45 minutes in 25% w/v rabbit serum (Abcam, Cambridge, UK) in 1% w/v BSA/TBS (Sigma, 
Gillingham, Dorset, UK). Sections were incubated overnight at 4 °C with type II collagen 
monoclonal primary antibody (1 : 100 dilution; Developmental Studies Hybridoma Bank, 
The University of Iowa, Iowa City, USA). Additional sections were treated with mouse 
IgG1 isotype controls (NCG01) (Abcam, Cambridge, UK) and used as negative controls. 
To determine collagen type I content within a section, a heat/citric acid antigen retrieval 
method (0.05 M Tris–HCL, pH = 9.5, microwave 5 min at 40% power followed by 5 min 
at 20% power (Sanyo Microwave, 900 W)) was used and non-specific binding sites were 
blocked at room temperature for 45 minutes with 25% w/v donkey serum in 1% w/v BSA/
TBS (Sigma, Gillingham, Dorset, UK). Sections were incubated overnight at 4 °C with rabbit 
polyclonal to collagen type I (1 : 100 dilution; Abcam, Cambridge, UK) and rabbit polyclonal 
IgG isotype controls (Abcam, Cambridge, UK) were used for negative controls. On the 
following day all sections were incubated with secondary antibodies for 30 min at room 
temperature (collagen type II: 1 : 400 dilution of rabbit polyclonal secondary antibody to 
mouse IgG H&L (Biotin) and collagen type I: 1 : 200 dilution of Donkey anti-rabbit IgG H&L 
(Biotin) (Abcam, Cambridge, UK)). Following washes in TBS sections were incubated in ABC 
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solution (R.T.U. Vectastain® Universal Elite® ABC kit, Vector Laboratories, Inc., CA, USA) for 
30 minutes at room temperature. Following TBS washes, antibody staining was disclosed 
by incubation with 3,3′-diaminobenzidine tetrahydrochloride solution (Sigma, Gillingham, 
Dorset, UK) for 20 min at room temperature and counterstained with Mayers Haematoxylin 
(Raymond A Lamb, Eastbourne, East Sussex, UK). Sections were dehydrated and mounted in 
Pertex (Leica, Milton Keynes, UK).

FTIR imaging and data analysis
Mid-infrared microscopic images were collected using an Agilent 680-IR FTIR spectrometer 
coupled to an Agilent 620-IR FTIR imaging microscope. The microscope was fitted with a 
liquid nitrogen cooled 64 × 64 mercury–cadmium–telluride focal plane array detector (FPA) 
and an automated sampling stage. FTIR mosaic images (23 × 57 images, pixel aggregation 
256, image pixel dimensions: 92 × 228) covering an area of approximately 8.05 × 19.95 mm 
of the tissue sections were collected in transflectance mode at a spectral resolution of 4 
cm–1. Infrared data matrices of the control and injected samples were collated resulting in 
a 184 × 228 pixels data matrix. Data was pre-processed by performing a second derivative 
transformation on the spectra (Savitzky–Golay: filter order 3, filter length 15; ISys 5.0.0.14 
software, Malvern Instruments Limited, Malvern, Worcestershire, UK). Pixels within 
the imaging data set where spectra indicated only the presence of paraffin or substrate 
were identified and masked using spectral statistics (histogram at 1554 cm–1, masked at 
0; ISys 5.0.0.14). The data sets were analysed using a MCR-ALS algorithm described in 
detail by Wang et al.61. The basic procedures of the MCR-ALS algorithm comprised the 
transformation of abstract factors deduced from non-linear iterative partial least squares 
(NIPALS) decomposition into chemical and concentration information by applying a 
modified iterative alternating least-square optimisation61. MCR-ALS was carried out using 
the MCR-ALSv1.6 software with the following settings; decomposition method: NIPALS; 
maximum number of iterations: 500; soft constraints: MALS-2D (MCRv1.6 Copyright© 
2003–2004 Unilever, UK). Two spectral regions 950–1300-1 and 950–1600 cm-1 were 
analysed using a range of four to six components in the MCR-ALS model. No spectral 
correction or exclusion of the spectral region ∼1400–1500 cm–1, which is dominated by 
absorbance peaks of the embedding medium paraffin, was carried out. Both paraffin and 
potential spectral distortions are considered as additional signal contributions during MCR-
MLS resolution62.

Human IVD samples
Two human cadaveric discs were obtained within 72 h of death from the Leeds tissue bank 
(ethical approval: H1306/98). Samples were obtained from a 45 year old male L4/5 disc 
and 74 year old female L1/2 disc.
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Histology
A wedge of IVD tissue encompassing AF and NP was formalin fixed (10% v/v) and paraffin 
embedded. Consecutive 4 μm sections of each disc were mounted on glass slides (Lavender 
X-Tra Slides, Leica, Milton Keynes, UK) for histological analysis and on custom made reflective 
316 stainless steel slides for FTIR imaging analysis. Sections were histologically graded 
between 0 and 12 based on the presence of cell clusters, fissures, loss of demarcation and 
haematoxophilia (indicating reduced proteoglycan content) with each component scored 
out of 3. A score of 0 to 3 indicates a histologically non-degenerate IVD and a grade of ≥4 
indicates evidence of degeneration, as described previously by Le Maitre et al.63. Discs were 
graded as: male L4/5 disc: grade 2 (non-degenerate); female L1/2 disc: grade 8 (degenerate).

FTIR imaging and data analysis
FTIR mosaic images of human sections were collected covering an area of approximately 9.8 
× 21.7 mm (pixel aggregation 256; image pixel dimensions: 112 × 248 pixels) and the same 
data analysis as described for the goat samples was applied.

Goat IVD samples; set two
A second set of 43 IVDs were obtained from an in vivo goat study investigating the effect 
of two different growth factors (BMP2 and BMP2/7) in combination with a fibrin hyaluronic 
acid hydrogel on the regeneration of the intervertebral disc as reported in Peeters et al.64. 
The research protocol was approved by both a Scientific Board as well as the Animal Ethics 
Committee of the VU University Medical Center. Seven skeletally mature female Dutch 
milk goats were used for this study. In the first surgical procedure, mild intervertebral disc 
degeneration was induced by injecting ±200 μl chondroitinase ABC (CABC) 0.25 Units per 
ml in the lumbar IVDs using a 29 G needle of 1 cm length. Another disc (T13-L1) was left 
as a non-degenerate control57–60. During the second surgery, twelve weeks later, IVDs were 
injected with hydrogel in combination with either the BMP-2 or BMP-2/7 growth factor and 
one level was injected with hydrogel only. Detailed discussions about the safety and efficacy 
of the nanobiopolymeric fibrin–hyaluronic acid (FBG–HA) conjugated hydrogels, alone or in 
combination with BMP-2 or BMP2/7 growth factors are reported in Peeters et al.64. In short 
it was found, that although mild degeneration was induced after injection with CABC, which 
was indicated by a significant disc height loss of injected IVDs, no significant differences in 
histological grades, MRI T2* mapping, GAG and total collagen content were found between 
the control and treated IVDs. However, it was found that MRI T2* mapping showed strong 
and significant correlations with biochemistry and histology in the NP.

MRI T2* relaxation time mapping
MRI scans were acquired from all lumbar spines within 2–3 hours after autopsy using a 
1.5 T MR scanner (Magnetom Symphony, Syngo MR VA30; Siemens Healthcare). Sagittal 
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scans were performed using a T2-weighted turbo spin echo sequence, followed by a multi-
echo gradient echo sequence for T2* mapping (echo times 5.7, 10.9, 16.05, 21.2 and 26.4 
ms)57. Each IVD was divided into 5 different regions of interest (ROI) covering the IVD from 
anterior to posterior where ROI 1 and 3 covered 27.5% of the total disc diameter whereas 
ROI 2,4 and 5 each covered 15% (Centricity RA 600, Radworks, USA). This way ROI 1, 3 and 
5 represent the anterior annulus fibrosus (aAF), NP and posterior annulus fibrosus (pAF) 
respectively. ROI 2 and 4 represent the transition zones between AF and NP and were not 
used for analysis. Mean T2* relaxation times were calculated for each ROI fitting the signal 
intensities of the five echo times by a linear-log least-squares method using Microsoft Excel 
(Microsoft Office 2010).

Histology
After obtaining MRI scans, IVDs including endplate were dissected from the spine using an 
oscillating band saw. Mid-sagittal slices of 4 mm were cut, fixed in 4% formalin, decalcified 
in Kristense fluid and subsequently embedded in paraffin. Consecutive 3 and 4 μm sections 
of each sample were mounted on glass slides for histological staining, and on custom made 
reflective 316 stainless steel slides for FTIR imaging analysis respectively. Sections were 
stained with Alcian blue (Alcian Blue-Periodic Acid Schiff). Stained sections were scored 
for disc degeneration by two independent researchers using a histological grading scale 
adapted for goats as described by Hoogendoorn et al.59. Differences in scoring were resolved 
by consensus, resulting in a final histological scoring ranging between 0 (non-degenerate) 
and 6 (degenerate).

FTIR imaging and data analysis
FTIR mosaic images (∼5.3 × 18.2 mm; pixel aggregation 256; image pixel dimensions: 60 × 
208) of the tissue sections were collected. For the correlation of spectroscopic   with results 
from biochemical, histological and magnetic resonance imaging only areas of interest (AoI: 
10 × 208 pixels) across each section (Fig. 2A) were collated for all investigated samples 
resulting in a 420 × 208 pixel data matrix. Data pre-treatment and multivariate analysis was 
performed as described in the previous FTIR imaging and data analysis section. Extracted 
MCR-ALS spectral profiles were assigned to collagen type I, collagen type II, and the 
proteoglycan parameters PG1 and PG2 according to visual matches with reference spectra 
and the findings as described in the results and discussion section. Relative MCR-ALS scores 
maps were calculated as component/tissue maps. These relative component distribution 
maps were further processed: firstly, the average estimated intensity across each section 
was taken and secondly, the actual IVD width was determined for each section and set to 
unity (100%) (Fig. 2B). Thirdly, areas under the curve equivalent to 10% IVD width located 
in the anterior AF (aAF) (10–20%), NP (51–61%) and posterior AF (pAF) (85–100%; 85–95%) 
regions, comparable with ROI 1,3 and 5 used for MRI T2* analysis, were integrated (ISys).
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Tissue samples for biochemical analysis were obtained from consecutive 4 mm slices 
used for histological, immunohistochemical and FTIR imaging analyses. Tissue samples 
were harvested from the anterior AF, NP and posterior AF analogous to ROI 1, 3 and 5 
respectively, as used for MRI T2* mapping. The samples were freeze dried (speed vac) 
and digested in 1.5 ml papain digestion solution containing 0.1 M sodium acetate, 0.01 
M l-cysteine, 0.01 M EDTA and 0.33% papain (w/v) (all Merck Millipore, USA), the pH of 
the papain solution was titrated to 6.6 using 1 M NaOH. Samples were digested overnight 
at 65 °C in a continuously shaking warm water bath. GAG content was measured using a 
colorimetric 1,9 dimethyl-methylene blue assay according to the manufacturer’s protocol 
(Biolcolor Ltd., Carrickfergus, UK). Hydroxyproline (HYP) content, representing total collagen 
content of the tissue, was quantified using a dimethylamino-benzaldehyde assay adapted 
from Paul et al.65 Both GAG and HYP were normalized by tissue dry weight (μg (mg DW)–1). 

Statistical analysis
Non-parametric linear regression analysis was performed between extracted MCR-ALS 
parameters and histological grades, biochemical parameters and MRI T2* measurements 
(StatsDirect 3.0126). P values ≤ 0.05 were considered statistically significant and scatter 
diagrams were plotted using the GraphPad Prism® software (Version 6.05).

RESULTS AND DISCUSSION

Sagittal sections of paraffin embedded goat IVDs were measured and an average intensity 
map (950–1800 cm–1) of a non-degenerated IVD section was generated, and the posterior AF 
(pAF, blue), anterior AF (aAF, green) and NP (red) regions of an IVD were highlighted (Fig. 3A). 
Overall the average intensity is similar across sample regions, however local higher average 
intensities can be observed, accentuating artificial structures such as folds formed during 
sample preparation. Raw spectra show considerable baseline variations (data not shown) 
and are off-set corrected by setting the minimum value of each spectrum (950–1800 cm–1) 
to zero (Fig. 3B). To compare spectra from different regions average spectra were calculated 
of the areas indicated with squares (Fig. 3A). Representative, average transflectance spectra 
of the aAF, pAF and NP regions show characteristic bands of collagens and PGs (amide I, 
amide II, amide III/sulphate and polysaccharide region) as well as characteristic bands of 
the embedding medium paraffin (1473, 1464 and 1378 cm–1). While paraffin peaks at 1473
and 1464 cm–1 have similar intensities across the sample regions; the amide I, amide II and 
amide III peaks show varying intensities. The band intensities of amide I, II and III in the  aAF 
spectrum are approximately double the band intensities exhibited in the NP spectrum. 
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Figure 2 | Schematic representation of the extraction of multivariate FTIR parameters. A| Showing an example 
of a tissue distribution map (peak area of the 2nd derivative of the amide III peak; 1186–1297 cm-1) of a paraffin 
embedded goat IVD section. Black lines indicate IVD regions where an IVD is divided into zones across the width 
of a sagittal section (described in the section MRI T2* relaxation time mapping). An area of interest (AoI) across 
the middle of each disc spanning the whole width of each image (10 x 208 pixels) is selected and a new AoI data 
matrix is generated. B| MCR-ALS is carried out and distribution maps of selected factors are divided by tissue 
distribution maps to generate relative component distribution maps. C| To be able to compare IR parameters 
with MRI and biochemical parameters, the relative distribution maps are further processed. Firstly, the average 
estimated intensity across each section is taken and secondly, the actual IVD width is determined for each section 
and set to unity (100%). Thirdly, areas under the curve equivalent to 10% IVD width located in the aAF (10–20%), 
NP (51–61%) and pAF (85–95%) regions are integrated.

The amide I peak of the aAF spectrum shows a peak shift to a higher wavenumber and 
asymmetry. The convoluted peak associated with polysaccharide species (900–1100 cm–1) 
shows a comparatively higher intensity in relation to the amide bands in the pAF and NP 
spectra, indicating a higher concentration of PGs in the pAF and NP regions. Performing 
a second derivative of FTIR spectra can enhance the discrimination of broad overlapping 
bands29,36 , and more detailed differences between the aAF, pAF and NP regions, especially 
in the polysaccharide region are revealed. Average second derivative spectra are shown in 
Fig. 3C and an expansion of the polysaccharide region shows a clear discrimination between 
the spectra, based on the negative intensity at ∼1064 cm–1. The second derivative amide 
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II bands in the pAF and aAF spectra show a subtle shift to higher wavenumbers compared 
to the NP spectrum. The amide I band of the aAF spectrum shows a different peak shape 
and a shift to higher wavenumbers. Paraffin embedded goat IVD sections measured in 
transflectance mode show region dependent changes in spectral intensity leading to a 
saturation of the signal in some sample areas. Based on these findings the amide I spectral 
region traditionally used as a biomarker for collagens25 was excluded from further analysis 
and MCR-ALS deconvolution was carried out in the spectral region 950–1600 cm–1.

                   Figure 3 | Average intensity (950–1800 cm-1)  
                    image of A| a non-degenerated paraffin  
                    embedded goat IVD section, highlighting anterior  
                    annulus fibrosus (aAF, green), posterior annulus  
                    fibrosus (pAF, blue) and nucleus pulposus (NP,  
                    red) regions. B| Off-set corrected average  
                    transflectance FTIR spectra and C| 2nd derivative  
                    spectra of aAF (green), pAF (blue) and NP(red)  
                    regions. 
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MCR-ALS analysis
The number of components, or factors, used for the MCR-ALS resolution should not be a 
critical parameter, studying the evolution of extracted spectral profiles and corresponding 
distribution maps over a range of factors is good practice and can give additional information 
about the data set and help with the data interpretation47. Details of all MCR-ALS results 
derived from the spectral regions 950–1600 cm–1 and 950–1300 cm–1 modelled using 4–6 
factors can be found in ESI (Fig. S1 and S2†). While a detailed discussion of the MCR-ALS 
results is beyond the scope of this manuscript, the major findings are summarized

Theoretically, MCR-ALS analysis yields spectral profiles of single/pure components and in 
order to assist with the assignment of the biochemical identity of the extracted factors, 
estimated spectral profiles are compared to reference spectra of single components. 
However within this work the extracted spectral profiles may deviate from reference spectra 
for a number of reasons: (I) reference spectra were measured with ATR-FTIR, in comparison 
IVD sections were measured using FTIR transflectance microscopy meaning that the relative 
peak heights and peak positions66 would differ due to the non-linear effective sampling depth 
of the ATR measurement. (II) Intermolecular interactions between matrix components can 
lead to peak shifts in the spectral profiles.17 (III) Iterative MCR-ALS deconvolution leads to 
a set of feasible solution and the final results depend on the initial estimates and chosen 
optimization processes47. In this work, the MCR-ALS deconvolution is carried out without 
any input of a priori information such as the spectral or distribution characteristics of an 
IVD. Initial estimates are based on abstract factors derived from eigenanalysis. The four 
most commonly used mathematical methods to perform eigenanalysis are singular value 
decomposition (SVD), NIPALS, the power method and the Jacobi method46. Although 
these techniques use different approaches to extract abstract factors the results should 
be the same46. Initial investigations of loadings and scores derived from SVD and NIPALS 
deconvolution of the spectral regions 950–1600 cm–1 and 950–1300 cm–1 modelled using 
5 factors, however showed that results can vary (S3 and S4). Nevertheless, it was found 
that after iterative partial least squares optimization both sets of abstract factors lead 
to almost identical MCR-ALS solutions. Further inspections of the extracted MCR-ALS 
spectral profiles showed deviations from the reference spectra, including increased/
decreased relative peak heights. One possible explanation for the observed differences 
could be that the used combination of abstract factors as initial estimates together with the 
modified iterative alternating least-square optimisation61 leads to spectral profiles, which 
emphasize the biggest spectral change in the data set rather than pure spectral profiles. 
For example, this could explain the observed differences between the extracted spectral 
profiles for PGs and the reference spectrum of chondroitin sulphate (Fig. 4AC and AD, 6BE 
and BF). Both natural degeneration and enzymatic degeneration induced by CABC causes a 
breakdown and loss of chondroitin sulphate12,13,59,60. Therefore a linear decrease of all the 
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characteristic peaks of chondroitin sulphate (e.g. 1376, 1228, 1120, 1064 and 1030 cm–1) 
would be expected43. However the extracted spectral profiles accentuate the peak at 1064 
cm–1 previously found to show the biggest relative changes in the investigated wavenumber 
region before and after enzymatic removal of chondroitin sulphate43. (IV) In spectroscopic 
data matrices linear or near-linear relationships within a set of variables, also referred to 
as co-linearity, can affect the deconvolution power and stability of the MCR-ALS model. 
Examples of incomplete deconvolution can be seen in the spectral profiles of collagen 
type I and II, which show contributions of a strong peak at ∼1470 cm–1characteristic of 
paraffin (Fig. 4AA and AB). Although, extracted spectral profiles of collagen type I and II 
show contributions of paraffin, corresponding distribution maps show markedly different 
distributions in comparison to the paraffin distribution. Furthermore, it was found that the 
MCR-ALS results are stable when modelled over a range of four to six factors (Fig. S1†). 
(V) Finally, in transflectance mode the lateral structure in heterogeneous samples leads to 
significant distortions of the measured spectra34 arising from a combination of reflective and 
optical factors such as a coupling between wavelengths, sample geometry, optical properties 
within the sample, the presence of interfaces, and the optical setup34. While artefacts 
caused by Mie scattering can be effectively removed through the application of correction 
algorithms35,36, spectral artefacts caused by electric field standing waves have been reported 
to have a detrimental effect on the sensitivity of transflectance measurements to detect 
biochemical differences and can limit the transferability of spectral biomarkers from one 
measurement mode to another29.

