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Summary 
 

 
Notochordal cell-based therapies for intervertebral disc 
regeneration 
Low back pain (LBP) is a widespread condition, and a leading cause for disability. LBP is 
highly correlated with intervertebral disc (IVD) degeneration. Current treatments such as 
conservative therapy, spinal fusion and disc arthroplasty aim to alleviate pain, without 
addressing the underlying cause of IVD degeneration. Regenerative therapies, such as 
replenishing the decreasing cell number with bone marrow stromal cells (BMSCs) are 
promising, but have up till now only shown limited regenerative effects. Another cell type 
of interest is the notochordal cell (NC), a remnant of the embryonic notochord which is 
present in the young IVD, but disappears in humans around the age of 10. NC 
disappearance coincides with the onset of IVD degeneration, suggesting a role for NCs in 
maintaining a healthy IVD. Hence, the aim of this research is to develop a NC-based 
treatment strategy to restore IVDs from an early stage of degeneration towards a healthy 
state. 

Conditioned medium derived from NC-rich nucleus pulposus (NP) tissue (NCCM) was 
tested for its regenerative potential in an in vitro canine model. As some dog breeds retain 
their NCs, while others lose them early in life, similar to humans, a canine model offers a 
homologous system, where NCs, NPCs and BMSCs are all obtained from a single species. 
Although canine cells did not thrive in alginate beads with base medium, NCCM induced 
NPC proliferation, and increased proteoglycan production by NPCs and BMSCs. A similar 
experiment showed a stronger response of bovine NPCs to porcine NCCM, which induced 
cell proliferation and proteoglycan production similar to that with addition of TGFβ-3. It 
was unknown whether NCCM can stimulate NPCs within their natural environment, i.e. the 
NP tissue, similar to isolated NPCs. Therefore, porcine NCCM was tested in a bovine NP 
explant culture using an artificial annulus system. Proteoglycan content increased with 
NCCM, similar to Link N, already known to have a regenerative potential in vivo, which 
indicates that NCCM can also stimulate NPCs within the NP tissue. 

NCCM itself is not practical for IVD regeneration, and identification of NCCM’s active 
factors is required for development of an NC-based treatment method for IVD degeneration. 
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First, canine and porcine NCCM was split by ultracentrifugation in a soluble fraction 
containing proteins, and a pelletable fraction containing extracellular vesicles. The soluble 
fraction stimulated canine and bovine NPCs, similar to complete NCCM, suggesting that 
NCCM stimulates NPCs through a protein-based mechanism. Subsequent mass-
spectrometry analysis of porcine, canine and human NCCM revealed 100-200 proteins for 
each species, of which 66 proteins were common to all three species. Although no growth 
factors were among these proteins, many proteins involved in extracellular matrix signaling 
were identified. 

As identification of NCCM’s active factors appears not to be straightforward, it was 
hypothesized that NC-rich NP matrix has similar properties. Porcine NP-tissue was 
harvested, lyophilized and ground to a fine powder. This NC-rich matrix (NCM) powder 
was tested on bovine NPCs in alginate beads for its stimulatory and anti-inflammatory 
effect. Although NCM protein content was normalized to that of NCCM, NCM had a 
stronger anabolic effect, with more proteoglycan production and cell proliferation. 
Furthermore, both NCCM and NCM may be able to counteract IL-1β-induced inflammation. 

LBP can be caused by ingrowth of nerves accompanied by blood vessels into the 
degenerating IVD. As porcine NCCM was previously reported to inhibit human umbilical 
vein endothelial cell (HUVEC) vessel formation and SH-SY5Y cell neurite formation, NCM 
was hypothesized to have a similar effect. However, NCCM stimulated HUVEC vessel 
formation, showing a higher total vessel length, and overall, a more developed vessel 
network. NCM did not stimulate vessel formation, nor did it inhibit it. NCCM and NCM did 
not inhibit neurite growth of SH-SY5Y cells grown on a poly-D-lysine coated surface, as 
reported previously. However, when grown on regular plastic, both NCCM and NCM 
stimulated neurite growth. Although the exact effects of NCCM and NCM on vessel 
formation and neurite growth are not yet fully clear, these results point towards a 
stimulatory effect, rather than inhibition and more investigation is necessary. 

The use of NCM is more practical than NCCM, and resulted in a stronger anabolic response 
in vitro. Furthermore, it omits the need to identify the active factors in NCCM. This makes 
NCM a promising candidate for IVD regeneration, to be tested in in vivo models. 
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The intervertebral disc 
Intervertebral discs (IVD) are large, avascular structures in between vertebrae that transmit 
loads during daily motion and provide flexibility to the spine by allowing bending and 
torsion. The IVD consists of a hydrated core, the nucleus pulposus (NP) which is 
surrounded by the annulus fibrosus (AF). The cartilaginous endplate forms an interface 
between the disc and the adjacent vertebral bodies (Fig. 1.1).  

Figure 1.1: (left) A schematic representation of the lumbar spine with the intervertebral discs situated in between the 
vertebral bodies. (right) The organization of the intervertebral disc; the gel-like nucleus pulposus is circumferentially 
confined by the annulus fibrosus. At the bottom, the cartilaginous endplate separates the nucleus pulposus and 
annulus fibrosus from the vertebral body. Image adapted from the Spine Technology Handbook, Guerin and Elliot, 
2006. 

The NP is a gelatinous structure consisting of proteoglycans, entangled in a network of 
randomly organized collagens. Collagen type II is the most common type in the NP, 
whereas aggrecan is the most abundant proteoglycan. In addition to aggrecan, smaller 
proteoglycans such as lumican, biglycan and decorin are present in the NP. Proteoglycans 
consist of a protein backbone to which glycosaminoglycan (GAG) sidechains, such as 
chondroitin sulfate or keratan sulfate are covalently attached.1 An important characteristic of 
proteoglycans is that their GAG sidechains contain negatively charged sulfate groups. Due 
to these negative charges, proteoglycans attract free cations which in turn attract water into 
the NP, causing it to swell. In vivo however, the NP is circumferentially confined by the AF, 
and on the top and bottom by the cartilaginous and vertebral endplates. This gives rise to a 
high water content and a high swelling pressure (0.2-0.3 MPa) in the NP. The swelling 
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pressure is crucial for sustaining the high compressive loads and for proper functioning of 
the IVD.2 Within the mature human NP tissue reside the nucleus pulposus cells (NPCs). 
These chondrocyte-like cells are present in the NP at a low density of approximately 6000 
cells per cubic milimeter3, and are responsible for remodeling and maintenance of the NP 
tissue. The AF is made up of 15-25 concentric layers, also called lamellae.4 It is rich in 
aligned collagen type I fibers, which are oriented at an angle of 60 degrees from the vertical 
axis, alternating left and right with each consecutive lamella. This structural organization is 
an important factor in the IVD’s ability to resist loads that arise with the different 
movements of the spine.5 

Intervertebral disc degeneration 
Low back pain 
Up to 80% of the population will suffer from low back pain at some point in their lives, and 
it can have great impact on the lives of those affected. Estimates suggest that low back pain 
is chronic in approximately 23% of those affected, and 11-12% are disabled in some degree 
by low back pain.6 Throughout the world, back pain is the most common cause of activity 
limitation. Although IVD degeneration does not necessarily cause low back pain, they are 
closely associated.7,8 Several risk factors are involved with IVD degeneration, such as age, 
lifestyle and occupation.7 Furthermore, studies in twins show that a hereditary factor is 
involved in IVD degeneration7,9, and that genetics may even have a greater influence on IVD 
degeneration than physical loading.10 

Structural changes 
IVD degeneration is a complex, multifactorial process, and is hypothesized to originate in 
the NP.11 Already during childhood, proteoglycan fragmentation occurs and over time, 
proteoglycan content decreases as small fragments can leach out of the NP.12 This results in 
a decreased hydration of the NP tissue, and therefore a drop in hydrostatic pressure and 
reduced IVD height. Furthermore, the collagen network in the NP changes with 
degeneration, as collagen type II is gradually replaced by collagen type I.13 Additionally, 
collagen crosslink density increases, which is suggested to alter the physical properties of 
the tissue, and contribute to the degenerative process.14 Altogether, these factors result in the 
change of the NP from a hydrated, gel-like structure towards a more fibrous tissue. The 
lamellar structure of the AF becomes disorganized, and whereas in the healthy tissue it is 
easy to discriminate between the hydrated NP and the fibrous AF, this becomes increasingly 
difficult with increasing degeneration (Fig. 1.2). 

As the hydrostatic pressure in the NP tissue decreases with IVD degeneration, its load-
bearing capacity decreases so that compressive loads are increasingly transferred to the 
AF.15 The changing load distribution can contribute to the formation of radial annular tears, 
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allowing the NP to migrate and potentially give rise to herniations.16 When the NP 
herniates, it bulges outward and may compress the nerve root, which can cause pain and 
sciatica. Additionally, herniation can trigger an immune response leading to inflammation, 
as several inflammatory cytokines where identified in herniating NP tissue.17,18 Furthermore, 
annular tears provide a low pressure micro-environment that is conducive to nerve and 
blood vessel ingrowth.19 Indeed, in elderly IVDs, many tears showed ingrowth of nerves, 
generally accompanied by blood vessels.20 Furthermore, the extent of nerve ingrowth was 
found greatest at IVD levels at which the patient experienced pain21, suggesting a relation 
between nerve growth and low back pain.  

Figure 1.2: Lumbar intervertebral discs of (a) 19 year old female, with a gelatinous NP and a clearly defined AF. (b) 53 
year old female, fibrous tissue becomes visible at the periphery of the NP. (c) 53 year old male, the NP space becomes 
increasingly fibrous, and the demarcation between the NP and AF becomes invisible. (d) 86 year old female, the 
cartilaginous endplate becomes more irregular. (e) 64 year old male, disc height as reduced and the NP has totally 
disappeared. Adapted from Benneker et al., Eur Spine J, 2005.  

The endplate can undergo various degenerative changes associated with low back pain.22 
Schmorl’s nodes are herniations of the NP tissue into the endplate, forming a defect in the 
surface of the adjacent vertebra.23 They are generally assumed asymptomatic, but are highly 
associated with IVD degeneration.24 Also endplate fractures, which can be caused by 
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compressive overload, can result in IVD decompression, leading to abnormal stresses and 
therefore contribute to IVD degeneration.25  

Cellular changes 
In the healthy NP, the NPCs maintain a healthy tissue through homeostasis: a delicate 
balance between formation and breakdown of the extracellular matrix. With IVD 
degeneration, the NPC population undergoes several changes which can disturb this 
balance, including changes in cell phenotype, cell senescence and death. 

The cell phenotype changes during aging and IVD degeneration. NPCs from healthy discs 
express chondrocytic markers such as SOX9, collagen type II and aggrecan. In cells from 
degenerate IVDs however, collagen type II expression was decreased, and aggrecan 
expression was absent.26 Such changes can result in inability of the cells to produce the 
constituents of a healthy NP matrix.13 Not only are the NPCs unable to produce a healthy 
matrix, there is also an increase in production of catabolic factors, such as matrix 
metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin 
motifs (ADAMTS).27–29 These factors are responsible for breakdown of collagens and 
proteoglycans. Furthermore, with degeneration, NPCs start to produce pro-inflammatory 
cytokines such as interleukin-1β (IL-1β), IL-6, IL-8, tumor necrosis factor α (TNFα) and 
prostaglandin E2 (PGE2).30,31 IL-1β and TNFα are both able to induce production of MMPs 
and ADAMTS30,32 and can therefore promote extracellular matrix degradation and accelerate 
the degenerative process. Furthermore, the presence of inflammatory cytokines has been 
linked to low back pain.33 Aside from NPCs, a small population of multipotent IVD 
progenitor cells resides in the NP.34 However, their number decreases with aging and 
degeneration, suggesting exhaustion of their potential capacity to regenerate the IVD.35 

Cell senescence, the phenomenon where cells cease to divide, increases with aging and 
advancing IVD degeneration.36,37 Senescence can be caused by age-dependent telomere 
shortening with repeated cell divisions, or it can be induced by oxidative stress, although 
the telomere shortening pathway was found the most important in in vivo conditions.37 
Senescent cells can potentially contribute to IVD degeneration by increased catabolism and 
decreased anabolism.38 

Finally, cell death increases in the degenerating IVD. The nutrient supply to the IVD is 
limited, as there are only blood vessels in the periphery of the IVD. The NP and the inner AF 
rely on diffusion from the cartilaginous endplate as the main source of nutrients.39 However, 
endplate calcification can occur with IVD degeneration, hindering solute transport through 
the endplate.40,41 This results in a decrease in oxygen and nutrient diffusion into the disc, as 
well as a build-up of lactic acid, a waste product of glycolysis, resulting in an acidic pH 
inside the IVD. Decreased oxygen concentration, nutrient availability and pH can contribute 
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to increased IVD cell death.42,43 Furthermore, low oxygen concentrations and acidic pH also 
reduced proteoglycan synthesis by NPCs44,45, which can further contribute to IVD 
degeneration. 