Results of multivariate FTIR imaging of goat IVD sections (set one): comparison with 
histological and immunohistochemical stains
As discussed in the previous section, because of differences between the extracted spectral 
profiles and collected reference spectra, the biochemical identity of each MCR-ALS factor was 
established based on a visual assessment, firstly on the correlation between the reference 
spectra and extracted spectral profiles (Fig. 4A), and secondly by a comparison between the 
histological and immunohistochemical stains and the estimated distribution maps (Fig. 4B 
and C). The best MCR-ALS results were selected from both investigated spectral regions, and 
overall five MCR-ALS factors showing distinct distribution maps and spectral profiles were 
chosen for further discussion (Table 1).

Fig. 4BA to BF and CA to CF show consecutive sections of a non-degenerated and a mildly 
degenerated goat sample stained with H&E, collagen type I, collagen type II, Alcian blue 
and Masson Trichrome. Please note that a pixel by pixel comparison of the distribution of 
stained biomolecules between stains as well as stains and MCR-ALS distribution maps is not 
possible as the consecutive sections have slightly different shapes and sizes due to sample 
preparation and different staining protocols. Nevertheless, the macroscopic comparison of 
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Table 1 | MCR-ALS resolution of the data was carried out in two spectral regions 950–1300 cm-1 and 950–1600 cm-1 
using a range of four to six components. Best matches based on the visual assessment of the correlation between 
histological and immunohistochemical stains and estimated distribution maps as well as reference spectra and 
extracted spectral profiles were selected as follows.

stains and extracted distributions is a good initial validation method. Second derivative peak 
integration maps of the amide III spectral region (1186–1297 cm–1) are proposed as a measure 
of overall extracellular matrix or tissue structure and match H&E stained tissue sections. 
Like the H&E stained sections, tissue distribution maps highlight the overall structure of 
an IVD (Fig. 4BA and CA). Sections show a densely packed aAF region at the top, a smaller 
less dense pAF region at the bottom and an only lightly stained NP region in the middle. 
The distribution map of Factor 2 extracted from the spectral region 950–1600 cm–1 shows 
a gradual increase of intensity from the NP towards the AF typical for collagen type I 
distribution in IVDs and matches well with the immunohistochemical stained section (Fig. 
4BB and CB). The distribution map of Factor 1 (950–1600 cm–1) shows a decrease in intensity 
from the NP towards the AF typical for collagen type II (Fig. 4BC and CC). As discussed in the 
previous section, both collagen type I and type II spectral profiles show contributions of a 
paraffin peak at ∼1470 cm–1. Additionally, a peak shift of the amide II band from 1558 cm–1 in 
collagen type I to 1552 cm–1 in collagen type II can be observed. Distribution maps of Factor 
5 (950–1300 cm–1) and Factor 2 (950–1300 cm–1) show a decrease in intensity from the NP 
region towards the AF region and are in good agreement with the Alcian blue stain (Fig. 
4BD, CD and BE, CE). Both spectral profiles show characteristic PG peaks at ∼1030, 1064, 
1160 and 1124 cm–1 43. See also the results and discussion section: MCR-ALS analysis for 
further comments concerning the comparison between reference spectra and extracted PG 
signatures. The distribution map of Factor 4 (950–1300 cm–1) shows a high intensity in the 
AF regions and matches well with the red areas of the Masson Trichrome stained sections. 
The calculated spectral profile of this factor resembles the reference spectrum of elastin 
(Fig. 4AE). Yet, while there is a good agreement between extracted distribution maps and 
staining, further validation of the biochemical identity of this factor against more molecular 
specific stains for elastic fibres is necessary.
 

Component Wanvenumber [cm-1] No. of factors used for the model Factor index after MCR

Collagen I 950-1600 5 2

Collagen II 950-1600 5 1

Elastic Fibres 950-1300 5 4

PF 1 950-1300 5 5

PG 2 950-1300 5 2
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Figure 4 | Comparison of reference spectra and extracted spectral profiles after MCR-ALS decomposition of 
Factor 2 (950–1600 cm-1) and collagen type I (AA), Factor 1 (950–1600 cm1) and collagen type II (AB), Factor 5 
(950–1300 cm-1) and chondroitin sulphate (AC), Factor 2 (950–1300 cm-1) and chondroitin sulphate (AD) and Factor 
4 (950–1300 cm-1) and elastin (AE). Consecutive sagittal sections of a non-degenerated and a mildly degenerated 
goat IVD stained with H&E (general structure: cytoplasm and extracellular matrix: pink, cell nuclei: purple) (BA, 
CA), collagen type I (BB, CB), collagen type II (BC, CC), Alcian blue (PGs: blue stain) (BD, CD and BE, CE) and Masson 
Trichrome (collagens: blue, other connective tissues e.g. keratin and elastin: red) (BF, CF) are shown at the left. 
Matching tissue distribution (BA, CA) and MCR-ALS distribution maps are shown at the right as follows: Factor 2 
(950–1600 cm–1) (BB, CB), Factor 1 (950–1600 cm–1) (BC, CC), Factor 5 (950–1300 cm–1) (BD, CD), Factor 2 (950–1300 
cm–1) (BE, CE) and Factor 4 (950–1300 cm–1) (CF, CF).

Interestingly, two factors were observed (PG1: Factor 5 (950–1300 cm–1) and PG2: Factor 
2 (950–1300 cm–1)), which show characteristic spectral and distribution maps of PGs. 
Information about PGs and more specifically aggrecan and GAG content in the NP, is of 
particular interest as it can be directly related to disc degeneration67. PG/amide I ratios have 
previously been used as a measure of relative PG content in cartilage21. In this work PG 
distributions are normalized with second derivative peak integration maps of the amide 
III spectral region (1186–1297 cm–1) (further referred to as tissue map) and relative PG 
distribution maps reveal distinct PG distributions in non-degenerate versus degenerate 
samples (Fig. 5A and B). While the relative component distribution map based on PG1 is 
less intense in the degenerate sample in comparison to the non-degenerate sample, the 
relative component distribution map of PG2 is more intense in the degenerate sample in 
comparison to the non-degenerate sample. The described MCR-ALS signatures for the two 
PG factors were found in all three data sets presented in this work. Initial investigations 
into the nature of the two PG factors have shown reproducible differences in the extracted 
spectral MCR-ALS signatures of PG1 versus PG2, including a peak shift of the C–O–S peak to 
a lower wavenumber from PG1 (Factor 5, 1126 cm–1) to PG2 (Factor 2, 1124 cm–1). A peak 
shift of the C–O–S peak has previously been observed by Rieppo et al.43, where the authors 
noted a peak shift to lower wavenumbers in samples treated with the CABC enzyme, which 
facilitates the breakdown of GAG chains. Based on these findings PG1 would represent the 
“original” PG/GAG population which is decreased in degenerated samples, while PG2 could 
represent an altered PG/GAG population which is increased in degenerated discs. As the 
goat degeneration model is mimicking the onset of degeneration, much of the long term 
remodelling has not yet taken place and the altered PG/GAG molecules are localized in the 
NP.

Results of multivariate FTIR imaging of human IVD sections
Extracted spectral profiles were compared with reference spectra and spectral profiles 
derived from the MCR-ALS analysis of goat IVDs. It was found that MCR-ALS analysis of 
human samples results in comparable spectral profiles as extracted from the goat samples 
and five factors showing similar spectral characteristics to the spectral profiles extracted for 
goat IVDs can be seen (Fig. 6BA–BF). H&E stains, corresponding distribution maps and
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Figure 5 | PG/(tissue map) ratios are proposed as a measure of relative PG content and distribution maps of 
A| PG1: (Factor 5)/(tissue map) and B| PG2: (Factor 2)/(tissue map) extracted from the spectral region 950–1300 
cm–1 modelled with five factors are shown for the control (top) and injected (bottom) goat IVD samples.

distribution/tissue maps of non-degenerate (left) and degenerate (right) human discs are 
shown in Fig. 6A, C and D. Although the degenerate human sample is at a later stage of 
degeneration in comparison to the goat samples, two MCR-ALS PG signatures can be observed 
following the same trend; where the distribution/tissue maps of PG1 (Factor 2, 1128 cm–1) 
show a lower presence in the degenerated disc. Additionally, a localization of PG1 within 
cells in the posterior AF region can be seen (Fig. 6BE). Furthermore, PG2 (Factor 5, 1126 cm–

1) shows the highest intensity in the posterior AF region of the degenerated disc (Fig. 6BF). 
This region has been identified as a major location for hernias to occur and transport of PGs/
GAGs into the AF region was also observed in Paul et al.65. One additional spectral profile 
extracted from the spectral region 950–1600 cm–1 not detected in the goat sections was 
observed, showing two peaks at ∼1554 and 1516 cm–1 matching spectral characteristics of 
the reference spectra of both collagen and elastin (Fig. 6BC). Estimated distribution/tissue 
maps of this factor show a higher component content in the degenerated disc, suggesting 
this could be a degradation product produced during native disc degeneration in humans, 
and could be an additional marker for degeneration at a later stage.

Results of multivariate FTIR imaging of goat IVD sections (set two): correlation with 
biochemical and MRI T2* parameters
Relative distribution gradients for MCR-ALS extracted factors assigned to collagen type I, 
collagen type II, PG1 and PG2 have been compared for the lowest histological grade 0 and the 
two highest histological grades 5 and 6 (Fig. 7). The figure shows increasing PG and collagen 
type II gradients towards the NP. Both PG1 and PG2 content is markedly decreased in IVDs 
with a high histological grading. In the IVDs with low histological grades PG1 shows a slightly 
higher content in the aAF, while a slightly higher content of PG2 can be observed in discs 
E12-20045 and E12-20030 with histological grades 5 and 6. Additionally, a slight decrease in 
collagen type I content in the NP can be observed. MCR-ALS extracted parameters for PG1 
and PG2 were correlated with MRI T2*, GAG concentration and histological grades in the 
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aAF, NP and pAF IVD areas. Both MCR-ALS parameters for PGs show significant correlation 
with the histological grades, MRI T2* and GAG content in the NP (Fig. 8) and between the 
MCR-ALS parameters and GAG in the pAF (PG1: p=0.0017; PG2: p=0.0039). Interestingly, 
PG2 shows a higher correlation with GAG content in the NP, while PG1 shows a higher 
correlation with GAG content in the pAF. Significant correlation between collagen type I 
and type II and GAG content, total collagen content and MRI T2* was observed only for the 
NP region (Table 2). No significant correlations were found between the MCR-ALS extracted 
parameters and GAG or total collagen content for the aAF region. One possible explanation 
might be that volumes taken for the biochemical analysis are relatively small (∼10% IVD 
width) and cannot be taken from exactly the same part of the IVDs used for sectioning. This 
is particularly relevant in the pAF, as this region is relatively large 1–27% IVD width and in 
comparison to the NP structurally more organized (spatially heterogeneous). This difference 
in sample size and position used for the different techniques may reduce the correlation 
between the investigated parameters. Furthermore, in this study MCR-ALS parameters for 
collagen type I and type II were correlated with total collagen and further studies using more 
specific biochemical assays are recommended.
 

Figure 7 | Examples of relative distribution gradients of MCR-ALS extracted factors assigned to collagen type I  
(Col I, orange), collagen type II (Col II, green), PG1 (dark blue) and PG2 (light blue) of samples with the lowest 
histological grade 0 and the two highest histological grades 5 and 6.

1
3

55



1
3

56



Figure 6 | H&E of non-degenerate (left) and degenerate (right) human IVDs (A). MCR-ALS calculated spectral 
profiles vs. reference spectral profiles of Factor 2 (950–1600 cm–1, modelled with five factors) vs. collagen type I (BA), 
Factor 3 (950–1600 cm–1, modelled with five factors) vs. collagen type II (BB), Factor 4 (950–1600 cm–1, modelled 
with five factors) vs. collagen type II and elastin (BC), Factor 1 (950–1300 cm–1, modelled with five factors) vs. elastin 
(BD), Factor 2 (950–1300 cm–1, modelled with five factors) vs. chondroitin sulphate (BE) and Factor 5 (950–1300 
cm–1, modelled with five factors) vs. chondroitin sulphate (BF) as well as corresponding distribution maps (C) and 
distribution/tissue maps (D) of non-degenerate (left) and degenerate (right) human IVD sections. 

Table 2 | Non-parametric linear regression between histological grades, GAG content (μg (mg DW)–1), total collagen 
content (HYP (μg (mg DW)–1)), MRI T2* and extracted MCR-ALS matrix parameters related to proteoglycans in the 
IVD matrix for NP.

NP Histology GAG (μg (mg DW)–1) MRI T2* HYP (μg (mg DW)–1)

Collagen type II — p=0.0001 p=0.0017 p=0.0127

Collagen type I — p=0.0022 p=0.0067 P=0.0204

Figure 8 | Correlation graphs between PG1 and MRI T2*, GAG content (μg (mg DW)–1) and histological grade (top) 
and PG2 and MRI T2*, GAG content (μg (mg DW)–1) and histological grade (bottom).

CONCLUSIONS

In this study, we have examined the potential of MCR-ALS analysis to extract spatially 
resolved biochemical information of non-degenerated and degenerated goat IVDs from 2nd 
derivative FTIR microscopic imaging data collected in transflectance mode. The presented 
results show that MCR-ALS allows the resolution of 2nd derivative FTIR microscopic imaging 
spectra of paraffin embedded IVD sections and important biochemical matrix components 
can be detected and their distribution visualized. Furthermore, matrix components 
specifically related to healthy and degenerate states were found. An analytical strategy 
was presented for the extraction of semi-quantitative biochemical information from IVD 
sections. Multivariate FTIR image analysis reveals the relative distribution gradients for 
collagen type I, collagen type II and two PG components. MCR-ALS parameters extracted 
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from the NP region of the IVDs of both PG components show significant correlations with 
histology (p<0.001), GAG content (p<0.01) and MRI T2* measurements (p<0.01). The FTIR 
derived parameters for collagen type I and II show significant correlations with the total 
collagen content (p=0.02, p=0.01).

Exploratory MCR-ALS results highlight the ability of multivariate curve resolution techniques 
to deconvolute the overall signal into single component contributions, but also the 
importance of understanding the molecular information contained in spectral profiles 
extracted using MCR-ALS analysis. Collinearity was observed in the 950–1600 cm–1 data set, 
however distinct factors for collagen type I and II can still be resolved, and good matches 
between the extracted spectral profiles and distribution maps with immunohistochemical 
stains were found.

While more molecular specific comparative experiments are recommended to further 
investigate the chemical nature of the extracted PG parameters and to validate correlations 
between the extracted collagen type I and type II parameters with collagen type I and II 
content, the presented results show the potential to study IVD degeneration and enable 
the characterization of extracellular matrix components and their distribution in a single 
slice of IVD tissue, therefore allowing extensive investigations to be performed on limited 
tissue samples. Additionally, the described multivariate FTIR imaging method was shown 
to be easily transferable to human sections. The facile application across species provides a 
major advantage of traditional techniques such as immunohistochemistry where selective 
antibodies for each species are required, which involve extensive optimization. In addition 
the ability of FTIR imaging to screen for variants of the extracellular matrix molecules 
enables identification of novel components, modifications or degradation products which is 
not possible via directed immunohistochemical analysis.
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SUPPLEMENTS

Supplementary figure 1 | Evolution of estimated spectral profiles and distribution maps derived from MCR-ALS 
analysis of goat IVDs samples in a wavenumber region of 950-1600 cm-1 using four to six factors to model the data.
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Supplementary figure 2 | Evolution of estimated spectral profiles and distribution maps derived from MCR-ALS 
analysis of goat IVDs samples in a wavenumber region of 950-1300 cm-1 using four to six factors to model the data.
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Supplementary figure 3 | Examples of loadings and scores derived from the data matrix of goat IVD samples (set 
one) in the spectral region of 950-1600 cm-1; calculated using SVD, NIPALS as well as NIPLAS-MALS and SVD-MALS 
methods. All calculations are based on five components.
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Supplementary figure 4 | Examples of loadings and scores derived from the data matrix of goat IVD samples (set 
one) in the spectral region of 950-1300 cm-1; calculated using SVD, NIPALS as well as NIPLAS-MALS and SVD-MALS 
methods. All calculations are based on five components.
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ABSTRACT

Recently, ex vivo three-dimensional organ culture systems have emerged to study the 
physiology and pathophysiology of human organs. These systems also have potential as a 
translational tool in tissue engineering; however, this potential is limited by our ability to 
longitudinally monitor the fate and action of cells used in regenerative therapies Therefore, 
we investigated luciferase-mediated bioluminescence imaging (BLI) as a non-invasive 
technique to continuously monitor cellular behaviour in ex vivo whole organ culture. 

Goat adipose-derived stem cells (gADSCs) were transduced with either Firefly luciferase 
(Fluc) or Gaussia luciferase (Gluc) reporter genes and injected in isolated goat intervertebral 
discs (IVD). Luciferase activity was monitored by BLI for at least seven days of culture. 
Additionally, possible confounders specific to avascular organ culture were investigated. 
Gluc imaging proved to be more suitable compared to Fluc in monitoring gADSCs in goat 
IVDs. 

We conclude that BLI is a promising tool to monitor spatial and temporal cellular behaviour 
in ex vivo organ culture. Hence, ex vivo organ culture systems allow pre-screening and pre-
validation of novel therapeutic concepts prior to in vivo large animal experimentation. 
Thereby, organ culture systems can reduce animal use, and improve the speed of innovation 
by overcoming technological, ethical and financial challenges.

 
 
 
 
 
 

KEYWORDS

Adipose derived stem cells – ex vivo organ cultures – intervertebral discs – bioluminescent 
imaging – loaded disc culture system – Gaussia luciferase – Firefly luciferase
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INTRODUCTION 

Recently, ex vivo three-dimensional (3D) whole organ culture systems have emerged as 
means with which to study the physiology and pathophysiology of human organs and 
tissues. Pluripotent human stem cells and their self-organizing capacities have been used 
to develop bowel, kidney, brain, retina and liver-bud organoids1,2. Additionally, animal and 
human tissue explants are used in long-term ex vivo culture. Intestines, intervertebral 
discs, pancreas and skin explants have been cultured to study biological and pathological 
processes2–6. Subsequently, these 3D culture systems are increasingly used to study 
therapies, for instance in prostate cancer7.

In addition to traditional drug-based approaches, tissue engineering aims to regenerate 
damaged or degenerated tissue and organs using cells or regeneration inducting factors. 
However, the fate and action of these cells after implantation are often hard to determine, and 
research will therefore benefit from longitudinal monitoring of cellular behaviour. Luciferase-
mediated bioluminescence imaging (BLI) is a non-invasive imaging technique which allows 
real-time in vivo monitoring of location and proliferation of luciferase-expressing cells8,9. 
BLI is based on the emission of photons produced during substrate conversion by luciferase 
enzymes. These photons can be detected by a cooled charged coupled device (CCD) through 
several millimetres of tissue. The considerable penetration depth, including cartilage and 
bone, and the higher signal-to-noise ratio of the BLI technique are marked advantages 
compared to conventional fluorescent cell viability assays which require laser excitation 
for cell visualization. Different dye methods used to determine cell viability require lysis 
or fixation of cells or tissue. This results in termination of the experiment, and therefore 
impedes longitudinal monitoring of cell viability within a single sample. Finally, BLI has been 
shown to be highly correlated to the above mentioned cell viability assays (for both Fluc 
and Gluc) and is therefore a well-established method for cell viability monitoring10,11. These 
advantages highlight the potential of BLI for longitudinal evaluation of cellular therapies in 
ex vivo tissue culture12. 

In vivo, bioluminescent imaging is only performed in small animal models13–17. Results found 
in small animals are often difficult to extrapolate to the human situation since they do 
not properly reflect the human physiology and/or dimensional conditions18. On the other 
hand, the size of large mammals impedes in vivo bioluminescent imaging due to the current 
penetration depth of BLI. The use of BLI in ex vivo organ culture systems offers a potent 
solution to overcome this problem.

Recently, we developed an ex vivo loaded disc organ culture system (LDCS), to study the 
physiology of intervertebral discs (IVD) and their response to mechanical loads4,19. This 
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system allows us to investigate the process of intervertebral disc degeneration, identified as 
an important etiological factor of low back pain20,21. In the LDCS goat IVDs are used as they 
are a representative model for the human IVD22. In addition, the LDCS allows for preclinical 
ex vivo evaluation of therapies aimed at tissue regeneration prior to actual in vivo animal 
experimentation23, without the problems related with the translation of small animal 
research to humans.

Mesenchymal stem cells (MSCs) are excellent candidates for regenerative therapies because 
of their relatively young age and multi-differentiation potential. Furthermore, studies directly 
comparing young and adult chondrocytes with age-matched MSCs showed that - based 
on aggrecan ultrastructure, ECM composition, and cellular proliferation - MSCs produce 
a superior cartilage-like neo-tissue compared to either young or adult chondrocytes24,25. 
Previous research showed successful luciferase reporter transductions of MSCs obtained 
from humans and animals13,26–28. In vivo, MSCs show promising results when transplanted 
into rat and rabbit IVDs, and these cells survive, differentiate, and increase the production of 
functional extracellular matrix, thereby arresting the degeneration process29–31. Furthermore, 
MSCs are easy to harvest in large quantities from adipose tissue and are therefore often 
used for tissue engineering purposes32.

The aim of the current study has been to evaluate the use of luciferase-mediated 
bioluminescence imaging for longitudinal monitoring of adipose derived mesenchymal 
stem cells injected in large mammal IVDs, cultured in an ex vivo organ culture system. We 
investigated the feasibility of commonly used luciferases: the intracellular Firefly luciferase 
(Fluc) and the naturally secreted Gaussia luciferase (Gluc) which can be detected in the cell 
as well as in the extracellular environment33. Additionally, possible confounders specific to 
avascular organ culture were investigated.

MATERIAL AND METHODS 

Cell Culture
Mesenchymal stem cells were isolated from subcutaneous adipose tissue, collected 
from skeletally mature Dutch female milk goats (age 3-5 years). Isolation of the stem 
cells was performed as described by Zuk et al34. The research protocol was approved 
by the Scientific Board and the Animal Ethics Committee of the VU University, and is in 
accordance with national guidelines and regulations. In brief, between 50 and 100 grams 
of tissue was harvested subcutaneously from the para-vertebral area. Adipose tissue was 
minced, washed in phosphate buffered saline (PBS, Life Technologies), and digested using 
1 U Liberase TM (Roche) per gram of tissue in PBS for 60 minutes at 37°C under gentle 
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shaking conditions. The digested tissue was filtered through a 100 µm mesh filter to 
remove residual extracellular matrix and to obtain a single cell suspension. The resulting 
single cell suspension, containing adipose stem cells, was diluted in Dulbecco’s modified 
Eagle’s medium (DMEM, Life technologies) containing 10% Hyclone fetal bovine serum (FBS, 
Thermo Scientific), Penicillin (10,000 units/ml), streptomycin (10 mg/ml) and amphotericin 
B (25 μg/ml) (1% PSF; Sigma Aldrich) and plated at 1-4 x 106 nucleated cells/cm2. Twenty-
four hours after seeding, culture medium was refreshed and goat adipose derived stem 
cells (gADSCs) were obtained by expanding the plastic adherent cells. As a positive control, 
U87 glioblastoma cells were cultured in DMEM complemented with 10% FBS and 1% PSF. 
All cells were grown in a humidified incubator at 37°C and 5% CO2. Medium was refreshed 
twice a week and upon reaching near-confluence cells were detached using 0.25% trypsin / 
0.1% EDTA (Life Technologies) and diluted for further culture. For all experiments involving 
gADSCs, we used early passage gADSCs (≤ passage 4).

Isolation of intervertebral discs
Spines of skeletally mature 3-to-5-year-old Dutch female milk goats were obtained from 
a local abattoir. Lumbar IVDs were dissected within 24 hours after sacrifice, as described 
by Paul et al4. Briefly, we dissected the intervertebral discs (T13-L1 to L5-L6) including the 
adjacent cartilaginous endplates under sterile conditions using an oscillating surgical saw. 
Excess ligaments and posterior elements were removed, and IVDs were cleaned to remove 
blood, and washed in PBS supplemented with 1% PSF. Using these IVDs, we bypassed the 
technological, ethical and financial challenges that are involved with laboratory animal 
experimentation.

Lentivirus production and transduction
The Gluc and Fluc lentivirus vector reporters co-encode the fluorescent genes Cyan 
Fluorescent Protein (CFP) and mCherry, respectively, as described elsewhere (Fig. 1A)10,35. 
To produce lentivirus particles, the lentivirus reporters were co-transfected with a third 
generation lentiviral packaging plasmid mix (pMDLg/pRRE, pRSV-Rev and pMD2.G, Addgene) 
in HEK293T cells using Lipofectamine 2000 (Life Technologies), according to manufacturer’s 
guidelines. Lentivirus particles were harvested two and three days after transfection and 
cell debris was spun down for five minutes at 1000 x G. We plated low passage gADSCs 
and U87 cells in 25 cm2 culture flasks and when the cultures reached ~60% confluence we 
transduced them with the Gluc-CFP or the Fluc-mCherry bioluminescent reporter gene 
with a multiplicity of infection 10-20. Transfection was achieved by washing the cells with 
PBS and subsequently adding 3 ml of lentivirus-conditioned medium. After an incubation 
period of four hours for the gADSCs, or overnight for the U87 cells we removed the lentivirus 
conditioned medium and washed the cells with PBS. Finally, we added fresh culture medium. 
We verified transduction efficiency by fluorescence microscopy (Leica) of the co-expressed 
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fluorescent reporters. gADSCs expressing Gluc and CFP are further mentioned as gADSC-GC. 
gADSCs expressing Fluc and mCherry are referred to as gADSC-FM. For the U87 cells the 
same terminology is used: U87-GC and U87-FM cells. 

 
Figure 1 | Methods for goat adipose derived stem cell imaging ex vivo. A| Schematic depiction of the Firefly 
luciferase (Fluc) reporter co-expressing mCherry and of the Gaussia luciferase reporter co-expressing Cerulean 
fluorescent protein (CFP). B| Schematic overview of the loaded disc culture system (LDCS) that we use to simulate 
the normal physiological conditions of the intervertebral disc (IVD). For details see Paul et al. 20124. C| Superior 
and lateral view of the goat IVD. Location of cell injection is depicted by “X” and needle track is shown by the black 
line.

In vitro bioluminescent activity measurements of Gluc and Fluc
To measure Fluc activity, we lysed the gADSC-FM with 100 µl Reporter Lysis Buffer (Promega) 
and three freeze-thaw cycles. Aliquots of 10 µl lysate were mixed with 40 µl of Luciferase 
Assay Reagent (Promega). Luciferase activity was measured immediately after mixing for 
two seconds using a tube luminometer (Berthold Technologies) and expressed as Relative 
Light Units (RLU). For Gluc activity, the Gluc substrate coelenterazine was prepared freshly 
by diluting the coelenterazine stock (Nanolight, 5 mg/ml in methanol) 1:1000 in PBS + 0.1% 
Triton X-100, to a final concentration of 5 µg/ml. A total of 10 µl of Gluc conditioned medium 
was collected from the cell culture of gADSC-GC cells, 40 µl coelentrazine was added and 
activity was measured as described above. To determine luciferase activity over time, 100, 
1000 or 10,000 gADSCs were plated in a 24 wells plate (n=3 per condition) and luciferase 
activity was measured 1, 4 and 7 days after initial plating. 
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Ex vivo bioluminescent imaging 
A total of 0.5 x 106 gADSC-FM, gADSC-GC, U87-FM or U87-GC cells was suspended in 50 µl 
DMEM. Cells were injected in the nucleus pulposus (NP) via the left lateral side, through the 
annulus fibrosus of the IVD using a 29G needle of 1 cm length (Fig. 1C). Pilot experiments 
to image Gluc and Fluc expressing cells in the IVD were performed to determine suitable 
substrate concentration and imaging conditions. We imaged Fluc activity by injecting 50 
µl of 30 mg/ml d-luciferin (Goldbio Technology) dissolved in PBS into the NP prior to each 
BLI measurement. Gluc activity was measured by injecting 50 µl of 1 mg/ml coelenterazine 
substrate in PBS + 0.1% Triton X100 prior to each BLI measurement. For both groups, 
luciferase activity was measured directly after substrate administration using the IVIS CCD 
camera (Perkin Elmer). Exposure times were 10 minutes for IVDs injected with Fluc reporter 
cells, and 30 seconds for IVDs injected with Gluc reporter cells. As a negative control we 
imaged IVDs injected with Fluc or Gluc substrate and as a positive control the high Fluc/
Gluc expressing U87 glioma tumor cells are run alongside in parallel experiments for ex vivo 
imaging of cells in IVDs. We analysed the images with Living Image software (Perkin Elmer) 
and activity was defined as the sum of all photons/second (p/s) detected within a defined 
region of interest (ROI). 

Repetitive substrate addition to reporter expressing cells 
We conducted the following experiments to determine the possible toxic effect of 
repetitive addition of the luciferase substrates on gADSC (i.e. d-luciferin for gADSC-FM and 
coelenterazine for gADSC-GC). gADSC-FM were seeded at 5000 cells/cm2 in complete culture 
medium, and bioluminescence activity was assessed after 1 and 4 days. Fluc substrate, 
d-luciferin, was diluted in complete pre-warmed (37°C) culture medium (to a concentration 
of 150, 250, 500 and 1000 µg/ml d-luciferin). The concentrations were selected based on 
the by Xenogen36 advised concentration for in vitro use of d-luciferin (150 µg/ml) and the 
amount of d-luciferin we injected in the IVD during the ex vivo experiments (1000 µg/ml). 
Directly before imaging, culture medium was aspirated from the cells, and the d-luciferin-
containing medium was added to the cells. Fluc activity was measured by determining 
photon count using a CCD camera for 30 seconds. Signal intensities were defined as the 
sum of all photons/second detected within a single well and values were normalized to 
the total amount of DNA per well. DNA content was quantified using the CyQuant GR 
(LifeTechnologies) assay according to manufacturer’s protocol. Cells were washed with PBS 
and lysed with 200 µl sterile Milli-Q and a freeze-thaw cycle. For the cells receiving the 
substrate repetitively, medium containing d-luciferin was not refreshed after imaging at day 
1. This way, we mimicked the ex vivo situation where d-luciferin is contained in the avascular 
IVD and is only partially eliminated through diffusion, which is a similar process to the slow 
nutrient exchange. 
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 determine the effect of repeated coelenterazine substrate administration on gADSCs, we 
cultured gADSC-GC at 5000 cells/cm2 and measured Gluc activity for 4 consecutive days. We 
added either coelenterazine (1 mg/ml or 5 µg/ml, i.e. ex vivo and in vitro concentrations), 
or methanol (equivalent amount to coelenterazine 1 mg/ml), dissolved in complete culture 
medium. As a negative control we added only complete culture medium to the cells. Similar 
to the Fluc imaging, culture medium was aspirated from the cells, coelenterazine-containing 
medium was added and Gluc activity was measured immediately for 30 seconds using CCD 
imaging. Culture medium containing coelenterazine or methanol was left on the cells after 
imaging. Gluc activity was normalized for the total DNA amount of the well, similar to the 
Fluc reporter cells as described above. 

Stability of secreted Gluc
Because the highly charged extracellular matrix and avascular nature of the IVD might limit 
excretion or degradation of secreted Gluc, the stability of Gluc in our ex vivo IVD organ was 
assessed. First, the stability and potential binding of secreted Gluc to the negatively charged 
proteoglycans of the NP matrix was determined using isolated NP explants that were 
obtained from goat IVDs. NP explants were isolated by the removal of one IVD endplate 
and subsequent NP resection. The explants were incubated in either 1 ml PBS or 1 ml PBS 
containing 0.25 U/ml Chondroitinase ABC (CABC) for 18 hours. CABC is an enzyme that 
degrades the proteoglycans (an extracellular matrix component of the nucleus), thereby 
mimicking the early changes in IVD degeneration37. After three washing steps of 2 hours 
in PBS, NP explants were incubated in complete culture medium. Thereafter, we injected 
NP explants with 50 µl of Gluc-conditioned medium, obtained from 5 x 106 U87-GC cells. 
The initial Gluc activity of the conditioned medium was 6.5 x 106 RLU, measured in 50 µl 
medium. Gluc activity in the NP explants was measured by adding 50 µl coelenterazine 
substrate (1 mg/ml) at various time points for a period of two weeks. Culture medium of the 
NP explants was refreshed at the days of imaging. In order to test the possible confinement 
of secreted Gluc within the complete IVD (including the annulus fibrosus and endplates), we 
injected IVDs either with 50 µl of Gluc conditioned medium or 0.5 x 106 U87-GC cells. We 
cultured the discs in the LDCS using the same conditions as described in the section below. 
Bioluminescence activity was measured at 1, 3, 5 and 7 days post Gluc injection, using the 
same imaging protocol as described in the section “ex vivo bioluminescence imaging”. 
Culture medium of the IVDs was refreshed at the days of imaging.

Imaging of gADSCs and U87 control cells in the IVD over time
We injected 0.5 x 106 U87-GC, U87-FM cells, gADSC-GC or gADSC-FM in the IVDs (n=4 for 
U87, n=8 for gADSC) and assessed BLI at day 1, 3, 5 and 7 after cell injection, as described in 
the section “ex vivo bioluminescence imaging” above. All discs were cultured in individual 
culture chambers in the LDCS (Fig. 1B) in DMEM supplemented with, 10% FBS, 1% PFS, 3.5 
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g/L glucose (Merck, final concentration 4.5 g/L), 25 mMol HEPES buffer (Life Technologies) 
and 50 µg/ml ascorbate-2-phosphate (Sigma Aldrich). Because IVD cell viability depends on 
loading, a simulated physiological loading (SPL) condition, consisting of a diurnal dynamical 
loading (1 Hz sinusoidal) regime as described by Paul et al. was applied to each IVD4. Culture 
medium of IVDs injected with gADSCs-GC and U87-GC was collected and secreted Gluc was 
measured using the luminometer as described in the “in vitro bioluminescence imaging”  
section above.