Current treatments for intervertebral disc degeneration 
Patients suffering from back and neck pain are initially treated conservatively with physical 
therapy and pain medication. When conservative treatment fails, surgical procedures, such 
as spinal fusion or disc arthroplasty can be considered. With fusion, the degenerated disc is 
removed and the vertebral bodies are fused with bone, restoring disc space height and 
eliminating motion. An artificial disc replaces the degenerated disc and restores disc space 
height, while retaining motion. These methods are highly invasive, and success rates of both 
techniques are limited, with no statistical differences in clinical outcome between fusion and 
disc replacement.46 There are high rates of treatment- and prosthesis-related complications, 
such as loss of motion and vertebral body damage, and often reoperation is required.47 
Additionally, fusion may lead to adjacent segment degeneration as the non-fused adjacent 
disc may experience biomechanical alterations.48 However, discussion is ongoing on 
whether adjacent segment degeneration is an effect of fusion, or if patients that have IVD 
degeneration at one level are predisposed to also develop degeneration at another level.49–51 
Since the success rate of current techniques is limited, and they aim to alleviate pain, rather 
than to address the underlying cause of IVD degeneration, alternative treatment methods 
for IVD degeneration are required. 

Intervertebral disc regeneration 
Minimally invasive, regenerative therapies have gained increasing attention, and are tested 
in various animal models. Such treatments include cell transplantation into the disc to 
replenish the decreasing NPC number, and growth factor therapy to induce an anabolic 
response to the resident NPCs. 

Animal models 
Since human material is often difficult to obtain due to ethical considerations and 
governmental restrictions, animal models are generally applied for IVD degeneration and 
regeneration studies. Not every animal model however, may be suitable to study human 
diseases. Among animal models used to study the IVD are rat, mouse, rabbit, dog, pig and 
cow. These species differ from the human as they are quadrupeds, walking on four feet, 
whereas the human is a biped. It has been often assumed that a vertically loaded spine 
carries higher loads, due to the weight of the upper part of the body acting on the spine. 
However, it was found that also in quadrupeds, the spine is mainly loaded in the axial 
direction due to tensile forces from muscles and ligaments.52 In fact, it is suggested that the 
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axial load in quadruped spines may actually be higher compared to bipeds, since stabilizing 
a horizontal spine may require higher muscle forces than stabilizing a vertical spine.53 This 
is supported by the finding that bone mineral density in quadrupeds is higher than in 
humans.52 Other aspects to take into account are biochemical differences between species, 
and the great differences in IVD dimensions with various animal models, which may affect 
mechanical behavior, solute diffusion and rates of biologic processes. 

Perhaps the most important factor in the choice for an animal model is whether it 
spontaneously develops IVD degeneration. Humans have an early onset of IVD 
degeneration, but several species, such as rabbit, rodent and pig retain healthy IVDs, with a 
gel-like hydrated NP tissue throughout the largest part of their lives (Fig. 1.3). The dog is a 
unique species regarding NP homeostasis. Chondrodystrophic dog breeds, such as the 
beagle spontaneously develop early IVD degeneration54, similar to humans. Non-
chondrodystrophic dogs are generally larger dogs that maintain a healthy IVD until later in 
life. Canine models are of particular interest in IVD research as they offer the possibility to 
investigate naturally occurring early IVD degeneration versus the maintenance of a healthy 
tissue in a single species. Furthermore, pathology of IVD degeneration in dogs and humans 
shows many similarities, suggesting that chondrodystrophic dogs may serve as a suitable 
model for IVD research.55 

Figure 1.3: (a) bovine and (b) porcine intervertebral discs. For the bovine disc, a gradual morphological change from 
the AF to the NP is observed, whereas in the porcine disc a clear demarcation line is observed, separating the AF from 
the highly hydrated NP. Courtesy of Irene Arkesteijn. 

Due to ease of handling, small animals such as the rabbit are often used to test IVD 
regenerative therapies. However, these animals naturally retain a healthy IVD, and in order 
to use such animal models, IVD degeneration is induced through partial nucleotomy, 
annular puncture or enzymatic digestion. This results in pressure loss and a decrease in disc 
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height. Such models may however not be a realistic representation of IVD degeneration. 
Spontaneous IVD degeneration is a long process that, besides a decrease in disc height, also 
results in decreased nutrient availability, decreased cellular activity and a catabolic and 
inflammatory environment. Such degenerative changes may inhibit the effectiveness of cell- 
and growth factor treatments, but are likely not, or to lesser extent included in a model 
where degeneration is induced by acute injury. Therefore, the degeneration-induced IVD 
may still be relatively healthy, and may not be fully comparable to the human situation.  

Cell transplantation 
A promising regenerative approach is the transplantation of cells, which aims to replenish 
the decreasing number of native cells in the NP. There are several approaches employed 
thus far, including autologous disc cells and stem cells. 

Autologous NPCs can be harvested by micro-discectomy, expanded in vitro and reinserted, 
which has led to promising findings. In the sand rat, an animal that spontaneously develops 
disc degeneration similar to humans, viable implanted NPCs were found 8 months post 
injection.56 In a canine model, autologous NPCs were viable 12 weeks after injection, and 
their implantation resulted in increased matrix content and retention of disc height.57 A 
clinical study (EuroDISC) of autologous NPC implantation resulted in a higher fluid 
content, lower disability scores and reduction of low back pain.58,59 The use of autologous 
NPCs seems promising, however the NPCs can only be acquired from herniating NP tissue. 
As the number of cells that can be obtained from this tissue is low, they need extensive 
expansion in vitro to obtain sufficient cell numbers, possibly affecting the phenotype and 
therefore the regenerative potential. Expression of collagen type II was only partially 
restored when NPCs were seeded in alginate beads after monolayer culture.60 Furthermore, 
autologous NPCs might already be genetically predisposed to undergo degeneration and 
therefore not suitable to regenerate the IVD. Lastly, due to changes in herniated NP tissue, 
such as a different osmolarity or increased presence of inflammatory cytokines, herniated 
NP tissue may not be a suitable source for NPCs. 

Stem cells are multipotent cells that, under the right conditions, are able to differentiate 
towards the osteogenic, adipogenic and chondrogenic lineages. These cells are easily 
accessible, and can be harvested from various sites such as adipose tissue, skin, muscle and 
bone marrow (BMSCs).61 Because of these properties, BMSCs have received considerable 
attention for IVD regeneration. With growth factor treatment62,63 or co-culture with 
NPCs64,65, these cells can be directed towards an NP-like phenotype. Additionally, BMSCs 
are reported to have a trophic effect on NPC proliferation and proteoglycan production65,66, 
and secrete soluble factors with immuno-modulating and anti-apoptotic properties.67 
Transplantation of BMSCs had promising effects in vivo in various animal models, such as 
rat68, mouse69, rabbit70,71 and dog72. In these studies, BMSCs survived, proliferated, 
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differentiated towards an NPC-like phenotype and synthesized matrix. Although 
degeneration was inhibited, only limited regeneration was achieved. Nonetheless, a 
systematic review of in vivo animal studies provided evidence that in the short term, BMSC 
injection was a safe and effective method for IVD regeneration.73 Also in a human in vivo 
study, intradiscal injection of autologous BMSCs led to promising results, such as decreased 
pain and disability and increased water content.74 However, another in vivo study reported 
no improvement after injection of hematopoietic stem cells in 10 human patients,75 possibly 
because BMSC viability is compromised by an environment that is poor in oxygen and 
nutrients such as the IVD.76 Although cell transplantation may be a promising therapeutic 
method for IVD regeneration, the currently available results are still mixed and long-term 
efficacy is unknown, indicating that further investigation is required. 

Growth factor therapy 
Growth factors are substances, often proteins, that regulate cellular processes such as 
growth, differentiation, migration and apoptosis through autocrine or paracrine signaling. 
Upon their binding to cell surface receptors, an intracellular cascade takes place that 
activates or represses specific genes, ultimately resulting in a biological effect.77 Growth 
factors that are being tested in vitro as well as in vivo for regenerative therapies for the IVD, 
include bone morphogenic proteins (BMPs), growth and differentiation factor 5 (GDF-5) and 
transforming growth factor beta 1 (TGFβ-1).78 

Bone morphogenic proteins (BMPs), a class of proteins belonging to the transforming 
growth factor β (TGFβ) superfamily, are known to influence chondrogenesis. BMP-2 and 
BMP-7, otherwise known as osteogenic protein-1 (OP-1), have shown promising results in 
relation to IVD regeneration.79 BMP-2 has been tested in in vitro rat80 and human81 models, 
and increased proteoglycan production and expression of genes associated with the 
chondrogenic phenotype. Similarly, BMP-7 has shown stimulatory effects in vitro in various 
species such as rabbit82 and human.83 However, in an explant culture of human degenerated 
NP tissue, no regenerative effects where observed after injection of BMP-7.84 Also in vivo 
application of BMP-7 led to mixed results. After needle puncture-induced disc degeneration 
in rabbits, injection of BMP-7 restored disc height, water content, proteoglycan production 
and viscoelastic properties.85,86 However, in an in vivo canine model of spontaneous disc 
degeneration, injection of BMP-7 did not result in regeneration87. Altogether, these results 
show that the use of BMPs for IVD regeneration is promising, although further investigation 
is required. 

Link-N is an N-terminal peptide, generated by cleavage of link protein, and can stimulate 
matrix production and proliferation of cells from the NP, as well as the AF.88 In in vivo rabbit 
experiments, injection of Link-N partially restored disc height after annular puncture.89 
Furthermore, in human whole disc explants, injection of Link-N induced proteoglycan 
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synthesis, and a downregulation of catabolic genes such as MMP-13 and ADAMTS-5.90 The 
clinical use of growth factors is expensive, and an advantage of a synthetic peptide such as 
Link N is that it can be produced relatively cheap. 

Several difficulties arise with the use of growth factors for IVD regeneration. Adverse 
effects, such as innervation, bone formation and increased inflammation were reported 
when BMP-2 was injected in annular tears in rabbit discs.91 Furthermore, extradiscal bone 
formation was observed after injection of BMP-7 in a canine model.87 These effects have not 
been reported in vitro, suggesting that the step from in vitro to in vivo experiments may not 
be a straightforward one. In addition, the dosage of growth factors should be tested. As the 
IVD is a relatively closed space, growth factors with a long half-life may be present and 
active for a long time and therefore have long-lasting effects.92 Short half-life growth factors 
however, require a suitable sustained release system to be able to have an effect, as multiple 
injections are not desired. Needle puncture of bovine discs induced mechanical and 
biological changes,93 although a trend towards greater degenerative changes was observed 
with a larger needle.94 This suggests a needle size threshold may exist below which IVD 
integrity is minimally affected, and does not lead to further degeneration. Also, an age-
related decrease in responsiveness to IGF-1 stimulation of rat NPCs was observed.95 A 
decreased responsiveness together with a decreasing number of cells in the degenerating 
IVD, suggests that from a certain age, growth factor treatment alone is not a viable treatment 
anymore. A potential solution could be a combination of growth factor treatment and cell 
transplantation. Although growth factors are promising for regeneration of the IVD, and 
some were even used in clinical trials (BMP-7, GDF-5), no growth factor-based treatment for 
IVD degeneration is currently commercially available, and other options need to be 
explored. 

Notochordal cells 
A cell type that has gained increasing attention in the field of IVD regeneration is the 
notochordal cell (NC). The NC is a remnant of the embryonic notochord, and is in humans 
present in the NP of the fetal and young individual. The presence of NCs in the developing 
IVD, and the finding that their loss may be consistent with IVD degeneration is suggestive 
for their involvement in IVD homeostasis. Hence, NCs are currently being investigated for 
their regenerative capabilities. 

Notochordal cell origin 
Early in embryonic development, the amnion and yolk sac form a bilaminar disc, consisting 
of the endoderm and ectoderm. During gastrulation, a third layer, the mesoderm, is formed 
in between these layers by mesoderm progenitor cells migrating inwards from the primitive  
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Figure 1.4: (a) Formation of the trilaminar disc and the primitive streak. (b) formation of the notochordal process, 
ultimately giving rise to the notochordal plate. (c) The notochordal plate folds, forming the notochord. (d) Somites 
form the perichordal tube, which ultimately gives rise to the vertebral bodies and the AF. Parts of the notochord end 
up trapped in between vertebral bodies, ultimately forming the NP. (a-c) adapted from Kaplan et al.96, (d) adapted 
from McCann et al.97 

streak (Fig. 1.4a). The primitive streak elongates, forming the craniocaudal axis. At the 
cranial end of the primitive streak lies the primitive node, which has a signaling function in 
neural development. Cells migrating through the node give rise to the prechordal plate, 
serving as a signaling center for development of cranial structures and the notochordal 
process (Fig. 1.4b). The notochordal process elongates towards the prechordal plate at the 
cranial side of the embryo, and its cells merge with the embryonic endoderm to form a 
notochordal plate. The notochordal plate then folds, giving rise to the notochord, a cellular 
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rod-like structure with a central canal (Fig. 1.4c).96 The paraxial mesoderm, the part of the 
mesoderm closest to the notochord, forms somites, paired blocks of tissue on both sides of 
the notochord that develop from the cranial to the caudal side. Somite cells form a peri-
notochordal sheath that exhibits alternating more and less condensed areas, ultimately 
forming the vertebrae and the annulus fibrosus, respectively. Where the vertebrae are 
formed, the notochord deteriorates. At sites where the annulus fibrosus is formed however, 
a part of the notochord gets trapped and gives rise to the NP (Fig. 1.4d).97,98 At this point, the 
NP contains only NCs. 

Notochordal cell form, function and fate 
NCs have a remarkable morphology; they generally appear in clusters and contain large 
cytoplasmic vacuoles. The content of the vacuoles is unknown, although they have been 
speculated to contain charged lipid deposits, serving as energy storage for the cells.99 NCs 
have generally been distinguished morphologically from the smaller chondrocyte-like 
NPCs. Recently, certain factors including brachyury and several cytokeratins (8, 18 and 19) 
have been proposed as NC markers.100 However, these markers may not be NC-specific, as 
they were also expressed, although to smaller extent, by NPCs.101 

The exact role of NCs is not clear, although they have been suggested to act either as a 
regulator or a progenitor cell during IVD development. As a regulator cell, NCs may control 
the migration of cells from surrounding tissues into the NP space, and direct the synthesis of 
the NP tissue by those cells, after which the NCs undergo apoptosis.102–105 As a progenitor 
cell, NCs might differentiate towards the chondrocyte-like NPCs, which synthesize the 
NP.106,107 Whether the NC acts as a regulator or progenitor cell, the result is the same: NCs 
disappear, so that the mature NP tissue is only populated by NPCs. In humans, the NCs 
disappear early in life, generally in the first decade, although NCs have also been identified 
in the nucleus pulposus of a 32 year old individual.102 In humans, the onset of IVD 
degeneration follows shortly after the disappearance of notochordal cells (NCs)108, 
suggesting that these cells play a role in maintaining a healthy NP tissue. This hypothesis is 
supported by the observation that the species that retain their NC population develop less 
severe IVD degeneration, and only later in life. 

Regenerative potential of notochordal cells 
Various studies have tested the regenerative potential of NCs. A co-culture of bovine NPCs 
with canine NCs resulted in increased proteoglycan synthesis. However, NC-conditioned 
medium (NCCM), produced by incubating medium with isolated canine NCs in alginate 
beads, had a similar stimulatory effect on bovine NPCs.105 This suggests that NCs exert their 
effect through secreted factors, rather than cell-cell contact. Later studies testing NCCM 
from canine NCs in alginate beads on bovine NPCs also reported increased proteoglycan 
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synthesis, but in addition they found increased cell proliferation and expression of genes 
associated with the chondrogenic phenotype.103,104 Furthermore, connective tissue growth 
factor (CTGF) was identified with mass spectrometry in canine NCCM, which may be 
involved with NCCM’s anabolic effect.104 Porcine NCCM, produced by incubating isolated 
NCs in alginate beads, as well as by directly incubating NC-rich NP tissue was tested on 
human BMSCs in pellet culture.109,110 NCCM produced from NP tissue increased 
proteoglycan production compared to NCCM produced from isolated NCs and compared to 
addition of TGFβ-3. Furthermore, it enhanced expression of genes associated with the 
chondrogenic phenotype.109 For human NPCs however, conditioned medium from NCs in 
alginate beads resulted in a stronger stimulatory response.111 To date, no single species 
model was used, and although some of the regenerative effects may be caused by the use of 
heterologous model systems, the use of NCs, or rather their secreted factors, seems a 
promising therapeutic approach for IVD regeneration. 

Aim and outline 
The aim of this research is to employ the regenerative potential of NCs, or their secreted 
factors, for the development of a treatment strategy for IVD degeneration. 

In chapter 2, the stimulatory effect of NCCM on matrix synthesis of isolated NPCs in 
alginate beads is tested in a homologous canine model. In addition, NCCM is tested on 
BMSCs and a co-culture of NPCs and BMSCs, to investigate whether combined stimulation 
with NCCM and addition of BMSCs provides a synergistic stimulatory effect. To this end, 
cell-seeded alginate beads are cultured for 28 days in NCCM, and compared against culture 
in base medium and positive control medium, supplemented with transforming growth 
factor-β1 (TGF-β1). 

Although NCCM has to ability to stimulate isolated cells in alginate beads, it is unknown 
whether it has a similar effect on NPCs within the NP tissue. In chapter 3, NCCM is tested 
in a NP explant culture. Its effect is compared to native tissue, and to the addition of Link-N, 
a peptide that has already shown a regenerative potential in vivo. 

The use of NCCM itself for IVD regeneration is not practical, as it would require a large 
amount of NC-rich NP tissue, which can only be obtained from young or fetal donors. 
Therefore, chapter 4 focuses on the identification of the bioactive factors in NCCM using 
free label mass spectrometry. Furthermore, with ultracentrifugation, NCCM is split in a 
soluble fraction, containing proteins, and a pelletable fraction rich in exosomes, after which 
both fractions are tested for their stimulatory effect. 

In chapter 5, a novel approach to employ NC-secreted factors is proposed. Rather than to 
identify and synthetically produce them, they are harvested from a site where they are 
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known to occur: the NC-rich NP tissue. The regenerative potential of this NC-rich matrix 
(NCM), as well as its anti-inflammatory and anti-catabolic properties are tested in alginate 
bead cultures, and compared to NCCM. 

NCCM was reported to inhibit vessel formation by human umbilical vein endothelial cells 
(HUVECs) and SH-SY5Y cell neurite growth, of which the interplay is thought to cause IVD 
innervation and low back pain. Chapter 6 investigates whether NCM has a similar 
inhibitory effect. HUVEC vessel formation was analyzed by total vessel length, and neurite 
growth was quantified by average neurite length and the percentage of neurite expressing 
cells. 

Finally, conclusions, limitations and future perspectives are discussed in chapter 7 
  



 

 

Chapter 2 
 
 
Notochordal cell-conditioned medium 
stimulates matrix production by canine 
nucleus pulposus cells and bone marrow 
derived stromal cells1 
  

                                                                 
This chapter is based on: S.A.H. de Vries, E. Potier, M. van Doeselaar, B.P. Meij, M.A. Tryfonidou and K. 
Ito. Conditioned medium derived from notochordal cell-rich nucleus pulposus tissue stimulates matrix 
production by canine nucleus pulposus cells and bone marrow-derived stromal cells. Tissue 
Engineering Part A, 21(5-6):1077-1084, 2015. 
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Abstract 
Conditioned medium derived from notochordal cell-rich nucleus pulposus tissue (NCCM) 
previously stimulated bone marrow stromal cells (BMSCs) and nucleus pulposus cells 
(NPCs), in mixed species in vitro studies. The objective of the current study was to assess the 
stimulatory effect of NCCM on NPCs in a homologous canine in vitro model, and to 
investigate whether combined stimulation with NCCM and addition of BMSCs provides a 
synergistic stimulatory effect. BMSCs and NPCs were harvested from chondrodystrophic 
dogs with confirmed early intervertebral disc (IVD) degeneration. NCCM was produced 
from NP tissue of non-chondrodystrophic dogs with healthy IVDs. BMSCs or NPCs alone 
(3x106 cells/ml) and NPCs+BMSCs (total 6x106 cells/ml; mixed 1:1) were cultured for 4 weeks 
in 1.2% alginate beads under base medium (BM), NCCM, or with addition of 10 ng/ml TGF-
β1 as a positive control. Beads were assessed for GAG and DNA contents by biochemical 
assays, GAG deposition by Alcian Blue staining, and gene expression (ACAN, VCAN, 
COL1A1, COL1A2 SOX9, ADAMTS5 and MMP13) with RT-qPCR. NCCM increased NPC 
proliferation, proteoglycan production, and expression of genes associated with a healthy 
NP-like phenotype. BMSCs also showed increased proteoglycan production with NCCM, 
but stimulatory effects were not observed at the gene level. Combined stimulation of NPCs 
with NCCM and co-culture with BMSCs did not result in increased proteoglycan content 
compared to stimulation with NCCM alone. NCCM stimulates matrix production by both 
NPCs and BMSCs, and increases expression of genes associated with the NP-like phenotype. 
NCCM is therefore promising for intervertebral disc regeneration, and identification of the 
bioactive components will be helpful to further develop this approach. In the current study, 
no synergistic effect of NCCM and BMSCs was observed. 

Introduction 
The intervertebral disc (IVD) consists of a hydrated gel-like nucleus pulposus (NP), 
constrained by a collagenous fibrous outer layer, the annulus fibrosus (AF). The NP consists 
mainly of negatively charged proteoglycans embedded in a collagen network. The high 
osmotic environment attracts water into the NP, creating a swelling pressure which is 
critical for transmitting load. The degenerating IVD is characterized by a change in 
phenotype and decreasing number of the resident nucleus pulposus cells (NPCs), a shift in 
NP matrix composition where collagen type 2 and proteoglycans are replaced by collagen 
type I13, and increased production of enzymes degrading the matrix.27 These changes result 
in a drop in NP swelling pressure, and compressive loads are increasingly exerted on 
surrounding structures such as the AF, which could contribute to further degeneration. IVD 
degeneration is associated with low back pain7, and current treatment methods mostly aim 
to alleviate pain, but do not address the underlying causes of IVD degeneration. 
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As degeneration is characterized by a decreasing number of NPCs, bone marrow stromal 
cells (BMSCs) have previously been proposed as a potential cell source to restore the IVD. In 
co-culture with NPCs, BMSCs can acquire a phenotype consistent with that of NPCs.64,65 

Furthermore, BMSC transplantation into the IVD has shown to promote matrix synthesis 
and to delay or arrest degenerative changes, such as decrease in disc height or drop in water 
content.69–72 However, addition of BMSCs only resulted in limited regeneration, indicating 
that additional, or a different type of stimulation is required. 

Alternatively, NP regeneration may be achieved by stimulation of the resident NPCs. 
Notochordal cells (NCs) are remnants of the embryonic notochord, and offer a promising 
alternative for NPC stimulation.108 Although their exact role in the disc is unclear, early 
disappearance of these cells in certain species, including humans and chondrodystrophic 
dog breeds, coincides with the onset of IVD degeneration. Furthermore, species retaining 
their NC population, e.g. non-chondrodystrophic dog breeds, also develop IVD 
degeneration, but they do so in known isolated locations due to ‘wear and tear’ of the IVD, 
whereas the majority of their discs remain healthy until later in life.112 These observations 
suggest that NCs are involved in IVD homeostasis.54 

Some studies have already investigated the stimulatory effect of NCs on NPCs in 
heterologous in vitro cell cultures. Stimulation of bovine NPCs with canine NC-conditioned 
medium, produced from NCs in alginate beads, resulted in increased proliferation103, 
proteoglycan synthesis103,105, and enhanced expression of genes associated with the 
chondrogenic phenotype104. Porcine conditioned medium from NCs in alginate beads, and 
from NC-rich NP tissue (NCCM) also directed human BMSCs towards a chondrogenic 
phenotype and increased BMSC proteoglycan production.109,110 For human NPCs, 
conditioned medium produced from porcine NCs in alginate beads provided a more 
efficient stimulation than NCCM derived from NC-rich NP tissue.111 For human BMSCs 
however, NCCM produced from NP tissue increased proteoglycan production and 
enhanced chondrogenic gene expression further than NCCM derived from isolated NCs.109 
Although NCCM appeared promising, it is possible that some of these effects are partially 
due to the use of a heterologous experimental design. 