Histological analysis of IVDs
After the ex vivo experiment, we fixed the IVDs in 4% formalin for two weeks and decalcified 
them in Kristensen’s fluid for another two weeks. Midsagittal slices (3-5 mm) were cut from 
the midline of the IVD using a scalpel, processed for dehydration and embedded in paraffin. 
With a microtome, 3 micrometre thin sections were cut starting from the midsagittal line, 
stained with haematoxylin and eosin (H&E) and analysed using light microscopy.

Statistical analysis
Where applicable, data are presented as mean ± standard deviation for each experiment. 
Different experimental groups were compared and analyzed by a one-way analysis of 
variance (ANOVA) using SPSS Statistics software version 22 or Graphpad Prism version 6. A 
p-value <0.05 was considered statistically significant. 

RESULTS 

Transduction and characterization of gADSCs
We estimated the lentivirus vector transduction efficiency for both reporters (Fig. 1A) by 
fluorescence microscopy of CFP or mCherry expression to be ~60% for the gADSCs and 
~90% for the U87 cells (Fig. 2A). Expression of the fluorescent proteins in the U87 cells was 
increased compared to the gADSCs; therefore longer exposure times were needed for a 
clear visualization of CFP and mCherry in the gADSCs. In different in vitro experiments we 
characterized the expression of Firefly and Gaussia luciferase by the transduced gADSCs. 
Luciferase activity was found to be proportional to the amount of cells (Fig. 2B). In addition, 
an increase of luciferase activity over time was measured for both gADSC-FM and gADSC-GC 
(Fig. 2C), indicating cell growth. We confirmed this by counting cells. Fluc half-life is relatively 
short (about 4 hours38) compared to the in vitro Gluc half-life (about six days39). Since Gluc is 
also secreted from the cells into the culture medium, it can easily accumulate over time (Fig. 
2C). Taken together, this results in a cumulative effect for Gluc and a subsequent steeper 
slope for Gluc activity compared to Fluc activity. 
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Microscopic analysis showed no significant effect of the lentivirus transduction on the 
morphology of the gADSCs. When we expanded the gADSCs for more than four passages, 
both the transduced and non-transduced cells started to spread out and showed increased 
stress fibre content. Therefore we decided to use only low passage gADSCs (P<4) , not 
showing any stress fibres, for all experiments. 

 
Figure 2 | Characterization of goat adipose derived stem cell and U87 reporter cells.  A| Fluorescent microscopy 
overlay images of U87 cells and gADSCs expressing Fluc-mCherry (FM) or Gluc-CFP (GC). Bars represent 100 µm. B, 
C, D | Fluc reporter and Gluc reporter measurements of gADSC cells in vitro. Measurements are in triplicate and 
error bars represent SD. B| Different amount of cells were plated and one day later, Fluc and Gluc activity was 
measured. C| Gluc and Fluc activity was measured over the time of seven days. D| gADSC cells were plated and 
counted over the time of seven days to analyze growth rates. E| Bioluminescence imaging with a CCD camera of an 
IVD injected with U87-GC, U87-FM, gADSC-GC and gADSC-FM. Imaging was performed directly after injection of 
the reporter cells. Scale bar represent bioluminescence in relative light units (RLU).

Finally, the lentivirus vector transduction did not negatively influence the proliferation rate 
of the gADSCs over time (Fig. 2D), since the proliferation rate of the gADSC-FM and gADSC-
GC showed a similar increase to non-transduced cells (gADSC-ctrl). Comparable results with 
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U87 cells were described earlier40. We conclude that lentivirus vector transduction does 
not alter gADSC morphology or growth properties and we can therefore use both Fluc and 
Gluc as reporters to monitor gADSC viability and proliferation. 

Imaging U87 and gADSC cells in IVDs
First, we determined if the bioluminescent signal of the cells could be detected by the 
CCD camera through the IVD endplate. We started by injecting 0.5x106 U87-FM or U87-GC 
reporter cells in IVDs. U87 cells have a high lentivirus vector transduction efficiency and 
explicit expression of the reporters. We therefore expected these cells to be easily detectable 
using BLI. Cell injection was directly followed by injection of the respective substrates and 
bioluminescent signals of both reporter cell lines could be detected in intact IVDs (Fig. 2E). 
BLI activity for Fluc and Gluc signals differed greatly, with Fluc activity in the order of 107 
photons per second (p/s) and Gluc activity in the order of 5x109 p/s. 
When we injected 0.5x106 gADSCs, we were also able to detect a bioluminescent signal 
in the IVDs (Fig. 2E). The activity of gADSCs was comparable to the U87 cells signals, with 
measured activity in the order of 107 p/s for Fluc and 5x109 p/s for Gluc. This experiment 
demonstrated that it is indeed possible to capture the emitted photons externally after 
passing through the cartilaginous endplate and small part of the vertebral body (~3.5mm 
of tissue).

Cell viability and Fluc and Gluc activity after repetitive substrate addition to reporter 
expressing cells 
Because the IVD is avascular, excess substrate and reaction products are not readily 
eliminated from the IVD. We therefore tested the effect of repetitive addition of the luciferase 
substrates on gADSCs. For the gADSC-FM no significant differences in amount of DNA for 
all groups were found both on day one and day four (p=0.166 and p=0.185 respectively), 
indicating there is no adverse or toxic effect as a result of repetitive addition of the substrate 
to the cells (data not shown). However, we did observe a decrease in Fluc activity per cell 
when the gADSC-FM received the substrate repetitively (Fig. 3A). This decrease in activity 
was also shown to be dependent on the dose substrate cells received previously. Cells that 
received 500 or 1000 µg/ml substrate on day one showed a significant decrease in Fluc 
activity on day four (p=0.007, p=0.003, respectively, Fig. 3A). We conclude that, while there 
is a decrease in Fluc activity after repetitive substrate addition to the Fluc reporter cells, this 
decrease in activity cannot be explained by substrate toxicity to the cells.

For the Gluc substrate coelenterazine, we observed a significant decrease in DNA content after 
repeated addition of the high concentration substrate (1 mg/ml) to gADSC-GC (p=0.001, Fig. 
3B). DNA content of the gADSC-GC that repetitively received a low concentration substrate 
(5 µg/ml) increased over time, although total DNA content was lower compared to the cells 
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that only received a single dose of substrate on day 4. The decrease in DNA content cannot 
be due to the dissolvent (methanol), since cells receiving an equal amount of methanol 
but without coelenterazine did not show a decrease in DNA content (Fig. 3B). The total 
Gluc activity per cell remained constant (data not shown). These results indicate a dose-
dependent toxic effect of the Gluc substrate coelenterazine, mainly due to coelenterazine 
rather than the methanol dissolvent. 

Figure 3 | Repeated Fluc and Gluc substrate addition to goat adipose derived stem cell. A| Fluc substrate 
was repeatedly added to gADSC-FM cells and bioluminescent activity was measured 1 and 4 days after initial 
plating, with different concentrations of Fluc substrate on day 1 and the same concentration on day 4. Measured 
activity was normalized for the amount of DNA per well. B| Gluc substrate in two different concentrations (high 
substrate: coelenterazine 1 mg/ml and low substrate: coelenterazine 5 µg/ml) or methanol was added to gADSC-
GC cells. Bioluminescent activity was measured 1 and 4 days after initial plating. DNA contents of all groups were 
measured. A, B| Experiments were performed in triplicate, data are represented as mean ± SD, * statistically 
significant different (p<0.05), ** (p<0.01).

Gluc does not bind to the extracellular matrix of the NP and is not confined within the IVD. 
Because secreted Gluc is not removed by circulation in the avascular IVD and is only 
eliminated by diffusion, knowledge of its stability in our ex vivo IVD organ is necessary to 
correlate Gluc expression to cell viability. To study potential binding of Gluc to the negatively 
charged proteoglycans in the NP matrix, we injected medium containing secreted Gluc to 

4

78



NP explants and followed Gluc activity for 15 days. When measuring Gluc activity over time, 
we could not observe a significant difference between the CABC degenerated NPs and the 
control NPs (Fig. 4A). During the first three days, there was a trend towards higher Gluc 
activity in the control NPs over the CABC treated NPs, but this non-significant difference was 
diminished after day three. Therefore we conclude that the possible binding of Gluc to the 
negatively charged proteoglycans of the nucleus pulposus forms no significant problem in 
Gluc imaging in IVDs.

Figure 4 | Stability of Gluc in the IVD. A| Gluc containing medium was injected and imaged in NP explants 
with or without pre-treatment with proteoglycan degrading Chondroitinase ABC. B| IVD injection of medium 
containing secreted Gluc or Gluc expressing U87-GC cells. Gluc activity was determined on specified time 
points. C| Representative BLI pictures of Gluc activity over time. Scale bars represent bioluminescence (RLU). 
Experiments were performed in triplicate, data are represented as mean ± SD.

To investigate if secreted Gluc is stable and confined within the intact IVDs, we compared 
IVDs injected with a single dose of medium containing secreted Gluc with IVDs injected 
with Gluc secreting U87-GC cells. Near background Gluc activity could be observed in the 
IVDs injected with Gluc conditioned medium for at least seven days (Fig. 4B, 4C) whereas 
in the isolated NP explants, activity could be monitored for barely three days (observed on 
BLI images, data not shown). The Gluc activity of IVDs injected with U87-GC cells clearly 
remained higher compared to the IVDs injected with medium containing secreted Gluc 
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for the first seven days post-injection (Fig. 4B, 4C). Gluc expressing cells in IVDs displayed 
a detectable and quantifiable dynamic range of Gluc activity while the Gluc activity of 
conditioned medium remained stable but low over time. This result suggests that changes 
in Gluc activity can be monitored over time and is not significantly hampered by residual 
Gluc stability. 

Imaging of gADSCs and U87 cells in the IVD over time
For longitudinal monitoring of luciferase expressing cells injected in the IVD, we initially 
imaged the U87 reporter cells. The U87-GC cells injected in IVDs and cultured in the LDCS 
showed a strong bioluminescent signal that could be monitored up to the seventh day 
after cell injection (Fig. 5A). The U87-FM cells injected in the IVD showed a very low (near 
background) signal that was scattered over the entire disc (Fig. 5A). As with the U87 cells, a 
strong bioluminescent signal was found for the gADSC-GC whereas the gADSC-FM showed 
a low background signal (Fig. 5A). The initial signal of the gADSC-GC was lower compared to 
the U87-GC, however, it was more stable over time (Fig. 5A, 5B). Gluc could not be detected 
in the 50 ml culture medium obtained from the individual culture chambers of the LDCS, 
either for U87-GC cells nor for gADSC-GC injected IVDs. This might be due to the relative 
large volume of the culture medium compared to the amount of Gluc produced by the 
luciferase positive cells.

Clusters of cells can be observed in IVDs injected with gADSC-GC, gADSC-FM, U87-GC and 
U87-FM cells
We processed the IVDs injected with gADSC-GC, gADSC-FM, U87-GC and U87-FM cells for 
histological viewing after a culture period of seven days and bioluminescent imaging. We 
could clearly observe a void within the nucleus pulposus of injected IVDs. No such voids 
were observed in sections of control discs. Therefore, we consider these voids to be due to 
injections of cells and substrate in the NP. Inside these voids we could clearly identify clusters 
of cells that were not found in control IVDs (Fig. 5C, 5D). Moreover, the gADSCs showed a 
more organized pattern and intact morphology compared to the scattered distribution for 
U87 cells, suggesting an increased cell loss within the clusters in the U87 cells (Fig. 5C, 5D). 
This corresponds to the reduction of BLI signal for the U87-GC cells.

DISCUSSION 

In this manuscript we aimed to determine the feasibility of using bioluminescent imaging 
of adipose derived stem cells to monitor and evaluate cell fate and distribution in ex vivo 
culture. In this study the IVD serves as an example of an ex vivo organ culture. We evaluated 
the use of two different luciferases - the intracellular sequestered Firefly luciferase (Fluc) 
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and the naturally secreted Gaussia luciferase (Gluc) - for longitudinal cellular imaging within 
a single sample. We conclude that the Gluc reporter is more suitable for imaging gADSCs in 
the IVD, as it shows a stable signal for up to seven days. After at least seven days of culture, .

Figure 5 | Injection of U87-FM, U87-GC, gADSC-FM and Gluc-GC reporter cells in intervertebral discs ex vivo. A| 
Representative BLI images of luciferase activity of IVDs injected with U87-GC, U87-FM, gADSC-GC or gADSC-FM. 
Imaging was performed 3, 5 and 7 days after injection of the reporter cells. Scale bars represent bioluminescence 
(RLU). B| Quantification of bioluminescent signals. Data are represented as mean ± SD, n=4 for U87 cells and n=8 
for gADSCs. C| Bright field microscopy of H&E staining of IVDs injected with U87-GC, U87-FM, gADSC-GC and 
gADSC-FM reporter cells. Controls are IVDs without injected cells. Bars represent 100 µm. D| Magnification of 
selected images from C showing a more organized pattern and healthy appearance for the gADSCs. Bars represent 
100 µm.

histological analysis verified the presence of intact cells inside the IVD. On the cellular level, 
we observed a lower bioluminescent signal in gADSCs compared to the U87 cell line. This 
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can be expected since tumor cells have a much higher metabolism and activity compared 
to gADSCs. Also the higher transduction efficiency of U87 cells compared to gADSCs is 
reflected in the increased BLI signal. On the reporter level, we found lower BLI signals for 
the Fluc than for the Gluc reporter in our in vitro assays. This could possibly be explained 
by the differences in gene sensitivity as the Gaussia luciferase produces a 2,000-fold higher 
bioluminescent signal compared to the Fluc reporter39. Moreover, the long half-life of Gluc 
in culture medium results in a cumulative effect39 (Fig. 2C). 

A striking observation was the finding that luciferase activity of Fluc-expressing gADSCs 
decreased significantly after repeated administration of substrate in vitro. This decrease 
in activity could not be explained by a toxic effect of the substrate on the cells. We can 
only speculate about the exact mechanism that causes this decrease, although a change in 
cell membrane permeability for d-luciferin after initial contact could be a possible cause. 
Another hypothesis is a negative effect due to a possible accumulation of the residual 
oxyluciferin after the luciferase oxidation reaction. In contrast to Fluc, a dose-dependent 
toxic effect was observed for the Gluc substrate coelenterazine in vitro. 

The in vitro experiments, nevertheless, appear to be an aggravated simulation of the ex vivo 
IVD culture. Diffusion in the NP upon injection will lower the local substrate concentration 
over time, enhanced by mechanical loading of the IVD. The limited effect of Gluc substrate 
toxicity is supported particularly by the healthy appearance of the gADSCs cells in the IVD 
(Fig. 5C, 5D). The decreased viable appearance and morphology of the U87 tumor cells, 
which have a much higher metabolism and anabolic activity compared to gADSCs, may be 
the result of a “transition shock” after injection in the hostile environment of low nutrition 
and oxygenation within the IVD. These harsh conditions may also explain the observed 
lower BLI signals for the Fluc reporter compared to the Gluc reporter ex vivo (Fig. 5A). Both 
the Fluc and Gluc reporters need O2 for substrate conversion, but Fluc is also dependent 
on ATP and Mg2+, elements likely scarce in the avascular IVD due to the minimal exchange 
of nutrients and other substances41,42. Furthermore, the intracellular localization of Fluc 
might also impair photon conversion. For in vitro assays, cells are usually lysed before Fluc 
activity is determined, thus interaction of the enzyme with the substrate may be considered 
optimal, while in the case of intact cells, either in vitro or in the IVD, the substrate-Fluc 
interaction may be hampered. In contrast, when Gluc is synthesized, it is also secreted into 
the external milieu, and thus likely enhancing substrate conversion and higher BLI signals.

Possible confounders in our study could be the containment of secreted Gluc in the IVD 
through binding to the extracellular matrix or entrapment within the intact IVD. We were able 
to show that Gluc is not efficiently bound in the nucleus pulposus (NP) by the proteoglycans 
(Fig. 4A). When comparing Gluc expressing cells with Gluc conditioned medium, an increase 
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in BLI signal is observed for the U87-GC cells injected in the IVD (Fig. 4B). Although a direct 
comparison between Gluc expressing cells and Gluc conditioned medium is difficult, a stable 
Gluc production by the injected cells is indicated by two results: First, only intracellular Gluc 
could be present in the cells at the moment of injection, while a clear and high BLI signal 
could be observed after one day in situ, indicating Gluc production by the cells. Secondly, 
even though the injected Gluc expressing cells represent a relatively larger volume of cells 
compared to injected amount of Gluc conditioned medium this could not explain the whole 
150-fold increase in BLI signal. While the BLI signal of the injected Gluc-conditioned medium 
remains essentially unchanged and low over time (Fig. 4D), the BLI signal of the Gluc 
expressing cells decreases. This decrease indicates that dynamic Gluc activity can readily 
be detected in the IVD and can be the result of a reduction in cell viability. Reduction of BLI 
signal is predominantly observed in U87 cells, gADSCs showed a far more stable albeit lower 
Gluc signal (Fig. 5B). This is in line with the decreased cell quality observed in the histological 
evaluations (Fig. 5C, 5D). Together, these data indicate that that gADSCs are more able to 
cope with the hostile IVD environment, and that Gluc can be used as a reporter for stem cell 
imaging in large animal IVDs. 