In IVD research, the use of a canine model offers specific advantages. Non-
chondrodystrophic dog breeds maintain their NC population, and retain a healthy, gel-like 
NP tissue throughout the largest part of their lives. Chondrodystrophic breeds, however, 
lose their NC population and start developing IVD degeneration relatively early in life.112 
These different dog breeds allow us to obtain healthy, NC-rich NP tissue, as well a 
homogeneous NPC population within the same species, contrary to other models where 
NCs and NPCs are obtained from different species. In cross-species models, effects of 
NCCM may be underestimated, since not all growth factors and cytokines are cross-species 
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efficient. Furthermore, dogs spontaneously develop IVD degeneration as humans, and the 
appearance of IVD degeneration, as well as diagnostic and treatment methods, are similar 
between humans and dogs.55,113 Since a single species in vitro model has not been used 
before, the first aim of this study is to confirm the stimulatory effects of NCCM on NPCs 
and BMSCs in a canine model. Furthermore, this study aims to investigate whether 
combined stimulation of NPCs with NCCM and BMSCs has a synergistic effect compared to 
stimulation with BMSCs or NCCM alone. 

Materials and Methods 
NPC and BMSC harvest 
NPCs and BMSCs were harvested from ten 2 to 2.5 year old Beagles (NPCs and BMSCs of 
two donors pooled per repetition), sacrificed for unrelated experiments, which were 
approved by the ethics committee on animal experimentation of Utrecht University. To 
harvest NPCs, the IVDs were opened within hours after euthanasia under aseptic conditions 
and the NP tissue was quickly removed with a scalpel and forceps. The technique of 
harvesting NP tissue has been developed by experienced board-certified veterinary 
surgeons (BM and MAT), who are familiar with IVD-related spine surgeries in canine 
patients with IVD diseases. The technique was optimized to expose and retrieve 26 discs (6 
cervical, 13 thoracolumbar, and 7 lumbar IVDs) within the time span of 1 hour in a canine 
cadaveric spine. Care was taken to only include NP tissue without AF or endplate tissue. 
The tissue was then digested in 0.1% pronase (Roche Diagnostics, Mannheim, Germany) for 
45 minutes at 37 °C and subsequently in 0.15% collagenase type 2 (Worthington, Lakewood, 
NJ, USA) for 16 hours at 37 °C. After digestion, the solution was filtered with a 70 µm cell 
strainer (BD Biosciences, San Jose, CA, USA) to collect the NPCs in the filtrate, which were 
centrifuged and resuspended in freezing medium (DMEM/F-12 Glutamax (Gibco, Carlsbad, 
CA, USA) with 10% fetal calf serum (FCS, Gibco) and 10% dimethyl sulfoxide (DMSO, 
Merck, Darmstadt, Germany)) and cryopreserved in liquid nitrogen until further use. 
BMSCs were harvested from the diaphysis of humeri according to a previously described 
protocol114, and expanded in αMEM + 10% FCS Gold (PAA laboratories, Pasching, Austria) + 
1% penicillin/streptomycin (P/S) until 80% confluency, after which BMSCs were trypsinized 
and re-suspended in freezing medium for cryopreservation in liquid nitrogen at P0. 

NCCM production 
NCCM was produced from NC-rich NP tissue from five 1-1.5 year old non-
chondrodystrophic mixed breed dogs (1 donor per repetition). The IVDs were opened under 
aseptic conditions, and the NP tissue was taken out with a curette and forceps. The tissue 
was incubated in high glucose (hg)DMEM (Gibco) + 1% P/S at 1 gram tissue per 30 ml 
medium for 4 days at 37 °C, 5% CO2 and 5% O2. Subsequently, the medium was collected 
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and filtered through a 70 µm cell strainer to remove tissue pieces, before being filtered with 
a 3 kDa cut-off filter tube (Amicon Ultra-15 Centrifugal filter, Merck). The residue was 
resuspended in the original amount of hgDMEM to obtain a final 1x concentration NCCM, 
which was stored in aliquots at -80 °C until further use. 

Alginate bead culture 
BMSCs and NPCs were thawed and expanded for a single passage, one week before the 
start of an experiment, to ensure a sufficient amount of cells. NPCs were expanded in 
hgDMEM supplemented with 10% FCS and 1% P/S, and BMSCs were expanded in αMEM 
supplemented with 10% FCS Gold and 1% P/S, both at 37 °C, 21% O2 and 5% CO2. At 80% 
confluency, NPCs and BMSCs were trypsinized and suspended in 1.2% alginate (Sigma, 
Zwijndrecht, the Netherlands), each at 3x106 cells/ml. For the mixture group 
(NPCs+BMSCs), NPCs and BMSCs were mixed at a 1:1 ratio and suspended at 6x106 cells/ml 
in 1.2% alginate. For NPCs and BMSCs, as wells as the mixture group, cells from 2 
independent donors were pooled per repetition, with a total of 5 repetitions. Medium was 
changed two times per week. Alginate beads where produced according to a previously 
described protocol.115 The beads were cultured for 4 weeks at 37 °C, 5% CO2, and 5% O2, in 3 
different medium groups for single cell cultures: base medium (BM: hgDMEM with 5% 
stripped FCS (PAA laboratories) and 1% P/S), conditioned medium (NCCM: supplemented 
with 5% stripped FCS and 1% P/S) or in positive control medium (TGFβ: BM supplemented 
with 10 ng/ml transforming growth factor β1 (PeproTech, Rocky Hill, NJ, USA)), and in BM 
and NCCM for the co-culture. An overview of the different culture groups is shown in Table 
2.1. Stripped FCS was used in order to diminish the confounding effect of the growth factors 
included in normal FCS. 

Table 2.1: Overview of the different experimental groups. 

NPCs: nucleus pulposus cells, BMSCs: bone marrow stromal cells, BM: base medium, NCCM: conditioned medium 
derived from notochordal cell-rich NP tissue, TGFβ: Transforming Growth Factor β1. n = 5 for each group. 

Viability staining 
At day 1 and day 28, 2 beads per group (n = 5) were placed in 10 µM Calcein AM (Sigma, 
excitation: 495 nm, emission: 515 nm) and 10 µM Propidium Iodide (Invitrogen, Carlsbad, 
CA, USA, excitation: 535 nm, emission: 617 nm) in phosphate-buffered saline. The beads 
were incubated in the dark for 30 minutes at 37 °C, before cells were visualized and assessed 
for viability with a confocal microscope (LSM 510 Meta, Zeiss, Sliedrecht, the Netherlands). 

 BM NCCM TGFβ 
NPCs 3x106 cells/ml 3x106 cells/ml 3x106  cells/ml 
BMSCs 3x106 cells/ml 3x106  cells/ml 3x106  cells/ml 
NPCS + BMSCs (1:1) 6x106 cells/ml 6x106 cells/ml  
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Biochemical content 
At day 0 and day 28, 5 beads per group (n = 5) were collected and stored at -80 oC until 
assayed for biochemical contents. The samples were digested overnight at 60 oC in papain 
solution (100 mM phosphate buffer, 5 mM L-cystein, 5 mM ethylene diamine tetra-acetic 
acid, and 140 µg/ml papain, all from Sigma). From the digested samples, glycosaminoglycan 
(GAG) content was analyzed with a modified dimethyl-methylene blue (DMMB) assay, 
using shark cartilage chondroitin sulfate (Sigma) as reference, and DNA content was 
measured with the Qubit Quantification Platform (Invitrogen). At day 28, 3 beads per 
independent sample were fixed overnight in 3.7% formalin at room temperature and 
embedded in paraffin. Sections with a thickness of 8 µm were cut and stained with Alcian 
blue (Sigma) for visualization of proteoglycan deposition, and with hematoxylin for 
visualization of cell nuclei. Pictures were taken with a bright field microscope (Observer Z1, 
Carl Zeiss, Jena, Germany). 

Gene expression 
At day 0 and day 28, 5 beads per group (n = 5) were collected, pooled and incubated in 1 ml 
sodium citrate buffer (55 mM tri-sodiumcitrate-2-hydrate (Merck), 0.15 M sodium chloride 
(Merck), 25 mM Hepes (Sigma) in RNAse-free water, pH adjusted to 7.4) for 5 minutes at 
room temperature to dissolve the alginate. After centrifugation, the cell pellet was lysed 
with 300 µl RLT buffer (Qiagen, Venlo, the Netherlands) and stored at -80 °C. RNA was 
extracted and purified using the Qiagen mini-kit (Qiagen) with an on-column DNAse 
digestion step. The quantity and purity of RNA was measured with a spectrophotometer 
(ND-1000, Isogen, de Meern, the Netherlands). The absence of genomic DNA contamination 
in isolated RNA was verified with a minus-RT control reaction (iCycler, Biorad, Veenendaal, 
the Netherlands). cDNA was synthesized using the VILO-kit (Invitrogen). Genes of interest 
and their corresponding primer pairs are summarized in Table 2.2. 18S ribosomal RNA (18S) 
was selected as reference gene from 3 tested genes (18S, glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) and ribosomal protein S19 (RPS19)) as it was the most stable gene 
throughout the experimental conditions. Gene expression was investigated using real time 
PCR (CFX384, Biorad), and expression is reported according to the 2-∆∆Ct method.116 The 
efficiency of each primer was tested for each of the experimental conditions (ranging from 
92.5% to 102.1%), and Pfaffl’s correction was used to correct for differences in primer 
efficiency. 
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Table 2.2: Primer sequences for target and reference genes used in RT–qPCR assays.  

18S: 18S ribosomal RNA; ACAN: aggrecan; COL1A1: collagen type I; COL2A1: collagen type II, VCAN: versican; SOX9: 
SRY (sex-determining region Y)-box 9; MMP13: matrix metalloproteinase 13; ADAMTS5: A disintegrin and 
metalloproteinase with thrombospondin motifs 5. 

Statistics 
SPSS 21 (IBM, Armonk, NY, USA) was used for statistical analysis. Normality was tested 
using a Shapiro-Wilk test. Normally distributed data was tested using a one way analysis of 
variance (ANOVA) followed by independent t-test post hoc testing with Bonferroni 
corrections. For non-normally distributed data, a Kruskal-Wallis test followed by Mann-
Whitney U post-hoc testing with Bonferroni corrections was used. Significant differences 
were assumed for p < 0.05. 

Results 
Stimulation of NPCs with NCCM 
For one repetition, NPC DNA content at day 0 was considerably lower compared to the 
other repetitions. For consistency, this repetition was excluded from analysis. Viability 
staining demonstrated only occasional cell death in all groups at day 0 and day 28 (data not 
shown). At day 28, DNA content was decreased in BM, remained stable in NCCM, and 
doubled with TGFβ compared to day 0 (Fig. 2.1a). GAG content increased in NCCM 
compared to BM, which was confirmed by Alcian Blue staining with intense staining also in 
the immediate pericellular area (Fig. 2.1b). Addition of TGFβ induced a stronger increase in 
GAG production (Fig. 2.1a-b). After 28 days of culture, COL1A1 gene expression did not 
differ between the medium conditions (Fig. 2.1c). COL2A1 and ACAN gene expression were 
increased almost 10-fold with NCCM compared to BM, close to levels found with TGFβ. 
VCAN and SOX9 gene expression were significantly higher with BM and NCCM compared  

Gene Accession number Oligonucleotide sequence (5’  3’) Product 
size (bp) 

Annealing 
temp. (°C) 

18S NR_036642 FW: CCTTCCTCAAAAAGTCTGGG 
RV: GTTCTCATCGTAGGGAGCAAG 

95 61 

ACAN XM_005618252.1 FW: GGACACTCCTTGCAATTTGAG 
RV: GTCATTCCACTCTCCCTTCTC 

110 61 

COL1A1 NM_001003090.1 FW: GTGTGTACAGAACGGCCTCA 
RV: TCGCAAATCACGTCATCG 

111 61 

COL2A1 NM_001006951 FW: GCAGCAAGAGCAAGGAC 
RV: TTCTGAGAGCCCTCGGT 

150 61 

VCAN XM_003434417.2 FW: TCTCACAAGCATCCTGTCTCAC 
RV: CCATCGGTCCAACGGAAGTC 

116 61 

SOX9 NM_001002978.1 FW: CGCTCGCAGTACGACTACAC 
RV: GGGGTTCATGTAGGTGAAGG 

105 63 

MMP13 XM_536598.3 FW: CCCAAGTGGAGGAAAACTCA 
RV: CACCTCCTTCCAGACATTCAG 

114 66 

ADAMTS5 XM_846025.3 FW: CTACTGCACAGGGAAGAG 
RV: GAACCCATTCCACAAATGTC 

148 61 
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Figure 2.1: (a) Nucleus pulposus cell (NPC) DNA (day 0 and day 28) and glycosaminoglycan (GAG, day 28) per bead 
content. (b) Alcian blue staining. (c) NPC gene expression relative to 18S and normalized to day 0. In (a) and (c), bars 
indicate p < 0.05. Values are means + standard deviations, n = 4 per group for biochemical content, histology and gene 
expression. BM: base medium, NCCM: conditioned medium from notochordal cell-rich NP tissue, TGFβ: BM 
supplemented with transforming growth factor-β1. 

to TGFβ. ADAMTS5 gene expression decreased significantly with NCCM compared to BM 
and decreased further with TGFβ. MMP13 gene expression significantly decreased with 
TGFβ compared to BM and NCCM, and tended to decrease in NCCM relative to BM (p = 
0.08). 

Stimulation of BMSCs with NCCM 
In NCCM and BM groups, DNA content decreased compared to day 0, although only 
significantly in TGFβ (fig. 2.2a) NCCM, however significantly increased GAG content 
compared to BM. This was also observed in Alcian blue staining (Fig. 2.2b). TGFβ had no 
stimulatory effect on BMSCs, as GAG per bead content did not increase compared to BM. 
COL1A1 and VCAN gene expression slightly decreased, whereas COL2A1, ACAN and SOX9 
increased, with no significant differences between medium conditions. ADAMTS5 gene  
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Figure 2.2: (a) Bone marrow mesenchymal stromal cells (BMSC) DNA (day 0 and day 28) and glycosaminoglycan 
(GAG) (day 28) per bead content. (b) Alcian blue staining. (c) BMSC gene expression relative to 18S and normalized to 
day 0. In (a) and (c), bars indicate p < 0.05. Values are means + standard deviations, n = 5 per group for biochemical 
content, histology and gene expression. BM: base medium, NCCM: conditioned medium from notochordal cell-rich 
NP tissue, TGFβ: BM supplemented with transforming growth factor-β1. 

expression was similar between BM and NCCM, but significantly increased with TGFβ 
compared to NCCM. No differences between medium conditions on MMP13 gene 
expression were observed 

Combined stimulation of NPCs with NCCM and BMSCs 
For NPCs+BMSCs in BM and NCCM, DNA content at day 28 decreased significantly 
compared to day 0, to amounts similar to NPCs alone. Addition of BMSCs to NPCs did not 
increase GAG production, but combined with NCCM the GAG content significantly 
increased compared to NPCs in BM (Fig. 2.3a). These results were confirmed by Alcian blue 
staining within intense staining in the immediate pericellular area and lighter blue staining 
throughout the alginate bead (Fig. 2.3b). Addition of BMSCs to NPCs, with or without 
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NCCM, resulted in a significant decrease of COL1A1 and VCAN gene expression compared 
to NPCs alone in BM (Fig. 2.3c). ACAN gene expression increased significantly with 
addition of NCCM, BMSCs and their combination, and COL2A1 gene expression increased 
with NCCM and combined NCCM and BMSCs compared to NPCs alone in BM. ADAMTS5 
gene expression significantly decreased for NPCs in NCCM compared to BM. However, 
addition of BMSCs significantly increased ADAMTS5 expression, while combined 
stimulation with NCCM and BMSCs did not significantly change ADAMTS5 gene 
expression compared to BM. No significant differences were observed between stimulatory 
conditions for SOX9 and MMP13. 

Discussion 
This study confirmed that, in a canine model, NC-secreted factors had an anabolic effect on 
NPCs and BMSCs. For NPCs, this was demonstrated by increased cell proliferation and 
GAG production, as well as enhanced expression of genes associated with a healthy NP 
phenotype, such as COL2A1 and ACAN. For BMSCs, the stimulatory effect of NCCM was 
shown by the increased proteoglycan production. Furthermore, combined stimulation of 
NPCs with NCCM and addition of BMSCs did not have a synergistic effect compared to 
NCCM alone.  

The stimulatory effect of NCCM on NPCs and BMSCs found in the current single species 
experiment is in line with other cross species studies. For NPCs, previous studies have 
tested the effect of NCCM produced from canine NCs in alginate beads on bovine NPCs. 
Similar to the present findings, increases in proteoglycan production103–105 and cell 
proliferation103 were reported. This effect was also observed at the gene level. In the current 
study, the finding that ACAN and COL2A1 increased while ADAMTS5 gene expression 
decreased, and MMP13 tended to decrease compared to BM, suggests that NCCM displays 
an anabolic, as well as an anti-catabolic effect on NPCs. After 28 days of culture, COL2A1 
and ACAN gene expression levels of NPCs in NCCM approach the levels found with TGFβ 
stimulation. Expression levels of SOX9, associated with a healthy NP phenotype117, and 
VCAN are even higher with NCCM than with TGFβ, indicating that stimulatory effects of 
NCCM might be different from stimulation with TGFβ. However, since far more 
proteoglycans were produced with addition of TGFβ, it seems plausible that in that group 
expression levels of anabolic genes peaked at some point before the end of the culture 
period, when gene expression was evaluated. 

Previously, human BMSC pellets were formed in the presence of TGFβ during the first day 
of culture, followed by assessment of the effects of porcine NCCM on the BMSCs. These 
studies reported improvement of proteoglycan production109,110 and expression of COL2A1 
and SOX9 with NCCM when pretreated with TGFβ.109 In the current study however, the  
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Figure 2.3: (a) Nucleus pulposus cell (NPC) and NPC + bone marrow mesenchymal stromal cells (NPC+BMSC) DNA 
(day 0 and day 28) and glycosaminoglycan (GAG) (day 28) per bead content. (b) Alcian blue staining. (c) NPC+BMSC 
gene expression relative to 18S and normalized to day 0. In (a) and (c), bars indicate p < 0.05. Values are means + 
standard deviations, n = 5 per group for biochemical content and histology, n = 4-5 per group for gene expression. BM: 
base medium, NCCM: conditioned medium from notochordal cell-rich NP tissue. 

drop in DNA content in every medium group (although only significant with TGFβ) 
indicates that BMSCs did not thrive, possibly due to sub-optimal culture conditions, such as 
the alginate bead culture method, hypoxia76 or the absence of chondrogenic medium during 
the first day of culture. Still, stimulation of BMSCs with NCCM resulted in increased 
proteoglycan production, in line with the previous mixed model studies. Although COL2A1, 
ACAN, and SOX9 gene expression increased compared to day 0, indicating BMSC 
differentiation, no differences were observed between medium conditions. As opposed to 
NPCs, BMSCs did not respond to addition of TGFβ, possibly because in this study only 
TGFβ was added, without other commonly used additives to induce chondrogenesis of 
BMSCs, such as dexamethasone. Based on the observations that NPCs respond to NCCM, 
while BMSCs that were not pre-treated with TGFβ to induce chondrogenic differentiation, 
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were less responsive, and given the distinct effects of NCCM on pretreated BMSCs as 
reported by Purmessur et al.109, we suggest that NCCM may have its regenerative effects 
mainly on cells within the chondrogenic lineage rather than on undifferentiated BMSCs. 

Previous studies reported that in co-culture, the minority of the BMSCs differentiated, 
whereas the remaining BMSCs underwent apoptosis.123,124 This is in line with the drop in 
DNA content in the BMSC mono-culture and NPC+BMSC co-culture in the current study. 
Although in the co-culture twice more cells were initially present compared to the mono-
cultures, it is unlikely that the drop in DNA content in the co-culture is caused by a nutrient 
deficiency, since DNA content for NPCs in positive control medium reached levels similar 
to that of the initial DNA content in the co-culture group, without an indication of cell death 
after 28 days of culture. This would not have been possible without enough nutrients to 
support this growth. Although GAG content did not increase, BMSCs may still exert a 
stimulatory effect on NPCs. With optimized BMSC culture conditions, their addition to 
NPCs may also result in increased matrix production, and therefore a synergistic effect of 
NCCM and BMSCs cannot yet be excluded. 

TGFβ provided a stronger stimulation to NPCs than NCCM, with significantly higher 
proteoglycan production and stronger inhibition of catabolic genes (ADAMTS5 and 
MMP13). Compared to TGFβ, the effect of NCCM may seem inconsequential. However, the 
concentration of TGFβ used in the current study is far higher than physiological 
concentrations, and the concentration of unknown bioactive factors in NCCM may be orders 
of magnitude lower. Since production of NCCM for IVD regeneration purposes would 
require a large amount of NC-rich NP tissue, a more efficient method would be to identify 
the factor, or combination of factors, responsible for the stimulatory effect of NCCM. 
Evaluation of the concentrations of TGFβ, connective tissue growth factor104, or other 
proposed bioactive candidates present in NCCM109, could provide a basis for identification 
of the bioactive factors in NCCM. Furthermore, the effect of NCCM has so far been shown in 
simplified models, where cells are taken from their native environment and seeded in 
alginate beads, which will likely affect cellular response to external stimuli. Furthermore, 
characteristics of the IVD environment, such as low pH and high osmolarity, are not 
incorporated in this study. These factors are, however, likely to affect cell behavior. To gain 
further insight in the biological significance of NC-secreted factors in IVD regeneration, it is 
recommended to test the stimulatory effect of NCCM in tissue explant cultures.  

Given that a substantial amount of GAGs was present in NCCM, we questioned whether 
this affected the measurement of GAG content in alginate beads. We believe however that 
the GAGs in NCCM had a minimal effect on the GAG content in the alginate beads. First, 
alginate beads were washed with phosphate buffered saline before the digestion and 
subsequent DMMB measurements, to ensure that loose GAGs from the NCCM were 
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removed. Second, if GAGs would have adhered to the beads, even with washing, we would 
have expected to see a dense blue ring around the beads after Alcian blue staining, which 
was not the case. Finally we observed from the Alcian blue staining that the most intense 
blue staining (i.e. the highest GAG density) was located mainly pericellularly and in the 
areas with the highest cell density, gradually decreasing towards areas with a lower cell 
density. This finding indicates that the GAGs have actually been produced by the cells 
themselves and deposited in their pericellular region, rather than being incorporated from 
the NCCM. Altogether, we believe that the effect of GAGs in NCCM was negligible in the 
DMMB measurements in this study. 

In conclusion, the current results show that in a canine model, NCCM stimulates NPC 
proliferation, GAG production, and expression of genes associated with a healthy NP 
phenotype. Although BMSCs also responded with increased GAG production, they appear 
less sensitive to NCCM stimulation than NPCs, indicating that BMSCs may need special 
conditions to enable them to respond optimally to NCCM stimulation. No effect of addition 
of BMSCs to NPCs was observed, possibly due to culture conditions that did not allow the 
BMSCs to thrive. Therefore we cannot conclude on the stimulatory effect of BMSC on NPCs. 
Nonetheless, the use of NC-secreted factors as a therapeutic approach for IVD regeneration, 
even with the addition of BMSCs, seems promising, and identification of the bioactive 
factors in NCCM would be helpful to further develop this approach. 
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Abstract 
Notochordal cell-conditioned medium (NCCM) has previously shown to have a stimulatory 
effect on nucleus pulposus cells (NPCs) and bone marrow stromal cells (BMSCs) in alginate 
and pellet cultures. These culture methods provide a different environment than the nucleus 
pulposus (NP) tissue, in which the NCCM should ultimately exert its effect. The objective of 
this study is to test whether NCCM stimulates NPCs within their native environment, and 
whether combined stimulation with NCCM and addition of BMSCs has a synergistic effect 
on extracellular matrix production. Bovine NP tissue was cultured in an artificial annulus in 
basal medium (BM), porcine NCCM, or BM supplemented with 1 µg/ml Link N. 
Furthermore, additional BM and NCCM NP tissues were injected with one million BMSCs 
per tissue. Samples were cultured for 4 weeks, and analyzed for biochemical contents 
(water, GAG, hydroxyproline, and DNA), gene expression (COL1A1, COL2A1, ACAN, and 
SOX9), and histology by Safranin O/Fast Green staining. Culture in NCCM resulted in 
increased proteoglycan content compared to day 0 and BM, similar to Link N. However, 
only minor differences in gene expression compared to day 0 were observed. Addition of 
BMSCs did not result in increased GAG content, and surprisingly, DNA content in BMSC 
injected groups was not higher than in the other groups after 4 weeks of culture. This study 
shows that indeed, NCCM is capable of stimulating NPC matrix production within the NP 
environment. The lack of increased DNA content in the BMSC-injected groups indicates that 
BMSCs did not survive the culture period. Identification of the bioactive factors in NCCM is 
crucial for further development of a NCCM-based treatment for intervertebral disc 
regeneration. 