Although the described method in the current study shows great potential and many 
alternative applications, some limitations have to be considered concerning the current 
set-up of this system. The adipose derived stem cells receive the luciferase reporters via 
transduction by a lentivirus vector. The use of lentivirus vector is an unspecific approach 
with viral integration in multiple genomic loci and could therefore result in unpredictable 
genetic modifications and subsequent off-target genetic aberrations and phenotypes of the 
host cells. However, in multiple lentivirus vector transductions we did not find any signs of 
differences in cell viability, proliferative capacity or differences in experimental outcomes, 
implying that this undesired genetic modification is unlikely to occur. Nevertheless, only 
a complete genomic analysis will provide certainty. Also, the loaded disc culture system 
is a model system for the intervertebral disc, and although demonstrated to maintain 
the IVD native properties for over three weeks, it is limited in experimental duration and 
immune competency compared to the in vivo situation. The complexity of the assembly of 
the loaded disc culture system entails the risk of bacterial contamination after consecutive 
measurements. Despite these limitations we suggest that the use of an ex vivo organ culture 
allows longitudinal non-invasive real-time monitoring of (stem) cells in organs and complex 
tissues located in the deeper areas of the body. 

Two previous studies reported on the use of bioluminescence imaging for cellular therapies 
for the intervertebral disc. Omlor et al.43 used Fluc to monitor cellular activity of autologous 
mesenchymal stem cells injected in the porcine IVD. Three days after cell injection, Fluc 
activity was measured by pulverizing the NP and subsequent lysis of the cells. Fluc activity 
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was largely reduced, as shown similarly in the current study. In contrast to our study, lysis of 
the cells in the study of Omlor et al. did not allow further monitoring of cell activity within a 
single sample. Francisco et al.17 transduced porcine NP cells with Fluc. These labelled porcine 
cells were injected in rat IVD explants and Fluc activity was monitored for 14 days. After in 
vivo injection of Fluc expressing porcine cells in the rat IVD, BLI signal was only assessed 
after 15 hours, without longitudinal follow-up. Not only is a different cell type used (NP cells 
versus gADSCs in the present study), but the rat IVD used in the study by Francisco et al. is 
also not comparable to the human IVD. The small size of the rat IVD favors nutrient diffusion 
and BLI signal detection. Furthermore, murine IVDs have different biomechanical properties 
and also retain their notochordal cells in adult life44. These cells are considered stem cell-like 
NP precursor cells and could therefore create a more suitable microenvironment for the 
injected reporter cells. Thus, although ex vivo BLI imaging in the IVD is not new, the current 
study is the first to show longitudinal monitoring of gADSCs in large animal IVDs.

The application of ex vivo imaging of cells, in particular ADSCs and tumor cells, is of interest 
for the all organ culture models, as it gives insight in the physiology, pathophysiology and 
therapeutic response. However, the demonstrated cell imaging in intervertebral discs 
can be interpreted as a worst-case scenario compared to other tissues because of the 
a-vascularity and subsequent physiological scarcity of nutrients. Therefore, extrapolation of 
feasibility to highly vascularized organs such as bowel wall, prostate and liver seems highly 
plausible. However, use of BLI ex vivo is influenced by containment of luciferase and toxicity 
of substrate that should be investigated and considered for every specific tissue.

CONCLUSION

In this manuscript we propose live stem cell bioluminescent imaging as a promising tool 
for the understanding of cellular behaviour of large animal organs, studied in 3D organ 
cultures. We were able to image luciferase-expressing U87 glioma cells and primary gADSCs 
transplanted in an ex vivo organ culture i.e. the goat IVD. The Gluc expressing gADSCs show 
a stable BLI signal over time after injection in the IVD. Furthermore, we investigated a range 
of possible confounders that could interfere with the bioluminescent imaging of gADSCs 
in IVDs. Table 1 gives a comprehensive overview of the advantages and disadvantages of 
Gluc and Fluc bioluminescent reporters. We aim to use this imaging method for longitudinal 
investigation of the fate and behaviour of gADSCs in the IVD, in order to gain a better 
understanding of their behaviour in, and interactions with the native cells and matrix in the 
IVD and ultimately optimize their regenerative capacities. Also, using this setup one is able 
to circumvent the technological, ethical and financial challenges that are involved with life 
animal experimentation and imaging.
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 Table 1 | Overview of the advantages and disadvantages of Firefly and Gaussia luciferase

Gaussia luciferase
Advantages Disadvantages

Luciferase oxidation reaction does not re-
quire ATP or Mg2+

Luciferase oxidation reaction requires O2

Long stability of secreted Gluc in vitro
Coelenterazine substrate toxicity

Firefly luciferase
Advantages Disadvantages 

Contained within the cells Substrate needs to enter the cells
d-luciferin substrate not toxic Luciferase oxidation reaction requires O2, 

ATP and Mg2+

Short half-life Requires long photon measure time
Photons emitted have a larger wavelength 
= less energy and penetration depth 4
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ABSTRACT 
 
Intervertebral disc (IVD) degeneration is etiologically associated with low back pain, and is 
currently only treated in severe cases with spinal fusion. Regenerative medicine attempts 
to restore degenerated tissue by means of cells, hydrogels and/or growth factors and 
can therefore be used to slow, halt or reverse the degeneration of the IVD in a minimally 
invasive manner. Previously, the growth factors bone morphogenetic proteins 2 and 7 
(BMP-2, -7) were shown to enhance disc regeneration, in vitro and in vivo. Since BMPs 
have only a short in vivo half-life, and to prevent heterotopic ossification, we evaluated 
the use of a slow release system for BMP-2 homodimers and BMP-2/7 heterodimers for 
IVD regeneration. BMP growth factors were conjugated to a fibrin/hyaluronic acid (FB/
HA) hydrogel and intradiscally injected in a goat model of mild IVD degeneration to study 
safety and efficacy. Mild degeneration was induced in 5 lumbar discs of 7 adult Dutch 
milk goats, by injections with the enzyme chondroitinase ABC. After twelve weeks, discs 
were treated with either FB/HA-hydrogel only or supplemented with 1 or 5 μg/ml of BMP-
2 or BMP-2/7. BMPs were linked to the FB/HA hydrogels via a transglutaminase moiety, 
to be released via an incorporated plasmin cleavage site. After another twelve weeks, 
goats were sacrificed and discs were assessed using radiography, MRI T2* mapping, and 
biochemical and histological analyses. All animals maintained weight throughout the study 
and no heterotopic bone formation or other adverse effects were noted during follow-up. 
Radiographs showed significant disc height loss upon induction of mild degeneration. MRI 
T2* mapping showed strong and significant correlations with biochemistry and histology as 
shown before. Surprisingly, no differences could be demonstrated in any parameter between 
interventions groups. To our knowledge, this is the first large animal study evaluating 
BMPs conjugated to an FB/HA-hydrogel for the treatment of mild IVD degeneration. The 
conjugated BMP-2 and BMP-2/7 appeared safe, but no disc regeneration was observed. 
Possible explanations include too low dosages, short follow-up time and/or insufficient 
release of the conjugated BMPs. These aspects should be addressed in future studies. 

 

KEYWORDS

Bone morphogenetic protein – intervertebral disc – regenerative medicine – fibrin hyaluronic 
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INTRODUCTION

Low back pain has been the worldwide leading cause of years lived with disability for 
several decades according to the Global Burden of Disease Study1. Intervertebral disc (IVD) 
degeneration has – among other contributing factors – been established as an important 
etiological feature of low back pain2. Standard medical care for severe painful disc 
degeneration currently consists of conservative therapy for pain reduction, physiotherapy 
and invasive surgical procedures like spinal fusion3. However, conventional clinical practice 
has not yet provided an elegant, minimally invasive treatment modality for disc degeneration 
at an early stage. Regenerative medicine aims to address disc degeneration at an early 
stage, where (stem) cells, extracellular matrix-supporting hydrogels and/or growth factors 
are promising candidates to slow, halt, or reverse the degenerative process4–6. In addition, 
these promising solutions can be executed using minimally invasive procedures, and will 
therefore  prevent high surgical costs while maintaining or improving quality of life. 

Bone morphogenetic proteins (BMPs), a widely used group of growth factors, are anabolic, 
multipotent proteins that are involved in skeletal development and repair7,8. Besides their role 
in osteogenesis, BMPs also play an important role in chondrogenesis and the maintenance 
of the extracellular matrix of articular and IVD cartilage9. Several research groups have 
investigated the regenerative potential of BMPs for IVD applications, both in vivo and in vitro. 
BMP-2 has been demonstrated to increase extracellular matrix expression and synthesis 
in rat, bovine and human IVD cells, without expression of an osteogenic phenotype10–14. 
Similarly, BMP-7 has been shown to promote extracellular matrix metabolism in rat and 
rabbit IVD cells15,16. Also a beneficial effect of BMP-7 on human nucleus pulposus (NP) and 
annulus fibrosis (AF) cells was identified, as demonstrated by an increased cell proliferation 
and proteoglycan synthesis17. However, although proteoglycan production increased over 
time, this effect was slower than observed in rabbit and bovine NP and AF cells receiving 
a similar dose of BMP-715,18. In vivo, intradiscal injection of adenoviral vectors carrying 
the BMP-2 gene slowed down IVD degeneration in a rabbit annular puncture model7. In 
addition, injection of BMP-7 increased disc height and proteoglycan content in both an 
annular puncture and enzymatically degenerated disc rabbit model5,19. 

BMP-2 has also been applied for lumbar interbody fusion to induce bone formation, 
but this has led to severe adverse effects, including heterotopic ossification, 
retrograde ejaculation and possible increased risk of malignancy20–22. Heterotopic 
bone formation following lumbar spinal fusion supplemented with BMP-2 or  
BMP-7 is described in several studies with varying incidence rates23–26. A systematic review in 
2010 reported a mean rate of 8 % (range 0 - 75 %) for heterotopic bone formation associated 
with BMP use in lumbar spine surgery22. Here it should be mentioned that the studies in 
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which these complications were reported used high doses of BMPs (3.5-12 mg BMP per 
treated level). 

To enhance IVD regeneration but avoid heterotopic ossification outside of the intervertebral 
disc, slow release drug delivery systems may be applied. Moreover, the delayed regenerative 
inductive response of human IVD cells to BMP-7 and the short in vivo circulation times 
of BMPs imply an advantageous effect of a prolonged exposure to BMPs27. One suitable 
slow release system employs covalent incorporation of BMPs using transglutaminase (TG) 
crosslinking into a hydrogel of fibrin and hyaluronic acid (FB/HA). This FB/HA hydrogel has 
previously been shown to support NP cell function and restores disc height and compressive 
stiffness ex vivo28. In vitro experiments demonstrated that covalently bound BMPs can be 
retained in fibrin hydrogels until released by cells through an included plasmin-cleavable 
site29,30. Treatment of a critical-size cranial defect in rats with this BMP-2 coupled to a fibrin 
gel induced 76 % more bone formation compared to the wild type rhBMP-229. A recent 
study reproduced these findings, and also demonstrated that the BMP-2/7 heterodimer 
conjugated to a fibrin hydrogel was more efficacious compared to the commonly used BMP-
2 homodimer in a similar rat calvarial defect30.

This study evaluated the safety and efficacy of a novel slow release BMP technology for IVD 
regeneration in a previously validated goat IVD degeneration model31. After induction of mild 
IVD degeneration with Chondroitinase ABC, intradiscal injections of 1 or 5 µg/ml of either 
BMP-2 or BMP-2/7, covalently conjugated to the FB/HA hydrogel, were performed. After a 
follow-up time of twelve weeks, safety and efficacy were assessed using multiple outcome 
parameters (radiography, MRI T2* mapping, and biochemical and histological analyses). 
Besides a dose response effect, this setup also allowed a comparison in effectiveness 
between the BMP-2 homodimer and the BMP-2/7 heterodimer for IVD  regeneration. 

MATERIAL AND METHODS

Animals and surgical procedure
Both the scientific board and the Animal Ethics Committee of the VU University Medical 
Centre approved the research protocol. Seven skeletally mature female Dutch milk goats 
(average age: 3.8 ± 1.5 years) with an average weight of 74 ± 11 kg were used for this 
study. All goats underwent two surgeries: in the first procedure, lumbar intervertebral 
discs (L1L2 – L5L6) of each goat were injected with 0.25 U/ml chondroitinase ABC (CABC) 
dissolved in PBS using a 29G needle, while another disc (T13L1) was left as a healthy 
control. CABC cleaves proteoglycans and thereby mimics disc degeneration, as validated 
previously in our group31. During the second procedure, twelve weeks later, IVDs were 
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injected with the FB/HA hydrogels supplemented with either BMP-2 or BMP-2/7 in two 
concentrations or with hydrogel only (vehicle control), prepared as described below. After 
the second surgery, goats were monitored for twelve weeks at which point they were 
sacrificed, and lumbar spines (T13 – L6) where harvested for further analysis.

Production of BMPs and crosslinking to a hydrogel carrier
In the present study, a fibrinogen-hyaluronic acid (FB-HA) conjugate was used as a carrier 
for the BMP-2 and the BMP-2/7 dimers. Recombinant human BMP-2 (rhBMP-2) containing 
extra amino acids for transglutaminase crosslinking (TG) and plasmin cleavage sites (pl) at 
the N terminus was produced as described previously29,32. Briefly, the DNA encoding for the 
TG and pl amino acids were cloned into a plasmid containing the genetic sequence rhBMP-2 
(pET23aBMP2 vector) and transfected into the E. Coli bacteria. TG-pl-BMP-2 monomers 
were produced with standard protein expression procedures. Obtained monomers were 
purified via affinity and size exclusion chromatography, subsequently refolded and in a 
final purification step dimers were separated from monomers and unfolded growth factors 
(Fig. 1). For the production of the TG-pl-BMP-2/BMP-7 heterodimer, rhBMP-7 was added 
during refolding and dimerization (Fig. 1, step 4). Final concentrations of the produced TG-
pl-BMP-2 proteins and TG-pl-BMP-2/BMP-7 were determined. The engineered fused growth 
factors are henceforth mentioned as TG-BMP-2 and TG-BMP-2/7. FB/HA conjugates were 
synthesized by the reaction of a buffered fibrinogen solution with an HA active ester solution 
using HA with a molecular weight of 235 kDa, and the ratio FB/HA was 17:1 (ProCore Bio Med 
Ltd. Ness Ziona, Israel)28. TG-BMPs were mixed in a thrombin solution (5.2 U/ml). Just before 
injection, FB/HA conjugates and the TG-BMP containing thrombin solution were mixed and 
injected into the IVD before polymerization. For each TG-BMP, two different concentrations 
were used, with a final concentration of TG-BMP in the hydrogels of 1 or 5 µg/ml.

Radiological analysis
Before both surgeries and autopsy, standardized lateral lumbar radiographs were obtained. 
For each IVD a disc height index (DHI) was calculated as previously described33. In short, 
height of the IVD and adjacent caudal vertebral body was measured by averaging three 
measurements. DHI was then calculated by dividing the average IVD height by the vertebral 
body height, thus correcting for inter-animal size differences. 

Magnetic Resonance Imaging
MRI scans were acquired from all lumbar spines within 2-3 hours after autopsy using a 
1.5T MR scanner (Magnetom Symphony, Syngo MR VA30; Siemens Healthcare, Erlangen, 
Germany). Sagittal scans were performed using a T2-weighted turbo spin echo (TSE) 
sequence, followed by a multi-echo gradient echo (GRE) sequence for T2* mapping (echo 
times of 5.7, 10.9, 16.05, 21.2 and 26.4 ms) as recently described and validated in our
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Figure 1 A| Schematic overview of the engineered TG-BMP-2 homodimer, containing two transglutaminase (TG) 
crosslinking sites and two plasmin (pl) cleavage sites B| Schematic overview of the engineered TG-BMP-2/BMP-7 
heterodimer C| Production of the TG-BMP2 homodimer and TG-BMP2/7 heterodimer. Starting with the engineering 
of a BMP-2 plasmid vector containing two extra amino acid sequences; transglutaminase for crosslinking the BMP-2 
onto the fibrin and a plasmin site to allow enzymatically cleaving off the growth factor from the fibrin. 

group34. T2* relaxation times were calculated by fitting the signal intensities of the five echo 
times, for 5 regions of interest (ROI) covering the IVD from anterior to posterior. The ROIs 
were drawn in a similar manner for all discs, according to a proportional division; ROI 1 and 
3 covered 27.5 % of total disc diameter whereas ROI 2,4 and 5 each covered 15 %. This way 
ROI 1, 3 and 5 represent the anterior AF, NP and posterior AF, respectively. ROIs 2 and 4 
represent the transition zones between NP and AF and were not used for further analysis. 
By copying the ROIs drawn in the first series into the subsequent series, ROI size and position 
were kept equal for all echo times. T2* relaxation times were calculated by fitting the echo 
time intensities using a linear-log least-squares method using Microsoft Excel (Microsoft® 
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Office 2010).

Histological evaluation
After obtaining MR images, all lumbar IVDs (T13L1 – L5L6) including endplates were 
dissected from the spine and a 4 mm paramidsagittal slice was obtained using a band saw 
(Exakt, Norderstedt, Germany). Sections were fixed in 4 % formaldehyde, decalcified in 
Kristensens fluid, cut into 3 µm thin sections using a microtome and stained with H&E and 
Alcian Blue-Periodic Acid Schiff (AB-PAS). Sections were analysed using light microscopy 
and degeneration grading was scored by two blinded independent researchers on different 
parameters optimized for goat IVD degeneration as described and validated previously33. 
Differences in scoring between the observers were resolved by consensus, resulting in a 
final histological score ranging between 0 (healthy) and 6 (severely degenerated disc). 