Introduction 
The intervertebral disc (IVD) separates vertebral bodies and provides flexibility to the spine. 
Its hydrated core, the nucleus pulposus (NP), is rich in negatively charged proteoglycans 
that attract cations, which in turn attract water into the NP. However, the annulus fibrosus 
(AF) constrains the NP and keeps it from swelling. Therefore, the NP is highly pressurized 
and plays a crucial role in the distribution of loads. With degeneration, nucleus pulposus 
cells (NPCs), responsible for production of the NP matrix components, decrease in number 
and change their phenotype, resulting in a more catabolic behavior.125 As a result, the gel-
like NP changes towards a more fibrous tissue, where collagen type II is replaced by 
collagen type I. Furthermore, the proteoglycan content, and therefore the water content 
decrease, resulting in decreased IVD height. This changes the load distribution properties of 
the NP, which can further contribute to the degenerative process. IVD degeneration is 
associated with low back pain126, and current treatment methods mostly aim to alleviate 
pain, but do not address the underlying mechanisms of IVD degeneration. 
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To replenish the decreasing number of NP cells and restore the IVD to a healthy state, bone 
marrow stromal cells (BMSCs) have been employed in regenerative treatment strategies74 
and are currently being tested in phase I/II clinical trials [ClinicalTrials.gov: NCT01860417]. 
BMSCs can either differentiate towards a chondrogenic phenotype and produce matrix 
themselves, or provide a trophic effect to the NPCs.65 Injection of BMSCs in the IVD has 
been shown to inhibit degenerative changes in a canine model.71,127 The majority of the 
BMSCs were present in the NP tissue 12 weeks after injection and degeneration was 
arrested. However, addition of the BMSCs did not restore disc height.127 Therefore, to be 
able to restore the IVD to a healthy state, other or additional methods need to be 
investigated. 

The use of notochordal cells (NCs) seems promising for IVD regeneration. NCs are large 
vacuolated cells present in the NP tissue of young individuals, and their disappearance 
coincides with the onset of IVD degeneration.54 Furthermore, species retaining their NC 
population, such as pigs or non-chondrodystrophic dog breeds, keep a healthy IVD 
throughout the largest part of their lives.112 NCs may therefore play a role in maintaining a 
healthy IVD, and could be exploited to reverse the degenerative process.  

Notochordal cell-conditioned medium (NCCM) obtained from NCs encapsulated in alginate 
beads, or directly from NC-rich NP tissue has been shown to have a stimulatory effect on 
NPCs as well as BMSCs in alginate beads and pellet cultures. Porcine NCCM stimulated 
matrix production by bovine NPCs and BMSCs128 and human NPCs111 in alginate bead 
cultures. Porcine NCCM also increased matrix production and chondrogenic gene 
expression in pellet cultures of human BMSCs.109,110 Canine NCCM stimulated 
proliferation103, proteoglycan production103,105 and expression of genes associated with the 
chondrogenic phenotype by bovine NPCs.104 Furthermore, in a homologous canine model, 
NCCM increased proteoglycan production by NPCs and BMSCs, and anabolic gene 
expression of NPCs.129 

Although NCCM had promising effects on isolated cells in alginate bead and pellet cultures, 
these culture methods provide a markedly different environment from the NP tissue, which 
could alter the cell’s response to stimuli. For example, several in vitro studies demonstrated 
stimulation of isolated NPCs by osteogenic protein-1 (OP-1).82,83 However, the in vivo results 
were mixed. In the degeneration-induced rabbit model, of which the NP is populated 
mainly by NCs, a stimulatory effect of OP-1 was observed.85,86 However, in a more relevant 
chondrodystrophic canine model of spontaneous disc degeneration, with NPC-rich NP 
tissue, no stimulation after OP-1 injection was found.87 Furthermore, OP-1 has been used in 
human clinical trials, but these results were never released, making it likely that no large 
therapeutic effect was observed.92,130 Finally, when OP-1 was tested in moderately 
degenerated human NP tissue culture, only limited stimulatory effects were found.84 These 
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findings indicate that the step from cell to tissue scale is not necessarily a straightforward 
one, and testing an approach in a near-in vivo situation will give a better idea of its in vivo 
feasibility. Similar to OP-1, NCCM, or its bioactive factors, should exert a stimulatory effect 
in the NP tissue. However, it is unknown whether NPCs within the NP tissue respond to 
NCCM stimulation, similar to isolated NPCs. Therefore, the aims of this study are twofold. 
First, to test the stimulatory effect of NCCM in an NP explant culture, and second, to test 
whether addition of BMSCs, and hence combined stimulation of NP tissue with NCCM and 
BMSCs can lead to a synergistic stimulatory effect on extracellular matrix synthesis. 

Materials and Methods 
Porcine NCCM 
NC-rich NP tissue was harvested from the lumbar IVDs of 10 pigs (less than 3 months old), 
obtained from a local abattoir. The IVDs were dissected and opened under aseptic 
conditions and the NP tissue was taken out and placed in high glucose (hg)DMEM (Gibco; 
Invitrogen, Carlsbad, CA, USA) + 1% penicillin/streptomycin (P/S, Lonza, Basel, 
Switzerland) with 30 ml/gram of tissue, as described previously.129 The porcine NPs were 
cultured for 4 days at 37 °C, 5% O2, and 5% CO2. At the end of culture, the NP tissue was 
removed from the medium by filtration with a 70 µm pore size cell strainer, and NCCM of 
two different donors was pooled in order to have enough medium for each repeat. NCCM 
was stored in aliquots at -80 °C until further use.  

Bovine BMSCs 
Bovine BMSCs were isolated by adherence to plastic from iliac bone marrow aspirates from 
five 4- to 12-month old cows. They were expanded in hgDMEM supplemented with 1% P/S 
and 10% fetal calf serum (FCS Gold, PAA laboratories, Pasching, Austria) until 70% 
confluency, before being stored at P0 in liquid nitrogen. A new vial of P0 BMSCs from a 
single donor was thawed and expanded up to P2 for each experiment. 

NP explant culture 
NP explants were harvested from 6 caudal discs of approximately 2-year-old cows (n = 5) 
obtained from a local abattoir. The IVDs were dissected, opened and the NP tissue was 
taken out aseptically using an 8 mm diameter biopsy punch and scalpel, rendering 
cylindrical explants with a diameter of 8 mm and a height of approximately 5 mm. Care was 
taken not to include annulus fibrosus tissue, or to scratch the endplate. The explants were 
placed in 15 kDa molecular weight cut-off (MWCO) dialysis tubing (Spectra-Por, Rancho 
Dominguez, CA, USA), and closed on both ends by custom-made closing rings. They were 
preshrunk for 100 minutes in a 30% w/v polyethylene glycol (PEG, 20 kDa molecular 
weight, Sigma, Zwijndrecht, the Netherlands) solution in phosphate buffered saline (PBS, 
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Sigma), resulting in approximately 20% shrinkage. Meanwhile, BMSCs were trypsinized 
and washed in fresh medium. One million BMSCs per NP explant were pelleted by 
centrifugation, and the medium was aspirated, leaving behind 15-20 µl. The cell pellet was 
resuspended in this 15-20 µL medium by slowly pipetting up and down. The cell 
suspension was aspirated with a 27G needle and a 100 µl Hamilton syringe (Da Vinci, 
Rotterdam, the Netherlands) and injected into the designated NP explants. The explants 
were then wrapped in 100 kDa MWCO dialysis tubing and placed in a dyneema fiber jacket 
(Varodem, Saint-Léger, Belgium), which was sewn closed tightly to constrain the NP 
explant and prevent it from swelling. Non-BMSC injected explants were directly wrapped in 
the 100 kDa membrane and placed in the fiber jacket after PEG shrinkage. This established 
method of culturing NP tissue has previously shown to maintain tissue integrity and 
cellular behavior.131 

For each repeat (n = 5 per group), explants of one tail were cultured for 4 weeks in base 
medium (BM: hgDMEM + 1% P/S, 3% FCS (Gibco), 50 µg/ml ascorbic acid-2-phosphate 
(Sigma), 40 µg/ml L-proline (Sigma) and 100 µg/ml sodium pyruvate (Gibco)) with and 
without BMSC injection, NCCM (same supplements as BM, 2 NCCM donors pooled per 
repeat) with and without BMSC injection, or in BM supplemented with 1 µg/ml Link N, 
used as a positive control.90,132 NP explants were cultured at 37 °C, 5% O2, and 5% CO2, and 
received 5 ml medium, which was changed twice a week. 

Biochemical content 
At day 0 and day 28, NP explants (n = 5 per group) were weighed and cut in 4 equal parts. 
One quarter was weighed before and after lyophilization. The water content was calculated 
as the percent difference between the wet weight and the dry weight of the sample. The 
dried samples were digested overnight at 60 °C in papain digestion buffer (100 mM 
phosphate buffer, 5 mM L-cystein, 5 mM ethylene diamine tetra-acetic acid (EDTA) and 140 
µg/ml papain, all from Sigma). The sample digests were assayed for glycosaminoglycan 
(GAG) content using a dimethyl methylene blue (DMMB) assay with shark cartilage 
chondroitin sulfate (Sigma) as a reference. DNA content was measured using the Qubit 
Quantification Platform (Invitrogen). Hydroxyproline, as a measure for collagen content, 
was measured using the Chloramine-T assay133 with a trans-4-hydroxyproline (Sigma) 
reference. In addition, with every medium change a medium sample was collected, and 
assayed for GAG content with a modified DMMB protocol, to measure GAGs that could 
have leached out of the membrane during culture. For this assay, medium samples were 
mixed in a 1:1 ratio with 2 times concentrated digestion buffer. Also, standards for the 
DMMB assay where prepared in this mixture. Medium samples and standards where 
digested overnight, before proceeding with the DMMB assay. For the NCCM-treated 
groups, the GAG in medium content was corrected for the GAG content in stock NCCM. 
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GAG content in all medium samples was corrected for the FCS added to the medium. 
Water, GAG, DNA, and hydroxyproline contents were expressed as a percentage of the 
sample wet weight. 

Histology 
One quarter of each sample (n = 5 per group) was fixed overnight in 3.7% formalin at room 
temperature, and embedded in paraffin with a tissue processor (STP-120, Microm, Walldorf, 
Germany). Sections with a thickness of 8 µm were cut using a microtome (Leica, Wetzlar, 
Germany) and stained with Safranin O/Fast Green, to visualize proteoglycans and collagen 
and with hematoxylin for cell nuclei. Pictures were taken with a bright field microscope 
(Observer Z1,Carl Zeiss, Jena, Germany). 

Gene expression 
At day 0 and day 28, 2 quarters of each sample (n = 5 per group) were snap frozen in liquid 
nitrogen and stored at -80 °C until RNA isolation. The frozen tissue pieces were disrupted 
with a microdismembrator (Sartorius, Goetingen, Germany) for 30 seconds at 2000 rpm, 
which was repeated if necessary. RNA was isolated from pulverized samples using TRIzol, 
and purified using the Qiagen mini kit, with an on-column DNA digestion step. RNA 
quantity and purity was measured using a spectrophotometer (NC-1000, Isogen, de Meern, 
Netherlands) and the absence of genomic DNA contamination in isolated RNA was verified 
with a minus-RT control reaction (iCycler, Biorad, Veenendaal, the Netherlands). cDNA was 
synthesized using the VILO-kit (Invitrogen). Genes of interest were ACAN, COL1A1, 
COL2A1, and SOX9. Both reference genes, 18S ribosomal rNA (18S) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), remained stable throughout experimental conditions. 
Gene expression results are shown relative to GAPDH. Gene expression was investigated 
using real time PCR (CFX384, Biorad), and expression was calculated according to the 2-ΔΔCt 
method. Genes of interest and their corresponding primer pairs are summarized in Table 
3.1. 

Statistics 
Statistics were performed with Statistical Package for Social Sciences (SPSS, version 21, IBM, 
Armonk, NY, USA). Normality was tested using the Shapiro-Wilk test. For normally 
distributed data, a one-way analysis of variance (ANOVa) was performed, followed by 
independent t-test post hoc testing with Bonferroni corrections. For non-normally 
distributed data, a Kruskal-Wallis test was used, followed by a Mann-Whitney test with 
post-hoc Bonferroni corrections. Statistical significance was accepted for p values < 0.05. 
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Table 3.1: Primer sequences for target and reference genes used in RT–qPCR assays.  
Gene Accession number Oligonucleotide sequence (5’  3’) Product 

size (bp) 
GAPDH NM_001034034 FW: GGCGTGAACCACGAGAAGTATAA 

RV: CCCTCCACGATGCCAAAGT 
119 

COL1A1 NM_001034039 FW: TGAGAGAGGGGTTGTTGGAC 
RV: AGGTTCACCCTTCACACCTG 

142 

COL2A1 NM_001113224 FW: TGGCTGACCTGACCTGAC 
RV: GGGCGTTTGACTCACTCC 

187 

ACAN NM_173981 FW: CCAACGAAACCTATGACGTGTACT 
RV: GCACTCGTTGGCTGCCTC 

107 

SOX9 AF278703 FW: ACGCCGAGCTCAGCAAGA 
RV: CACGAACGGCCGCTTCT 

70 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase; COL1A1: collagen type I alpha 1, COL2A1: collagen type II 
alpha 1, ACAN: aggrecan, SOX9: SRY(sex determining region Y)-box 9. The annealing temperature of all primer pairs 
was 60 °C. 

Results 
NCCM in a NP explant culture 
No differences were observed in water content between culture groups (Fig. 3.1a). The 
combined GAG content in the tissue sample and medium was significantly increased with 
NCCM compared to day 0 and BM (Fig. 3.1b). These results were verified with a histological 
Safranin O/Fast Green staining, showing a more intense red staining in the NCCM group 
(Fig. 3.1e). There were no significant differences in DNA (Fig. 3.1c) and hydroxyproline (Fig. 
3.1d) content between culture groups. 

No differences between culture groups in gene expression of COL1A1, COL2A1, ACAN, and 
SOX9 were found (Fig. 3.2). COL1A1 increased in BM (4.9-fold) and Link N (3.7-fold) 
compared to day 0. COL2A1 decreased in BM (10-fold) compared to day 0. 
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Figure 3.1: (a) Water (b) GAG in the tissue sample and culture medium (c) DNA and (d) hydroxyproline content as a 
percentage of the tissues’ wet weight. Statistics for GAG content were performed for the combined medium and tissue 
GAG content. Bars indicate p < 0.05. (e) Safranin O/Fast Green staining for each of the culture groups. BM: base 
medium, NCCM: notochordal cell-conditioned medium. Link N: BM supplemented with 1 µg/mL Link N. n = 5 for 
biochemical content and histology, results are represented as means + standard deviations. 

BMSCs with NCCM in a NP explant culture 
No significant differences in water content were observed between groups (Fig. 3.3a). GAG 
content in the BMSCs and NCCM+BMSCs group was not significantly different from GAG 
content at day 0 and with NCCM alone (Fig. 3.3b). These results were verified by 
histological Safranin O/Fast Green staining (Fig. 3.3e). Also, no significant differences in 
DNA (Fig. 3.3c) and hydroxyproline (Fig. 3.3d) content were found between culture groups. 

No differences between culture groups were observed for expression of COL1A1, COL2A1, 
ACAN and SOX9 (Fig. 3.4). COL2A1 expression slightly decreased in the BMSC (0.28 x day 
0) and NCCM+BMSC groups (0.34 x day 0).  
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Figure 3.2: Gene expression relative to GAPDH and normalized to expression at day 0. * indicates p < 0.05 compared to 
expression at day 0. BM: base medium, NCCM: notochordal cell-conditioned medium. Link N: BM supplemented with 
1 µg/mL Link N. n = 4-5, results are represented as means + standard deviations 

Discussion 
This study verifies that NCCM provides a stimulatory effect on NPCs in their natural 
environment, i.e. the NP tissue. This was demonstrated by an increased proteoglycan 
content in the NCCM group compared to day 0 and BM, which was verified by histological 
Safranin O/Fast Green staining. Addition of BMSCs alone and addition of BMSCs combined 
with culture in NCCM did not lead to an increased matrix production. 

The stimulatory effect of NCCM on NPCs has so far only been tested in alginate bead and 
pellet cultures.103–105,111,128,134 In these studies, NCCM enhanced matrix production, cell 
proliferation and expression of genes associated with a healthy NP phenotype. However, 
alginate bead and pellet cultures provide a very different environment from the NP tissue. 
In alginate bead and pellet cultures there is initially no, or only very little matrix present, 
and different cell-matrix interactions could alter the cell’s response to stimulation. For 
example, expression of COL1A1 and COL2A1 of NPCs increased when cultured in alginate 
beads, suggesting that the cells are more active in producing matrix that has been lost 
during the isolation procedure.135 The question therefore remained whether the effect of 
NCCM would be biologically relevant, or even visible, in a NP tissue culture. 

In order to test the feasibility of an NCCM-based treatment method for IVD regeneration, 
the stimulatory effect of NCCM needs to be verified on NPCs within their natural 
environment. Therefore, NP tissue samples were cultured in a fiber jacket, which constrains 
the tissue and keeps it from swelling. This method has previously shown to maintain 
stability of the tissue during at least 6 weeks of culture. Also, the present data indicates that 
stability of the NP sample and cellular behavior are largely maintained throughout the  
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Figure 3.3: (a) Water (b) GAG in the tissue sample and culture medium (c) DNA and (d) hydroxyproline content as a 
percentage of the tissues wet weight. Statistics for GAG content were performed for the combined medium and tissue 
GAG content. Bars indicate p < 0.05. (e) Safranin O/Fast Green staining for each of the culture groups. NCCM: 
notochordal cell-conditioned medium. BMSCs: 1 million bone marrow-derived stromal cells injected in the tissue. 
NCCM + BMSCs: 1 million bone marrow stromal cells injected in the NP tissue and cultured in NCCM. n = 5 for 
biochemical content and histology, results are represented as means + standard deviations. 

culture period. The increased proteoglycan content in the NCCM group in the current study 
suggests that, indeed, NCCM stimulates NPCs within the NP tissue, which was verified by 
Safranin O/Fast Green staining. The anabolic effect of NCCM is not observed on the gene 
level, as ACAN or COL2A1 did not increase compared to day 0 or BM. The timing of harvest 
can be important to find changes in gene expression. Possibly, NPCs were desensitized to 
NCCM stimulation after 4 weeks of culture and expression of anabolic genes peaked at 
some point before analysis of gene expression, which could explain why the effect is not 
visible at the gene level anymore. Nonetheless, the finding that the end product, i.e. GAG 
content significantly increased is more important than finding increased gene expression, as 
not all signals are translated into end products. Regardless of the treatment, GAGs were also 
released in the culture medium of all culture groups. Given that GAGs are also present in  
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Figure 3.4: Gene expression relative to GAPDH and normalized to expression at day 0. * indicates p < 0.05 compared to 
expression at day 0. NCCM: notochordal cell-conditioned medium. BMSCs: 1 million bone marrow-derived stromal 
cells injected in the tissue. NCCM+BMSCs: 1 million bone marrow stromal cells injected in the NP tissue, cultured in 
NCCM. n = 4-5, results are represented as means + standard deviations 

NCCM, the GAG content in the culture medium of the NCCM groups was corrected for the 
GAG content in stock NCCM. This resulted in a positive value, which indicates that GAGs 
were released in the medium, rather than being taken up by the NP sample from the 
NCCM. The latter is further corroborated by the absence of GAG accumulation at the border 
of the tissue, which was not observed in Safranin O/Fast Green staining. 

It was previously found that aggrecan fragments were already present in mildly 
degenerated human NP tissue136, which could have also been the case in the NP samples in 
this study, given that the NP explants were extracted from degenerating bovine IVDs. When 
small enough (i.e. smaller than the 100 kDa pore size of the membrane) these fragments 
could diffuse out of the sample over time. Furthermore, harvesting the NP sample using a 
biopsy punch could disrupt the matrix network and add to fragmentation. In an in vivo 
application of NCCM for IVD regeneration, i.e. when NCCM’s bioactive factors are injected 
in the NP, small aggrecan fragments might remain in the disc, thereby still adding to the 
IVD’s osmotic pressure. 

Injection of BMSCs alone, as well as injection of BMSCs combined with culture in NCCM 
did not increase proteoglycan production. Only 15-20 µL of cell suspension was injected in 
the NP explant, without any sign of leakage. Also, quickly after injection, the sample was 
wrapped in the 100 kDa membrane, which should not allow the BMSCs to migrate out. 
Therefore, an increased DNA content was expected in the BMSC-injected groups, however 
this was not the case, suggesting that the BMSCs have not survived the 4-week culture 
period. Recent studies support the idea that in in vitro chondrocyte-BMSC co-cultures, 
BMSCs have a trophic effect on chondrocytes. In co-culture without stimulants towards 
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differentiation, the majority of the undifferentiated BMSCs disappeared over time, whereas 
only a small number of BMSCs differentiated.121,122 This could also explain a loss of BMSCs 
in the current study, and the lack of increase in SOX9 expression, associated with 
differentiation towards the chondrogenic phenotype. Furthermore, hypoxic culture 
conditions and/or the NP environment itself may have been unfavorable for the survival of 
BMSCs.76,137 Interestingly, addition of BMSCs also did not have a trophic effect that resulted 
in increased matrix production. Previous studies investigating the trophic effects of BMSCs 
on NPCs and chondrocytes4,32, found only a modest increase in matrix production in 
isolated cell cultures.  Since the NP tissue is already rich in proteoglycans, it is possible that 
in the current study, addition of BMSCs did not have a strong enough trophic effect to result 
in a noticeable higher proteoglycan content. Furthermore, trophic effects of BMSCs on NPCs 
and chondrocytes were established by culture of isolated cells, and it is unknown whether 
this effect may hold in a tissue culture.  The latter is in line with the in vivo findings, were 
BMSC transplantation alone arrested degeneration but did not improve disc height.127 

Surprisingly, also combined stimulation with injection of BMSCs and culture in NCCM did 
not promote GAG synthesis, although NCCM alone did. Possibly, if the BMSCs slowly 
disappeared over time, the NCCM’s bioactive factors were used by a higher total number of 
cells in the NCCM+BMSC group, not providing a strong enough stimulation per cell to up 
regulate their matrix production. Alternatively, caspases activated in dying cells are known 
to be able to cleave proteins.138 This way, the apoptotic BMSCs in this study could have 
counteracted the stimulatory effect of NCCM. 

Although the current results further underscore the promising role for NC-secreted factors 
in IVD regeneration, the question still remains how this translates to the in vivo situation. 
Intradiscal injection of Link N in an annular puncture rabbit model of IVD degeneration 
resulted in partial restoration of disc height and expression of ACAN and COL2A1. Also in 
this study a positive, though not significant effect of Link N was observed on proteoglycan 
production. The effect of NCCM in non-optimized form was as strong as that of Link N, 
suggesting that also the bioactive NC-secreted factors could have a regenerative effect in 
vivo. Furthermore, recent studies found that NCCM has a role in inhibiting neurite growth139 
and blood vessel formation140, which can together lead to innervation of the IVD, and 
therefore cause back pain. These findings further add to the potential of NCCM in IVD 
regeneration.  