Biochemical analysis
Tissue samples for biochemical analysis were obtained from an adjacent slice to the 
histological section; anterior AF, NP and posterior AF were harvested, i.e. from MRI ROI 1, 3 
and 5, respectively. Samples were freeze-dried (speedvac) and subsequently digested in 1.5 
ml papain-digestion buffer containing 0.1 M sodium acetate, 0.01M L-Cysteine, 0.01 M EDTA 
after which pH was titrated to 6.6 using 1 M NaOH and finally 0.33 % (w/v) papain was added 
to the solution (all Merck Millipore, Billerica, MA, USA). Samples were digested overnight 
in a continuously shaking water bath  at 65 °C. Papain digestion solutions were diluted 
and glycosaminoglycan (GAG) content was analysed using a DMMB assay (Biocolor Ltd., 
Carrickfergus, UK) according to manufacturer’s protocol. The collagen content, expressed 
as the total amount of hydroxyproline (HYP), was quantified using a DMBA hydroxyproline 
assay as described by Paul et al.35. Measured amounts of GAG and HYP content were 
expressed in micrograms per milligram tissue dry weight (DW).

Statistical analysis
The results of the DHI were analysed using a Wilcoxon signed rank test. Outcome 
parameters were compared and analysed by a one-way analysis of variance (ANOVA) using 
a Tukey post-hoc test for parametric data and Kruskal-Wallis test for non-parametric data. 
Linear regression analyses between MRI T2* relaxation times and biochemical content 
and histological grades were performed. Correlations between variables were analysed for 
statistical significance using Spearman’s rho (ρ) coefficients. Correlations were considered 
strong for ρ>0.7, moderate for 0.5<ρ≤ 0.7, and weak for ρ≤ 0.5 and significant for p<0.05. 
All data was also analysed using linear mixed models, where goat was included as a random 
factor. Bonferroni’s post hoc testing was used to compare the means of different outcome 
parameters between experimental groups. Differences were considered statistically 
significant for p<0.05. Statistics were performed using SPSS version 20.0 (SPSS Institute, 
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Chicago, USA) or GraphPad Prism 6 (GraphPad Software inc, La Jolla, USA).

RESULTS

After both surgeries, all goats recovered well and showed normal ambulatory activities on 
the 1st post-operative day and body weight was maintained during follow-up. We found 
no significant differences in injected volumes of CABC (p=0.33) between all experimental 
groups. The treated IVDs received an equal volume of injected vehicle or TG-BMP-hydrogel 
combinations (p=0.59) (Table 1). This indicates a comparable CABC induction of mild 
degeneration and subsequent TG-BMP treatment for all intervention groups. 

Table 1 | Injected volumes per experimental group. 

Intervention groups Volume 
CABC (μl)

Volume  
BMP/ vehicle (μl)

Healthy 

Vehicle 130 ± 54 117 ± 37

TG-BMP-2      1 μg/ml 126 ± 29 151 ± 66

TG-BMP-2      5 μg/ml 116 ± 32 131 ± 32

TG-BMP-2/7  1 μg/ml 124 ± 37 120 ± 50

TG-BMP-2/7  5 μg/ml 150 ± 29 143 ± 51
 
Volumes of Chondroitinase ABC (CABC) and BMP or vehicle are  
represented as mean ± SD.

Radiological analysis
Injection of CABC into the IVDs resulted in a significant decrease (p=0.002) of 6 % in DHI 
compared to initial DHI, representing one of the initial symptoms of IVD degeneration. 
Radiographs, taken prior to the second surgery, revealed a fractured endplate in one IVD; 
this disc was excluded from further analysis on the effect of the BMPs. Calcification of 
the NP was observed in one other IVD, prior the first surgery, as shown on radiographs 
and MRI scans, this disc was not used in the T2* relaxation time analysis for the different 
intervention groups. Radiographs and MRI scans did not reveal any osteophyte formation or 
other endplate irregularities.

Effect of TG-BMPs
In order to assess regeneration following the injection of BMPs into the NP, many different 
parameters were analysed. First, MRI T2* maps showed a significant difference in the 
relaxation times calculated for the NP (51.7 ± 14.5 ms) compared to anterior (20.0 ± 1.9 ms), 
and posterior annulus fibrosus (18.1 ± 4.3 ms) (p<0.0001). We did not find a regenerative 
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response, based on the MRI T2* relaxation times, initiated by the administration of the TG-
BMP-2 and TG-BMP-2/7 conjugated to a hydrogel carrier (p=0.67). As early regeneration 
will start in the NP, the results showed focus mainly on the NP (Table 2). In line with the 
results found for the T2* relaxation times, we did not find any significant differences in 
the biochemical composition of the NP, as measured by the amount of glycosaminoglycans 
(GAG) and collagen content (HYP) between all different treatments (GAG, p=0.15 and HYP, 
p=0.32). 

Table 2 | Overview of analysed parameters for each experimental intervention for the NP and statistical analysis.

 T2* relaxation 
time (ms)

GAG content 
(µg/mg DW)

HYP content 
(µg/mg DW)

Histological 
grading

Control

mean 58.31 366.51 26.44 1.75

SD 16.51 84.86 9.82 1.28

N 8 8 8 8

Vehicle

mean 54.81 290.09 29,2 2.57

SD 17.27 69.48 8.67 1.4

N 6 7 7 7

TG-BMP-2  
1 µg/ml

mean 46.99 274.74 34.71 2.17

SD 13.96 77.18 8.09 0.75

N 6 6 6 6

TG-BMP-2  
5 µg/ml

mean 48.4 283.56 30.67 2.29

SD 13.35 52.28 10.71 1.5

N 7 7 7 7

TG-BMP-2/7  
1 µg/ml

mean 51.91 291.21 34.16 1.86

SD 16.31 62.53 10.97 1.57

N 7 7 7 7

TG-BMP-2/7  
5 µg/ml

mean 48.34 293.16 25.71 2.57

SD 10.51 66.54 3.24 1.27

N 7 7 7 7

Average

mean 51.66 302.06 29.95 2.19

Sd 14.49 72.93 9.13 1.29

N 41 42 42 42

ANOVA  p=0.67 p=0.15 p=0.32 p=0.74

Histological grading of the IVDs revealed severe degeneration in three IVDs. One of these 
discs concerns the IVD with a fractured endplate, which was observed before the second 
surgery and can therefore not be attributed to the injection of the TG-BMPs. Another 
severely degenerated disc is part of the negative control group and thus did not receive any 
TG-BMPs. Apart from one IVD, no severe degeneration in the TG-BMP groups was observed, 
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suggesting that the doses TG-BMPs used in this study can be safely administered to the IVD. 
Mean histological score for all discs was 2.19 (± 1.3) and no significant differences were 
observed comparing all interventions (p=0.74). 

We found large inter-animal differences in the different analysed parameters, and further 
evaluation  using ANOVA revealed a significant effect of the factor goat for the HYP content, 
MRI T2* relaxation times and histological grading. From earlier studies we know these 
variations can nullify the effect of the actual outcome parameters. Therefore, we performed 
additional analysis using linear mixed models with goat as a random factor, which did not 
reveal any significant differences between the applied interventions either (HYP content 
p=0.07, T2* relaxation times p=0.37, histological grading p=0.51).

Correlations
Figure 2 shows the scatter plots and correlations between the MRI T2* relaxation times in 
the NP and the amount of glycosaminoglycans (GAG), collagen content (HYP) and histological 
grading. We found a strong correlation between the T2* relaxation times and the amount 
of GAGs for the NP (ρ=0.76, p<0.0001). Moderate, yet highly significant correlations were 
observed between T2* relaxation times of the NP and the collagen content (ρ=-0.61, 
p<0.0001) and histological grading (ρ=-0.53, p=0.0002). Concerning the inner and outer 
annulus fibrosus, only weak and no significant correlations were found for T2* relaxation 
times and other outcome parameters.

 
Figure 2 | Scatter plots and linear regression lines indicating correlations between MRI T2* relaxation times (ms) 
and A| glycosaminoglycan (GAG) content (µg/mg dry weight) (ρ=0.76, p<0.0001) B| collagen (HYP) content (µg/
mg dry weight) (ρ=-0.61, p<0.0001) and C| histological grade (range 0-6) (ρ=-0.53, p=0.0002). ρ;  Spearman’s rho 
correlation coefficient, R2; linear regression coefficient.

DISCUSSION

In this study, we sought to establish safety and efficacy of a newly synthesized slow-release 
delivery system for TG-BMP-2 and TG-BMP-2/7 for IVD repair in a goat model of mild 
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intervertebral disc degeneration. This slow-release system, TG-BMP conjugated to a fibrin-
hyaluronic acid hydrogel carrier, appeared to be safe, as demonstrated by the absence of 
any adverse effects like osteophytes, heterotopic bone formation or inflammation. Where 
earlier in vivo studies showed the feasibility of restoring degenerated IVDs by injecting 
BMP-2 or BMP-7 intradiscally36,37 or delaying the degeneration process via adenoviral 
vectors carrying the BMP-2 gene7, this regenerative effect was not observed in our goat 
intervertebral discs. We observed no statistically significant differences between any of the 
treatment groups, while the individual outcome parameters correlated well with each other. 
The good correlations found indicate an accurate analysis of the different parameters and 
are in line with the correlations found previously within our group34.

The absence of regenerative effects may have several causes. First, the TG-BMP-2 and TG-
BMP-2/7 dosages may have simply been too low for a large animal. We injected absolute 
amounts of maximal 1 µg TG-BMP-2 or TG-BMP-2/7 in our goat model, based on previous 
studies by our group, i.e. a bone regeneration study in rat cranial defects29,30. Other in vivo 
studies, investigating IVD regeneration, used 2-100 fold higher dosages of BMP. Injection of 
7.5 µg rhBMP-2 in a rat tail disc degeneration model showed improved MRI disc grade, using 
a modified Pfirrmann grade, when injected four weeks post annular puncture36. BMP-7 was 
evaluated in a rabbit degeneration model using either 2 µg rhBMP-7 in 10 µl saline37 or 100 
µg rhBMP-7 in 10 µl lactose19. In a very recent study, Willems et al.38 injected an absolute 
dose of 2.5 µg, 25 µg or 250 µg rhBMP-7 per IVD in a canine model of spontaneous IVD 
degeneration, also based on positive outcomes in prior in vitro studies. However, like in our 
study, no regenerative signs were observed. Their possible explanation of the discrepancy 
between the in vitro and the in vivo findings is the difference in addition frequency: biweekly 
for in vitro use versus a single dose in vivo. 

All these studies used a wild-type rhBMP, which is not conjugated to a carrier and may 
therefore show a faster release and concomitantly a shorter efficacy period compared to 
the conjugated TG-BMP we used for our study. This is substantiated by previous in vitro 
experiments showing a 60% retention of the TG-BMP-2 conjugated to fibrin after 50 twelve-
hour wash steps with Tris-buffered saline, compared to 27% retention for the wild type 
rhBMP in fibrin29. Moreover, a four-fold increase in cumulative release of rhBMP-2 was found 
relative to both TG-BMP-2 and TG-BMP-2/7 dimers after a culture period of two weeks30. We 
therefore postulate that the longer sequestration of the BMPs by the covalent conjugation 
to the hydrogel well compensates for the lower amounts we used in comparison to most 
other in vivo studies. Finally, the amounts used in this study and the sequestration to the 
fibrin hydrogel were chosen to avoid reported risks of (extradiscal) osteogenic induction 
when applying high dosages of BMPs. In a study by Huang et al., injection of 100 µg rhBMP-2 
in a rabbit annular tear degeneration model showed inflammatory infiltrates, increased 
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vascularity, osteophyte formation and endplate hypertrophy39. These findings point more 
towards spinal fusion which we aimed to avoid. Moreover, diffusion of non-sequestered 
rhBMP-7 out of the IVD may cause adverse effects. This was demonstrated in the before 
mentioned study of Willems et al.38, in which injection of the two highest dosages rhBMP-7 
resulted in extensive extradiscal bone formation. Thus, this further advocates the use of a 
sequestration/slow release system.

Besides the explanations mentioned above, our follow-up time of 12 weeks could be 
too short for any quantifiable, regenerative changes to occur. In the studies mentioned 
previously, follow-up time varied from 6 till 24 weeks post BMP administration; however, it 
is well known that repair mechanisms may be faster in small animal models40. The twelve 
week follow-up for our study was chosen to be able to detect a dose-response effect of the 
different administered concentrations TG-BMP before a plateau phase was reached where 
results would be similar for all TG-BMP treatment intervention groups.                                             

Another hypothesis may be that the absence of a regenerative effect is due to ineffective 
cleavage of the TG-BMP from the hydrogel carrier because of a lack of plasmin or molecules 
with the same function in the IVD. The engineered TG-BMP fusion protein comprises a 
proteolytic, plasmin-sensitive cleavage domain to allow slow release from the FB/HA 
hydrogel by local enzymatic activity29. Although plasmin is only found in IVDs with a fractured 
endplate41, suggesting blood-borne instead of locally synthesized plasmin, there is an 
upregulation of other extracellular matrix degrading proteins like MMPs and ADAMTS in the 
mildly degenerated IVD35,42. Fibrin is one of the substrates for MMPs and we hypothesized 
that the upregulation of the MMPs would degrade the FB/HA hydrogel and thereby release 
the TG-BMPs in the NP43,44. Moreover, the TG-BMP-2/7 heterodimer, conjugated to a FB/HA 
hydrogel, showed  an increase in glycosaminoglycan synthesis of in vitro cultured bovine NP 
cells with an increasing concentration TG-BMP-2/7. No plasmin was added to the culture 
medium, indicating activity of the TG-BMP without active cleaving of the plasmin domain 
(unpublished results FP7 Project “NPmimetic”). Prompted by the absence of regenerative 
effects, we aimed to assess whether the TG-BMPs were still retained in the NP at the time 
of sacrifice. However, due to too low sensitivity of assay methods for in vivo detection of the 
TG-BMPs, we could not properly address this question. 

To our knowledge, this is the first study beyond small animal models evaluating conjugated 
BMPs for mild DD treatment; no large animal or clinical studies have been reported so far. 
One major drawback of the preceding in vivo studies, all performed in rodent and rabbit 
models, is that these animals retain their notochordal cells in adult life, whereas in humans 
and in goats the notochordal cells have disappeared at the time of adolescence45,46. The 
notochordal cells, also regarded as NP precursor cells, are thought to play a role in the 
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maintenance of the ECM in the NP and coordinate the function of the chondrocyte-like NP 
cells47. Presence of these cells could therefore overestimate the effect of the regenerative 
therapies tested. As notochordal cells are not present in the intervertebral discs of a skeletally 
mature goat, we classify the goat as a more suitable animal model to study regenerative 
therapies.

Future studies should compare the conjugated TG-BMPs with the non-conjugated wild type 
BMP-2 and BMP-2/7 for regeneration of the IVD in a large animal model, with longer follow-
up times and including higher dosages of TG-BMPs. Additional gene expression analysis by 
rt-PCR could be performed to observe a possible shift from a catabolic to a more anabolic 
gene expression pattern. 

CONCLUSION

To our knowledge, this is the first large animal study evaluating BMPs, conjugated to a fibrin 
hyaluronic acid hydrogel, for the regeneration of mildly degenerated IVDs. We showed that a 
slow release BMP-2 and BMP-2/7 system for intervertebral disc regeneration in goats, using 
engineered TG-BMP-2 and TG-BMP-2/7 proteins, can be applied safely in our goat model. 
However, no effect on disc regeneration was observed, as demonstrated by the absence 
of statistically significant differences between any of the intervention groups. Possible 
explanations are too low dosages of the TG-BMPs, absence of notochordal cells, short 
follow-up time, and/or insufficient release of the conjugated TG-BMPs from the injected 
hydrogel. Future studies should compare the TG-conjugated BMPs with the non-conjugated 
rhBMP-2 and BMP-2/7 for regeneration of the IVD in a large animal model, with additional 
(longer) follow-up times and including higher dosages of TG-BMPs. 
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AIMS AND SUMMARY OF THE THESIS 

The role of the intervertebral disc is predominantly mechanical, as it provides limited 
flexibility to the spine and acts as a shock absorber by distributing loads over the spine. 
For effective disc functioning, the composition of the extracellular matrix is of great 
importance. Organized collagen type I fibrils in the stiff annulus fibrosus enclose a network 
of proteoglycans and collagen type II in the gelatinous nucleus pulposus. The a-vascular 
nature of the intervertebral disc limits its self-regenerating properties and so far no clinical 
relevant therapy exists to stop or reverse degeneration of the intervertebral disc. The 
general aim of this thesis was to improve different techniques required for a thorough and 
quantitative investigation of the effects of new regenerative medicine strategies in the 
treatment of intervertebral disc degeneration, with the ultimate goal to better understand 
and supplement the (lack of) self-regenerating properties of the intervertebral disc. For this 
purpose, five studies were conducted with the following specific sub-aims: 

	 To optimize the RNA isolation process of four cartilaginous structures for subsequent 
real-time RT-PCR analyses (Chapter 2)

	 To evaluate the potential of multivariate Fourier Transform Infra-Red spectroscopic 
imaging for investigation of intervertebral disc degeneration (Chapter 3)

	 To assess the use of luciferase mediated bioluminescence imaging for monitoring 
the temporal and spatial behavior of adipose derived stem cells in the intervertebral 
disc (Chapter 4). 

	 To assess the effects of an increased osmolality of the IVD pressure on the 
biomechanical and cellular behavior (Chapter 5)

	 To regenerate in vivo mildly degenerated IVDs with use of a hydrogel and bone 
morphogenetic protein growth factors (Chapter 6)

Proteoglycans form the main component of the extracellular matrix of cartilaginous tissues. 
These proteoglycans not only tend to co-purify with the RNA, they also inhibit the real-time 
RT-PCR analysis. For homogenization of the tissue, we suggest the use of the MagnaLyser. 
Further, we recommend the commercially available RNeasy Fibrous kit as the best option 
for RNA isolation of the nucleus pulposus, annulus fibrosus and articular cartilage. For RNA 
isolation of meniscal tissue, we advise the RNeasy Lipid kit. Although RNA isolated with the 
golden standard Phenol-Chloroform (Trizol) resulted in a higher yield, the quality was not 
comparable with RNeasy kits and showed large variations in subsequent real-time RT-PCR 
analysis.

Real-time RT-PCR analysis only gives details on the response of the cells to its environment 
and not the actual protein production. It also requires disruption of the tissue and thereby 
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inhibits the evaluation of the local distribution of extracellular matrix proteins. We 
therefore investigated whether Fourier Transform Infra-Red (FTIR) microscopic imaging is 
a promising tool to study the biochemical composition of the intervertebral disc within 
a single section. This technique provides information on the biochemical composition of 
a tissue based on the vibration frequency of covalent bonds. We could reveal five matrix 
components with FTIR spectroscopy, and were able to match the distribution maps of both 
the FTIR and histologically obtained data. Healthy and mildly degenerated IVDs showed a 
distinct distribution of two different kinds of proteoglycans. Important is the finding that 
multivariate FTIR imaging can also be used for semi quantitative information of collagen 
and proteoglycan content. We found significant moderate to high correlations between 
histological grading, glycosaminoglycan content and MRI T2* measurements with data 
obtained from FTIR spectroscopic imaging. 

Adipose stem cells gained a great interest over the last few years for their application in 
regenerative medicine. The cells are easy to harvest from the patient’s adipose tissue, in large 
clinical relevant quantities, they proliferate rapidly and possess multi lineage differentiation 
potential. However, upon injection into the intervertebral disc, or any other tissue, the 
cells cannot be monitored anymore. We showed that luciferase mediated bioluminescence 
imaging is a promising tool to monitor the spatial and temporal distribution the adipose 
stem cells in the intervertebral disc. The cells were not negatively influenced by the lentiviral 
transduction with the luciferase vector. Both the photons emitted by the Firefly and Gaussia 
luciferase oxidation reaction could be detected through several millimeters of vertebral 
bone for several consecutive days, although signal intensity was much higher for the Gaussia 
luciferase. 

We substantiated our insight in the role of the osmotic pressure of the extracellular matrix of 
the disc using the loaded disc culture system. We found that increasing the osmolality of the 
disc by reducing the water content did not result in a degenerative gene expression profile 
as we previously observed in our group by mechanical overloading. An unexpected decrease 
in the expression of the Tonicity Enhancer Binding Protein (TonEBP) was observed which is 
in contrast to the current literature. An important difference might be the experimental set 
up; we used an ex vivo cultured complete IVD subjected to loading, whereas most other 
researchers only studied isolated cells in 2D cultures.  

Finally, we attempted regeneration of the mildly degenerated intervertebral disc with the 
use of an extracellular matrix mimicking hydrogel composed of fibrin and hyaluronic acid 
to which we covalently bound the bone morphogenetic proteins 2 and 7. This slow release 
system for growth factors was tested in a goat model for disc degeneration as a follow up 
time of twelve weeks exceeds the maximum culture period of the loaded disc culture system. 
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Moreover, this enabled us to use a novel clinical evaluation tool, MRI T2*. The application is 
this slow release system for the bone morphogenetic proteins 2 and 7 was shown to be safe 
for the goat intervertebral disc. Unfortunately, no regeneration of the disc was observed on 
either MRI T2* analysis, macroscopic and histological evaluation and biochemical assays in 
any of the intervention groups. 
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DISCUSSION

Intervertebral disc degeneration is frequently associated with low back pain, the preeminent 
cause of medical complaints worldwide. With four out of five people suffering from severe 
low back pain at least once in their life, high direct medical and indirect costs are the result, 
putting a major social-economic burden on society1–4. Therapeutic options are limited and 
thus far no minimal invasive treatment aimed at tissue regeneration is available in the clinic. 
The general aim of this thesis was to improve different techniques required for a thorough 
and quantitative investigation of the effects of new regenerative medicine strategies in the 
treatment of intervertebral disc degeneration, with the ultimate goal to better understand 
and supplement the (lack of) self-regenerating properties of the intervertebral disc. In this 
thesis, we worked towards tissue engineering of the intervertebral disc. However, to be able 
to do this in a scientifically sound manner with appropriate quantitative and standardized 
parameter evaluations, we concluded that we should start off with the improvement of 
adequate molecular biological, biochemical, and histological techniques under controlled 
ex vivo conditions. Using this “tool box”, we continued by investigating the role of 
hyperosmolality, and finished with an attempt to regenerate the disc in vivo. 

The importance of the composition of the extracellular matrix of the IVD is highlighted in 
many studies5–7. Proteoglycans are not only literally the most abundant component of the 
IVD, they also are a key factor within disc research6,8,9. Also in this thesis the proteoglycans 
mark their way throughout all chapters. The negatively charged glycosaminoglycan side 
chains of the proteoglycans attract positive ions into the nucleus pulposus, thus generating 
an osmotic gradient. Subsequently, water molecules are pulled into the disc by this osmotic 
gradient resulting in a swelling pressure. This swelling pressure gives the intervertebral disc 
the ability to withstand the daily compressive loading. Already 40 years ago the important 
role of the proteoglycans and swelling pressure for effective biomechanical functioning was 
pointed out by Urban et al.7,10,11. However, although we know that with aging and degeneration 
proteoglycans and water are lost, we still have not found a therapeutic intervention restoring 
the extracellular matrix of the disc and concomitant its functioning12–14. The process of disc 
degeneration can be viewed in analogy of a flat tire; the water and proteoglycans can be 
compared to the air which escapes the tire, slow and hardly noticeable in the beginning but 
progressively increasing when the inner tube becomes leak, finally resulting in a damaged 
tire which is not reparable. For repair of the tire different options are available, simple and 
cheap at the beginning of the process but gradually becoming more difficult and expensive. 
For the treatment of disc degeneration, however, we only have an end state treatment 
which comprises spinal fusion and can be compared with changing your tire with a wooden 
wheel from the very first developed bicycles. Given the modern times with more knowledge 
and improved communication possibilities, we should not have to reach out to “ancient” 
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and inferior therapies but search for minimal invasive therapies restoring tissue properties. 

Although we established an optimal protocol for the isolation of RNA from IVD tissue in 
chapter 2, due to the low cell density and abundancy of proteoglycans it remains very 
difficult to perform PCR analysis on IVD tissue. In chapter 5 the expression of some genes 
could not be quantified because detection levels were too low for reliable quantification. 
While this could be caused by the actual lack of expression at that moment, i.e. inflammatory 
and matrix degrading genes are not continuously expressed in healthy IVDs15, the shortage 
of sufficient RNA due to the low cell density could also be a reason. We also showed 
differences between a physiological experimental set up in comparison to 2D cultured cells. 
Although more research is performed with the use of ex vivo culture systems, analysis of 
gene expression still occurs mostly on isolated cells16. In some cases, complete IVDs are 
investigated but RT-PCR related problems are circumvented by isolating the cells from the 
tissue via an enzymatic degradation of the extracellular matrix, after which RNA isolation 
and subsequent PCR analysis are performed on the single cells17. Although the cells are 
not cultured, enzymatic degradation of the matrix during several hours will influence 
gene expression. On the other hand, it can be debated whether PCR analysis is the proper 
way to analyse the effects of regenerative therapies for the IVD, because the correlation 
between mRNA expression and protein level has been questioned for many years18,19. 
FTIR spectroscopy can be used as a valuable analysis tool providing information regarding 
different proteins within a single section showing good correlations with MRI T2* weighed 
images, histological grading and biochemical analysis of the disc. As the main function of 
the IVD is biomechanical5, this should be a critical outcome parameter in the research of IVD 
de- and regeneration, advocating a physiological experimental setting using complete IVDs. 

The intervertebral disc used in the experiments described in this thesis are obtained from 
goats. Although these animals are quadrupeds, many similarities with the human IVD exist, 
which makes them a proper model to study the degeneration and the regeneration of the 
intervertebral disc. First, the size and shape of disc are corresponding and the main loading 
of the disc is in the axial direction as is the case for the human IVD20,21. Another important 
similarity is the lack of notochordal cells in the human and goat IVD as this is a progenitor 
cell with high regenerative capacity by producing proteoglycans and collagen type II22,23. The 
presence of these cells may overrate the therapeutic effects of a treatment modality in other 
animal models like the mouse, rat and rabbit. The bioreactor for discs used in this study, 
the loaded disc culture system, was previously developed and validated by our group24,25. 
This system allows precise control of loading, nutrient and oxygen supply and the applied 
loading and displacement of the disc are both recorded. The typical diurnal human loading 
pattern can be simulated in the loaded disc culture system and comprises 8 hours of low 
load during the sleep and 16 hours of activity where the loading is alternated in magnitude. 
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Moreover, overloading and static loading regimes can be applied resembling heavy physical 
work and sitting for a prolonged time.  In contrast to animal models, it is possible to vary 
only one parameter, e.g. the osmolality of culture medium (chapter 5). Moreover, this 
system provides a physiological experimental set up without the need to disrupt the tissue, 
allowing evaluation of the effects of an intervention in a complete IVD. With in vitro cell 
cultures, enzymatic digestion of the tissue, lost connection with the extracellular matrix and 
consequently mechanotransductive pathways and dedifferentiation upon culturing could 
bias the obtained results26–29. While in vitro studies may be easier to conduct and potentially 
relevant for initial testing of hypotheses, subsequent testing in ex vivo bioreactors should be 
an important step prior to translation into animal models. This will reduce the use and costs 
of animal models and is conform the general guideline according the “3R principle” in animal 
testing; replacement, reduction and refinement. In chapter 5 we observed a remarkable 
difference in gene expression when comparing our ex vivo cultures with the current in vitro 
cultures. Retrospectively, the evaluation of the slow release system for bone morphogenetic 
proteins 2 and 7 might have been more applicable and worthwhile to conduct first in the 
loaded disc culture system before testing in animal models, as now done in chapter 6. Along 
with the adverse effects observed in a goat model investigating a nucleus replacement30 
this shows the importance of physiological testing conditions before proceeding to animal 
models. 

Considering the regeneration of the IVD, we should start with the beginning: as a tire does 
not properly function without sufficient air, the IVD needs the proteoglycans to create a 
swelling pressure necessary to withstand the daily loading. Recovery of the swelling pressure 
of the disc and subsequent intradiscal pressure will increase the disc height and tensions the 
annulus fibers31. The disc’s most abundant proteoglycan, aggrecan, is formed by the binding 
of keratin and chondroitin sulphated glycosaminoglycans to a central core protein. Up to 100 
aggrecan molecules can link to a single hyaluronic acid, together forming a proteoglycan6. 
Already at the level of a single aggrecan molecule, inter individual variations exist as the 
number of attachment sites for chondroitin sulphate in the CS1 region ranges from 13 to 33. 
A low number of repeats can negatively influence the aggrecan function making individuals 
more susceptible for early disc degeneration8,32,33. Although this variation is not the optimal 
target for treatment, it does point out the importance of genetic predisposition. With 
degeneration, the aggrecan molecule is subjected to proteolytic degradation, cleaving the 
core protein or disassembling the link with hyaluronic acid. The resulting small fragments 
then may diffuse out of the disc. Although both the glycosaminoglycans (=charge) and 
the size of the aggregations are important for aggrecan function, the small fragments 
are still charged and can attribute to the osmotic pressure8,9. Preventing these fragments 
to diffuse into the annulus and finally away from the IVD by some sort of sealing of the 
(inner) annulus fibrosus could decelerate the degeneration process as the osmotic pressure 
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stays intact preventing a shift towards more shear stress exerted on the disc cells31. On the 
other hand, preventing proteolytic activity may be even more successful. Link-N, naturally 
stabilizing aggrecan to hyaluronic acid, not only enhances aggrecan production but also 
down regulates the transcription of matrix metalloproteinases (MMPs) and is furthermore 
an economically attractive growth factor34–36. As Link-N has to be administrated to the NP, 
a needle puncture through the annulus is essential. This could, however, lead to injury and 
alter the biomechanics of the disc, and multiple injections may be needed for prolonged 
benefits8,37. The recent breakthrough in genome engineering with the discovery of CRISPR 
Cas9 might also be beneficial for disc degeneration. A CRISPR-Cas9 based transcriptional 
activation system has recently been created for endogenous human genes (e.g. IL-1RN, 
NANOG). Guide RNA molecules were created to recognize the DNA target promotor sites 
and resulted in the enhanced expression of the specific target genes. This system may be 
copied to design Link-N gene activation. Not only can Cas9 be used for gene activation but 
also gene suppression is possible by hindering transcription of RNA polymerase and MMPs. 
Also inflammatory genes may be a possible target for gene suppression38,39. At this moment, 
the CRISPR Cas9 system is not yet investigated for disc degeneration but with the current 
exponentially increasing experiments and promising results this is just a matter of time. 

Getting back to the analogy of disc degeneration and the flat tire, a simple yet highly effective 
solution to inflate an air tube is using CO₂ cartridges. For the treatment of disc degeneration, 
a similar proteoglycan mimic able to be compressed but rapidly expanding upon release 
would be beneficial. Artificial synthetic proteoglycans might offer an excellent solution as 
these are not subjectable to proteolytic activity of the MMPs in the catabolic environment of 
the degenerating IVD14. The recurrent issue remains administration of the product, where a 
tire has an effective and strong connection between the internal and external environment, 
annulus closure after a needle puncture is still not possible14,40. Patches to cover the 
outer annulus, sealants to occlude fissures, biomaterials to fill up the puncture hole and 
sutures to close the hole in the annulus all still not possess the demanding biomechanical 
properties40,41. Biomaterials stiffer in comparison to the annulus fibrosus will be extruded 
while too soft materials cannot restore biomechanical properties. In addition, adhesion and 
integration within the annulus tissue are needed to counteract the shear forces occurring in 
the annulus fibrosus. Currently, needle punctures used for in situ testing of annulus closures 
have a large diameter (2,5-5 mm)40,42 in order to match the dimensions caused by nucleus 
pulposus herniation defects. For minimal invasive treatment of mild disc degeneration, 
much thinner needles (26 - 29 G = 0.34 - 0.46 mm) can be used for the delivery of nucleus 
substitutes43,44. Combinations of a sealant filling up the needle track and a suture on the 
outside might offer a solution of annulus closure for the aforementioned therapies. Another 
possibility is using the transpedicular approach to reach the nucleus, thereby leaving the 
annulus intact45. Although promising, application in a goat model did result in protrusion of 
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nucleus pulposus substitute via the drill hole30.  
With the many therapies currently investigated aiming at the regeneration of mildly 
degenerated IVDs, two important remarks have to be made. First; how are we going to address 
mild degeneration? In other words: how can we effectively identify mild disc degeneration, 
how do we approach them and how do we evaluate treatment outcomes? Not in all cases 
mild degeneration results in symptoms and vice versa low back pain is not always caused by 
disc degeneration46,47. MRI T2 weighted images scored according to the Pfirmann grade is 
the current golden standard to establish disc degeneration, but they lack information on the 
biochemical composition and only show weak to moderate correlation with biomechanical 
functioning of disc48–50. Techniques such as T1ρ mapping and T2* mapping might offer better 
options as more information on the extracellular matrix can be obtained48,49,51,52. Another 
factor to take into account is the moment at which MRI scans are made. Due to the daily 
loading, 25% of the water in the disc is expelled and reabsorbed every day53. Subsequent MRI 
scans should be obtained according to a standardized time protocol to be able to observe 
the possible small changes in the disc as a consequence of mild degeneration. When we 
succeed in identifying mild disc degeneration, a more ethical question arises; should all 
patients with signs of mild degeneration but without pain symptoms be treated? Medical 
cost will rise tremendously, a cost-benefit calculation should be made, investing whether the 
money saved by reduction of spinal fusion treatments and work absenteeism will outweigh 
each other. Additionally, improvement in quality of life should also be taken into account. 
Although this might seem a problem for the future, it will cause a division among society and 
economic ethical decisions have to be made. 

Stem cells form a central cell source within the field of regenerative medicine as these cells 
are multipotent and able to differentiate in various tissues54–56. Cell senescence is increasing 
with disc degeneration, resulting in a reduced matrix synthesis and repair of the disc4,6. 
In the treatment for disc degeneration stem cells are employed for both their stimulating 
trophic effects and the potential to differentiate into nucleus pulposus cells with the goal 
to stimulate proteoglycan synthesis in the disc45,57,58. Different in vivo studies showed the 
capacity of the implanted stem cells to produce extracellular matrix proteins, especially 
glycosaminoglycans56,59–61. Clinical trials show a reduction in pain and disability scores and 
in a few cases an increase in disc hydration was observed on MRI62,63. However, all studies 
lack appropriate controls and do not correct for potential placebo effect. Furthermore, 
information obtained from T2-weighted MRI images can be doubted as hydration status of 
the disc changes over the day and lacks correlation with the biomechanical response, and 
thus functioning, of the IVD50,53. Although in clinical trials no adverse effects are observed, a 
goat model of disc degeneration injected with a freshly isolated and directly applied stem cell 
preparation, i.e. the stromal vascular fraction, resulted in a severe inflammatory response 
combined with lymphocyte infiltration, neovascularisation and endplate destruction64. Discs 
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in the same study injected with cultured adipose derived stem cells did not resulted in 
adverse effects. Another important factor taken into consideration for (stem) cell treatment 
of the IVD is the environment of the degenerated disc, were low pH, oxygen and nutrient 
concentrations combined with a decreased intradiscal pressure and high shear forces do 
not provide a “comfortable” welcome for the cells65–67. Concomitantly, the number of cells 
injected varies in each study and no optimal number has been identified so far. Studies 
investigating the use of stem cells for cartilage regeneration found the structure and 
abundance of aggrecan and the architecture of the extracellular matrix of immature quality9. 
In contrast, in vitro research shows an improved aggrecan molecule when synthesized by 
stem cells compared the aggrecan molecules present in the adult cartilage68,69. Although 
a growing number of clinical trial investigates the effects of (stem) cell therapy for the 
treatment of disc degeneration, clear evidence of tissue regeneration is lacking and the use 
of stem cells can be questioned61,63.   

In contrast to all investigated therapeutic interventions, unloading of the joints is shown 
to increase proteoglycan content in both the IVD and articular cartilage70–72. Additionally, a 
recent study showed that static overloading predisposes the intervertebral disc for posterior 
herniation. In contrast to dynamic overloading, static overloading mainly affected the cell 
viability and extracellular matrix integrity of the posterior region of the annulus, the location 
where most lumbar hernias originate, whereas the nucleus was saved73. Currently, most 
people have a sedentary lifestyle resulting in prolonged static (over) loading of the disc 
which increases cell death and the risk of disc degeneration25,74,75. Loading and unloading of 
the IVD causes water to flow in and out of the disc, along with the water nutrients will enter 
and waste products will leave the intervertebral disc31. This suggest that alternating periods 
of static overloading (sitting in a prostrate position behind the computer) with dynamical 
loading (walking around) may be beneficial for the intervertebral disc by stimulating fluid 
flow. Furthermore, standing desks and desk bikes may reduce the low back pain experienced 
by many sedentary people. 

Regeneration of the intervertebral disc is an important field in biomedical research as 
low back pain forms a major socioeconomic burden in the western society. And although 
the process of disc degeneration can be explained in analogy to a flat tire, treatment of 
the IVD is much more complex. Currently the research field investigating treatment of 
disc degeneration is very broad; different cell types, NP replacing hydrogels, AF closure 
and whole IVD replacement are all scrutinized.  Are we currently searching for the most 
innovative and fanciest treatment options and thereby disregard the simple yet effective 
options? Perhaps we should take a step back, considering the main function of the disc, i.e. 
transferring loads over the spine, for which an appropriate intradiscal pressure is needed. 
This pressure is generated by the negatively charged glycosaminoglycan side chains of the 
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proteoglycans. Why not focus on the development of an injectable hydrogel which is not 
degradable by proteolytic activity, which immediately restores the intradiscal pressure, 
mimics the swelling capacity of aggrecan, and is injectable via a small (26-29G) needle in 
combination with a unloading regime of the disc? This way the main function of the disc is 
restored and a hydrostatic pressure is created to stimulate proteoglycan production by the 
own NP cells. From there, improvements can be made including the addition of (stem) cells 
and biological growth factors. 

In this thesis different steps were taken to improve techniques required for a thorough 
and quantitative investigation of the effects of new regenerative medicine strategies in the 
treatment of intervertebral disc degeneration. The ultimate goal was to better understand 
and supplement the (lack of) self-regenerating properties of the intervertebral disc, thereby 
working towards tissue engineering of the disc. Starting with the improvement of analyzing 
techniques for real-time RT-PCR investigating cellular behavior, infrared spectroscopy for the 
biochemical composition of disc and monitoring cells in the disc for evaluation of cellular 
therapy, we continued to investigate the effect of a hyperosmolar disc on biomechanical 
and cellular behavior in an ex vivo organ culture model. This thesis is completed by testing a 
slow release system of bone morphogenetic protein 2 and 7 for disc regeneration where no 
adverse effects but also no regenerative effects were found. 

Combining all the studies and obtained knowledge over the past years I may conclude 
that the intervertebral disc is a highly complex organ and both the de- and regeneration 
processes comprise a myriad of interacting factors which are currently not fully understood. 
With every experiment, more questions arise than are answered. The development of ex 
vivo organ culture systems may provide important new clues by enabling systematic studies 
in identifying the role of individual factors, while keeping all other conditions unaltered. This 
will likely be pivotal in developing adequate treatment strategies, but it is a time-consuming 
and elaborate process. According to my expectations, it will still take many years before 
regenerative medicine strategies will become a feasible and validated, evidence-based 
treatment modality for the disc degeneration. Therefore, this thesis is just the beginning, 
with much more to follow. . . .
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NEDERLANDSE SAMENVATTING

Lage rugpijn is een groot en veelvoorkomend medisch probleem in de westerse wereld, 
80% van de bevolking ervaart minstens één periode van lage rugpijn in zijn of haar leven. De 
lage rugpijn klachten hebben hoge kosten tot gevolg. Deze worden deels veroorzaakt door 
de medische zorg die verleent dient te worden maar anderzijds ook door een verminderde 
productiviteit op het werk of zelfs ziekteverzuim. De exacte oorzaak van deze lage rugpijn 
klachten is helaas nog niet gevonden, echter wordt slijtage van de tussenwervelschijf 
gecorreleerd aan deze klachten. Dit wordt ook wel tussenwervelschijf degeneratie 
genoemd. De tussenwervelschijf is een kraakbeenachtig weefsel wat zich tussen de 
wervellichamen in de wervelkolom bevindt. Tussenwervelschijven hebben als functie het 
verlenen van flexibiliteit aan de wervelkolom, daarnaast zorgen deze schijven er ook voor 
dat de mechanische krachten, uitgeoefend op het lichaam tijdens de alledaagse activiteiten 
als lopen en springen, evenredig over de wervelkolom worden verdeeld. 

Het weefsel waaruit de tussenwervelschijf is opgebouwd, ook wel de extracellulaire matrix 
genoemd, is van groot belang voor het uitoefenen van de functie van de tussenwervelschijf. 
De buitenzijde van de tussenwervelschijf, de annulus fibrosus, is opgebouwd uit stijve 
collageen type I vezels. Deze vezels omringen de nucleus pulposus, de binnenkant van de 
schijf, die is opgebouwd uit proteoglycanen en collageen type II. De tussenwervelschijf heeft 
geen toevoer van bloed wat de herstel mogelijkheden, ook wel regeneratieve eigenschappen, 
van de schijf limiteert. Ondanks dat bij vele mensen de tussenwervelschijf degenereert 
en pijnklachten veroorzaakt is er momenteel nog geen behandeling mogelijk waarbij het 
weefsel en daarmee de functie van de tussenwervelschijf hersteld wordt. Het onderzoek 
in dit proefschrift heeft als uiteindelijke doel om bij te dragen aan een therapie waarbij het 
weefsel van de tussenwervelschijf hersteld wordt zodat deze weer juist kan functioneren. 
Deze vorm van therapie wordt ook wel tissue engineering genoemd. De nadruk van dit 
proefschrift ligt op het verbeteren van diverse technieken en methoden die nodig zijn om 
te kunnen analyseren of een nieuwe tissue engineering therapie heeft geholpen in de 
behandeling van tussenwervelschijf degeneratie. Voor de beschreven experimenten zijn de 
tussenwervelschijven van geiten gebruikt. De geit is hiervoor een goed model, aangezien 
de extracellulaire matrix, geometrie, cellen en krachten die worden uitgeoefend op de 
tussenwervelschijf vergelijkbaar zijn met de mens. 

De opbouw van de extracellulaire matrix bepaalt hoe de tussenwervelschijf functioneert. 
Tijdens degeneratie verandert deze opbouw en daarmee het functioneren van de schijf. 
Kennis over de opbouw van dit weefsel en de reactie van cellen op het veranderen van de 
extracellulaire matrix is van groot belang bij het ontwikkelingen van behandeltherapieën. 
Proteoglycanen vormen de belangrijkste component van de extracellulaire matrix van de 
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schijf. Deze moleculen verhinderen echter het isoleren van het RNA uit de cellen in dit weefsel. 
Ze storen bovendien ook de meting van de hoeveelheid RNA en daarmee de expressie van  
de verschillende eiwitten door de cellen. In hoofdstuk 2 hebben we daarom gezocht naar de 
beste methode om het RNA te kunnen isoleren uit de cellen in de extracellulaire matrix van 
de tussenwervelschijf en dit vervolgens te meten met real time qPCR. De RNeasy Fibrous kit 
bleek het beste te zijn om RNA te isoleren uit de tussenwervelschijf. Deze toonde bovendien 
de meest constante metingen tijdens de real-time qPCR analyse. In vergelijking met de 
gouden-standaard methode om RNA te isoleren uit weefsel was de opbrengst RNA met 
RNeasy Fibrous kit minder, echter waren de metingen van betere kwaliteit. Het onderzoek 
besproken in hoofdstuk 2 geeft alleen informatie over de cellen en welke eiwitten deze 
aan het produceren zijn, de opbouw van de extracellulaire matrix wordt hier echter niet 
geanalyseerd. In hoofdstuk 3 onderzoeken we daarom een nieuwe techniek die meet uit 
welke soorten weefsels de extracellulaire matrix van de tussenwervelschijf is opgebouwd. 
Deze techniek, Fourier Transform Infra Red spectroscopy (FTIR), werkt op basis van infrarood 
trillingen. Met behulp van een nieuw ontwikkelde analyse methode voor deze techniek 
waren we in staat om vijf verschillende componenten van de extracellulaire matrix van de 
tussenwervelschijf te detecteren en te kwantificeren. Bovendien konden we onderscheid 
maken tussen gezonde en gedegenereerde tussenwervelschijven met behulp van deze 
techniek. 

De stamcel is een type cel die veelvuldig gebruikt wordt in het onderzoek naar regeneratieve 
therapieën. Deze stamcellen kunnen zich namelijk nog ontwikkelen tot verschillende type 
cellen uit het lichaam waaronder ook tot tussenwervelschijf cellen. Bovendien kunnen 
stamcellen de reeds aanwezige cellen in het weefsel stimuleren. Daarnaast kunnen de 
cellen eenvoudig geïsoleerd worden uit het lichaamsvet door middel van liposuctie. 
Hiermee vormen deze stamcellen een geschikte bron om in de tussenwervelschijf 
nieuwe extracellulaire matrix te gaan produceren. Als er momenteel stamcellen in een 
tussenwervelschijf worden geïnjecteerd kan men deze cellen niet meer volgen en zal men 
tot het einde van het experiment moeten wachten om het effect van deze cellen te zien. 
Hoofdstuk 4 beschrijft een nieuwe methode waarbij de stamcellen worden gelabeld met 
het licht van een vuurvliegje, ook wel luciferase genaamd. De cellen gaan hierdoor stralen 
en kunnen met een speciale techniek, bioluminescence imaging, worden gedetecteerd. 
Op deze manier kunnen de cellen over de tijd en in de ruimte gevolgd worden en deze 
informatie kan bijdragen aan het ontwikkelen en verbeteren van celtherapieën. 

Zoals al eerder geschreven, is de opbouw van de tussenwervelschijf enorm belangrijk voor 
de functie van de schijf, met name de rol van de proteoglycanen. Deze proteoglycanen 
kunnen het best vergeleken worden met een spons, aangezien deze zeer veel water 
aantrekken. Dit gebonden water zorgt dat de tussenwervelschijf weerstand kan bieden 
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tegen alle biomechanische krachten die de wervelkolom gedurende de dag te voorduren 
krijgt en deze evenredig verdeeld kunnen worden over de wervelkolom. Het water wordt 
de tussenwervelschijf ingetrokken door middel van een osmotische druk. In hoofdstuk 
5 onderzochten we het effect van een vermindering van de osmotische druk, daarbij 
zagen we een verandering in het biomechanisch gedrag van de tussenwervelschijf. Het 
biomechanisch gedrag vertoonde grote vergelijking met het gedrag van een gedegenereerde 
tussenwervelschijf. Bovendien hebben we gekeken naar het effect van het veranderen 
van deze osmotische druk op de cellen en met name welke eiwitten tot expressie worden 
gebracht. Hierbij vonden we een merkwaardige verandering in een osmotisch gerelateerd 
eiwit. Ons onderzoek vertoonde een verlaging in de RNA expressie van dit eiwit waar de 
huidige literatuur een stijging laat zien. De exacte oorzaak hebben we tot op heden niet 
kunnen achterhalen maar dit kan zitten in het verschil in experimentele set up namelijk een 
3D set up in vergelijking met 2D. 

Als laatste onderzoek in dit proefschrift hebben we een tissue engineering therapie voor 
de behandeling van mild gedegenereerde tussenwervelschijven toegepast in hoofdstuk 6. 
Hierbij hebben we een hydrogel gebruikt die is opgebouwd uit fibrine en hyaluron zuur en 
een daarmee een surrogaat vormt voor de extracellulaire matrix van de tussenwervelschijf. 
In deze hydrogel zitten groeifactoren gebonden waarvan bekend is dat ze een stimulerend 
effect hebben op de cellen in de extracellulaire matrix. Deze gel met groeifactoren is 
ingespoten in de gedegenereerde tussenwervelschijf van een geit. Doormiddel van een 
nieuwe innovatieve MRI T2* techniek en histologische en biochemische analyse technieken 
hebben we gezocht naar regeneratieve effecten van de gel met de groeifactoren. Het 
inbrengen van de gel heeft geen nadelige gevolgen voor de gezondheid van de geit en de 
tussenwervelschijf gehad, echter bleef de regeneratie van de tussenwervelschijf ook uit. 

Als ik alle beschreven studies en de opgedane kennis uit de afgelopen jaren combineer, 
kan ik slechts concluderen dat de tussenwervelschijf een zeer complex orgaan is. Zowel de 
degeneratieve als regeneratieve processen vormen een groot raadsel waarvan verschillende 
factoren al ontrafeld zijn maar velen nog niet. Zoals met veel onderzoek, leidt elk experiment 
tot meer vragen dan antwoorden. Het onderzoek naar tussenwervelschijven is comlex. 
Ondanks de vele onderzoekers die op dit gebied werkzaam zijn denk ik dat het, helaas, nog 
vele jaren zal duren voor regeneratieve therapieën in de kliniek beschikbaar zullen zijn. Dit 
proefschrift is slechts een kleine bijdrage aan het vele onderzoek wat nog moet gebeuren. 
Het vormt een basis voor basale analyse technieken waar nieuw onderzoek veelvuldig 
gebruik van kan maken voor adequate en consistente analyse van nieuw te ontwikkelen 
tissue engineering strategieën voor de behandeling van tussenwervelschijf degeneratie. 
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LIST OF ABBREVATIONS

18S  18S ribosomal RNA  
2D  Two-dimensional 
3D  Three-dimensional 
aAF  Anterior annulus fibrosus 
AB-PAS  Alcian Blue-Periodic Acid Schiff  
AC  articular cartilage  
ACAN  Aggrecan 
ADAMTS  a disintegrin and metalloproteinase with thrombospondin   
   motifs 
ADSC  derived stem cell 
AF  Annulus fibrosus 
ANOVA  Analysis of variance 
Aol  Area of interest 
ATR  Attenuated total reflectance 
BGT-1  betaine-γ-aminobutyric acid (GABA) transporter-1 
BLI  imaging 
BMP  Bone morphogenetic protein 
bp  base pare 
cABC  chondroitinase ABC  
CCD  Cooled charged coupled device  
Col1  Collagen type I 
Col2a1  Collagen type II  
Coll  Collagen 
CRISPR-cas9 Clustered regularly interspaced short palindromic  
   repeats CRISPR associated proteine 9 
DHI  Disc height index 
DMBA  dimethylamino-benzaldehyde 
DMEM  Dulbecco’s modified Eagle medium 
DMMB  1,9-dimethyl-methylene blue 
DNA  Desoxyribonucleic acid 
DW  Dry weight 
E  Efficiency SYBRgreen PRC reaction 
ECM  Extracellular matrix 
EDTA  Ethylenediaminetetraacetic acid 
EtOH  Ethanol 
FB  Fibrine 
FB/HA  Fibrine hyaluronic acid 
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FBG  Fibrinogen 
FBS  Fetal bovine serum 
Fluc  Firefly luciferase 
FM  Firefly luciferase 
FPA  focal plane array  
FTIR  Fourier transform infrared 
FW  Forward 
G  Gauge 
gADSC  Goat adipose derived stem cell 
GAG  Glycisaminoglycan 
GC  Gaussia luciferase 
GDF-5  Growth differentiation factor (5) 
GF  Growth factor 
GITC  Guanidine thiocynate  
Gluc  Gaussia luciferase 
GRE  Gradient echo 
H&E  Hematoxylin and eosin 
HA  Hyaluronic acid 
HYP  Hydroxyproline 
iAF  Inner annulus fibrosus 
IHC  immunohistochemical 
IL  Interleukin 
IVD  Intervertebral disc 
LBP  Low back pain 
LDCS  Loaded disc culture system 
LiCl  Lithium Chloride 
M  Meniscus 
MCR-ALS multivariate curve resolution-alternating least squares  
MMP  Matrix metalloproteinase 
mOsm  milli Osmoles 
MR  Magnetic resonant 
MRI  Magnetic resonance imaging 
MSC  Mesenchymal stem cell 
NaOH  Sodium hydroxide 
NFAT5  Nuclear factor of activated T-cells 5 
NIPALS  non-linear iterative partial least squares  
NP  Nucleus pulposus 
oAf  Outer annulus fibrosus 
p  Statistical significance 
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pAF  Posterior annulus fibrosus 
PBS  Phosphated buffered saline 
PCA  Principal component analysis 
PCR  Polymerase chain reaction 
PEG  Poly-Ethylene-Glycol 
PG  Proteoglycan 
pl  Plasmin 
PLS  Partial least squares 
PSF  Penicillin Streptomycin Fungizone (Amphotericin B) 
REV  Reverse 
rh  recombinant human 
RIN  RNA intergrity number 
RLU  Relative light units 
RNA  ribonucleic acid  
ROI  Region of interest 
rt-PCR  Real time polymerase chain reaction 
S100a4  Sodium/chloride coupled acid transporters, 
   aquaporin channels and calcium binding proteins  
SD  Standard deviation 
SEM  Standard error of mean 
SMIT/Slc5a3 sodium myo-inositol transporter  
SPL  Simulated physiological loading 
SVF  Stromal vascular fraction 
TauT/ Slc6A6 Taurine transporters  
TG  Transglutaminase 
TGF-β  Transforming growth factor beta 
TIMP  Tissue inhibitor of metalloproteinases 
TNF-α  Tumornecrosefactor alpha 
TonEBP  Tonicity enhancer binding protein 
TSE  Turbo spin echo 
UBC  Ubiquitin C 
w/v  weight per volume 
WW  Wet weight 
YWHAZ  Tyrosine 3-monooxygenase  
ρ  Spearman’s rho coeficient
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