Although the NP explant culture method provides an environment that is more comparable 
to the in vivo situation than pellet or alginate bead cultures, differences exist that could give 
rise to a different cellular response to NCCM, such as a higher nutrient availability or the 
absence of dynamic loading. Furthermore, NCCM itself cannot be used directly for clinical 
application, as it would require a too high amount of fetal or young donor’s NC-rich NP 
tissue, and likely, multiple injections would be needed to achieve an anabolic effect, which 
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could affect IVD health.93 Identification of the active factors in NCCM will be required to 
overcome these problems. Previous studies have identified factors in NCCM104,109, that could 
potentially be involved in its stimulatory activity, such as connective tissue growth factor.104 

In conclusion, NCCM is capable of promoting matrix production in NP tissue, similar to 
alginate bead and pellet cultures. This raises further interest in the identification of the 
active factors secreted by NCs, and their application in IVD repair. In the current study, no 
stimulatory effect of addition of BMSCs to the NP tissue was observed. Although it is 
possible that the BMSCs need to differentiate in order to survive, the reason for their 
disappearance is uncertain. Therefore, we are unable to conclude on their stimulatory effect 
when injected in the NP tissue. 
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Abstract 
During intervertebral disc (IVD) maturation, notochordal cells (NCs) are replaced by 
nucleus pulposus (NPCs). NC-conditioned medium (NCCM) exerts regenerative effects on 
NPC proliferation and extracellular matrix (ECM) production. With a clinical directive in 
mind, the aim of this study was to delineate the underlying bioactive NC-secreted 
substances that stimulate IVD regeneration. For protein identification, mass-spectrometry 
was performed on porcine, canine and human NCCM. Per species, 149 (porcine), 170 
(canine) and 217 (human) proteins were identified, with 66 proteins in common. Mainly 
ECM-related proteins were identified, but also considerable amounts of organelle-derived 
and membrane-bound vesicle proteins. By using (ultra)centrifugation, density gradients and 
high-resolution flow cytometry, different extracellular vesicle (EV) populations were 
identified in canine NCCM. Furthermore, porcine and canine NCCM were separated in a 
soluble (NCCM S; peptides and proteins) and pelletable (NCCM P; protein aggregates and 
EVs) fraction by ultracentrifugation, and tested for their stimulatory effect on NPCs in 
porcine-bovine and homologous canine in vitro models. In both models, the regenerative 
effect of NCCM S was more pronounced than that of NCCM P. Although the effect of 
porcine NCCM P was negligible on bovine NPCs, canine NCCM P induced canine NPC 
GAG and collagen type II deposition. In conclusion, porcine and canine NCCM exerted their 
anabolic effects mainly through soluble factors, but also the pelletable NCCM factors 
showed moderate regenerative potential. Although the regenerative potential of NCCM P 
should not be overlooked, future studies should focus on unraveling the protein-based 
regenerative mechanism from NCCM produced from isolated NCs, e.g. by NCCM 
fractionation and pathway blocking studies. 

Introduction 
Low back pain in humans is common and associated with intervertebral disc (IVD) 
degeneration.7,8 The IVD consists of a hydrated nucleus pulposus (NP), circumferentially 
confined by the annulus fibrosus (AF). The NP consists mainly of proteoglycans and 
collagen type II, whereas collagen type I is the main component of the AF. The negative 
charges of the proteoglycans attract water into the NP, but its swelling is restricted by the 
AF. This gives rise to a high swelling pressure, crucial for sustaining compressive loads. IVD 
degeneration is a complex, multifactorial process, suggested to initiate in the NP.11 With 
aging, cell numbers within the NP decrease141 and the cell phenotype changes.26 During IVD 
degeneration, proteoglycans and collagen type II are gradually replaced by collagen type I, 
changing the NP from a gel-like to a fibrous tissue. Consequently, NP swelling pressure 
decreases and compressive loads are transferred to the AF, all contributing to the 
degenerative process. 
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Current treatment methods (conservative therapy and surgery) aim to alleviate pain without 
addressing the underlying cause of IVD degeneration. Therefore, cell- or growth factor-
based regenerative strategies have gained increased attention.142–144 Although several 
regenerative strategies, e.g. allogeneic mesenchymal precursor cell implantation (Mesoblast 
study), autologous disc chondrocyte transplantation (NCT01640457) or recombinant human 
growth and differentiation factor-5 (NCT00813813) have entered the clinical trial phase, no 
effective regenerative therapy for IVD degeneration is yet clinically available. 

In the field of IVD regeneration, notochordal cells (NCs) have gained increasing interest.145 
The NC is a large vacuolated cell, that is in humans only present in the NP of fetal and 
young individuals. At approximately 10 years of age they disappear, leaving nucleus 
pulposus cells (NPCs) as the primary cell type in the NP. This process coincides with the 
onset of IVD degeneration, suggesting that NCs may play a role in maintaining healthy NP 
tissue. Several studies have tested the regenerative effect of NC-secreted factors. Porcine 
NC-conditioned medium (NCCM) stimulated bovine and human NPC proteoglycan 
production111,128 and directed human bone marrow stromal cells (BMSCs) towards a 
chondrogenic phenotype.109,110 In addition, canine NCCM stimulated canine NPC and BMSC 
proteoglycan production and NPC proliferation.129 Furthermore, porcine, canine, and 
human NCCM stimulated human NPC proteoglycan deposition, suggesting a cross-species 
effect.146 Lastly, porcine NCCM exerted a regenerative effect on bovine NP explant, 
suggesting that NCCM can also stimulate cells in their native tissue besides in isolation.134 
Thus, the regenerative effect of NCCM seems promising.  

The use of NCCM itself, however, is not a clinical option, as it would require culturing large 
amounts of (xenogeneic) fetal or young NP tissue. Furthermore, the varying composition 
would lead to varying effects and multiple injections would likely be required, which could 
promote or accelerate the degenerative cascade.93 Therefore, identification of the biologically 
active factors in NCCM is more appealing. Few studies reported on the potential 
biologically active NCCM factors. Connective tissue growth factor (CTGF), a matricellular 
protein, was found in canine104 and porcine147 NCCM. Others reported the presence of 
alpha-2-macroglobulin, clusterin and tenascin in porcine NCCM109, which may have 
protective effects for cells and matrix.  

Initial identification of NCCM’s active factors has focused on proteomics, but extracellular 
vesicles (EVs) have not been considered yet. EVs are a heterogeneous group of small, 
membrane-enclosed particles (40 nm to 5 µm), actively released by cells from various tissue 
types.148 EVs play an active role in intercellular signalling, since they can express receptor 
ligands or can transport signalling molecules, e.g. proteins, mRNA, miRNA, DNA and 
lipids. Previous studies indicated that EVs influence various processes, such as pathogenesis 
of diseases and tissue regeneration.149 As such, EVs are most probably also secreted by NCs 
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and may be involved in maintaining healthy NP tissue. The aim of the current study was to 
identify the factor(s) responsible for the anabolic effects of NCCM and to determine by 
which mechanism, protein- or EV-based, NCs stimulate NPCs. 

Material and Methods 
Sources of NC-rich NP tissue 
Thompson grade I IVDs were collected from 5 porcine, 16 canine and 3 human donors. 
Porcine spines (3 months of age, C1-S1) were collected from the slaughterhouse in 
accordance with local regulations. Canine spines (16-38 months of age, C1-S1) were collected 
from mixed breed non-chondrodystrophic (NCD) dogs that had been euthanized in 
unrelated research studies, approved by the Utrecht University Animal Ethics Committee. 
IVDs from human donors (L2-L5) between 20 weeks of gestation and 2 days of age 
(postnatal) were obtained during standard post mortem diagnostic procedures, approved by 
the scientific committee of the Pathology department of the University Medical Centre 
Utrecht. Anonymous use of redundant tissue for research purposes is a standard treatment 
agreement with patients in the University Medical Centre Utrecht (Local Medical Ethical 
Committee (METC) number 12-364). The material was used in line with the code ‘Proper 
Secondary Use of Human Tissue’ installed by the Federation of Biomedical Scientific 
Societies. NP tissue was collected under sterile conditions by precise microsurgical 
separation from the AF and endplates. 

Generation of NCCM  
Conditioned medium from porcine (n = 5), canine (n = 8), and human (n = 3) NC-rich NP 
tissue (NCCM+) was generated as described previously.146 Briefly, Thompson grade I NP 
tissue was cultured for 4 days (1 gram tissue per 30 ml) in hgDMEM+Glutamax (Invitrogen, 
Paisley, UK) with 1% penicillin/streptomycin (P/S) (GE Healthcare Life Sciences, Eindhoven, 
the Netherlands) at 37 °C, 5% CO2 and 5% O2. After 4 days, NP tissue was removed by 
filtration of NC-conditioned medium using a 70 µm cell strainer and the filtrate was 
centrifuged at 200 g and 500 g (two times 10 minutes each, 4 °C) to remove cells and debris. 
The supernatant was centrifuged at 4000 g (45 minutes, 4 °C) using a 3 kDa Amicon Ultra-15 
filter tube (Merck Millipore, Amsterdam, the Netherlands). The residue was suspended in 
an equal volume of fresh hgDMEM+Glutamax and stored at -70 °C until use. 

To determine whether the porcine and canine NCCM+ effects were NC-specific, negative 
control conditioned media (NCCM-) were generated. After generation of NCCM+, the same 
NP tissue was kept in hgDMEM+Glutamax with 1% P/S and 5% fetal bovine serum (FBS, 
Gibco, Life Technologies, Bleiswijk, the Netherlands), because addition of FBS resulted in a 
change of NC morphology (loss of vacuoles).150 NP tissue was kept in culture for 18 days 
with medium changes twice a week, until no more vacuoles were observed. Subsequently, 
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the NP tissue was washed twice to remove FBS components, and cultured for 4 days in 
hgDMEM+Glutamax with 1% P/S to generate NCCM-. NCCM- was centrifuged, filtered and 
stored similar to NCCM+. 

Proteomic analysis of porcine, canine, and human NCCM 
NCCM+ samples were reduced with 10 mM DTT (20 minutes, 56 °C) and alkylated with 0.05 
M iodoacetamide (20 minutes in the dark, room temperature). As a first digestion step, Lys-
C (1:50 enzyme to protein ratio) was added, and incubated for 4 hours at 37 °C. The second 
digestion step was performed with trypsin (1:50 enzyme to protein ratio), with overnight 
incubation at 37 °C. Afterwards, the samples were acidified with 10% formic acid. Reversed 
phase nLC-MSMS analysis was performed using a Proxeon EASY-nLC 1000 (Thermo 
Scientific, Odense, Denmark), as described previously.151 Mass spectra were acquired using 
Q-Exactive Plus mass spectrometer (Thermo Scientific, San Jose, CA) according to a 
previously described protocol152 at a resolution of 35,000 with a scan range from 375 to 1600 
m/z. Dynamic exclusion was set at 10 seconds. Raw data files were analysed using Proteome 
Discoverer (version 1.4.1.14, Thermo Scientific).152 Data were searched against the SwissProt 
version 2014-12 for Sus scrofa, Canis familiaris or Homo sapiens.  

Protein profile analysis was performed with R 3.2.2, using preprocessCore153, biomaRt154 and 
VennDiagram155 packages. For each species, the obtained peptide spectrum match (PSM) 
values were filtered for each protein on missing or low values. For canine and porcine, the 
sum of the PSM values for any protein was set at > 5 for at least 4 out of 5 samples and for 
human, the sum was set at > 4 for at least 2 out of 3 samples. The PSM values of filtered 
proteins were log transformed and quantile normalized. Each sample was plotted against 
the species mean to assess data distribution. To compare the profiles of the different species, 
filtered proteins were given a HGNC gene name using the Uniprot, Ensembl and HGNC 
databases and annotation results were manually curated. Per species, gene name lists were 
compared using a venn diagram and the different overlapping sets were analyzed using 
toppgene (ToppFun) analysis.155 Enriched GO Cellular Component terms were remapped to 
common ancestors within the GO Cellular Component term.  

Separation of the soluble and pelletable NCCM fraction  
To unravel whether the biologically active factors in NCCM+ were present in the pelletable 
(NCCM P) or soluble (NCCM S) fraction, ultracentrifugation was performed as described 
previously156 to separate the soluble from the pelletable factors. 37 ml porcine and canine 
NCCM was ultracentrifuged at 10,000 g for 30 minutes and 100,000 g for 65 minutes at 4 °C 
(Beckman Coulter Optima L-90K ultracentrifuge, SW28 rotor). After 100,000 g 
ultracentrifugation, the supernatant, containing soluble factors (NCCM S) was aliquoted 
and stored at -70 °C until further use. The 100,000 g pellet, containing EVs and protein 
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aggregates, was suspended in 246 µL PBS supplemented with 0.2% BSA (6.7 µl PBS/0.2% 
BSA per ml NCCM) and stored at -70 °C until use (1-5 months). The PBS/0.2% BSA was 
depleted from EVS by ultracentrifugation overnight at 100,000 g. Directly prior to culture, 
aliquots of the pelletable factors (dissolved in PBS/0.2% BSA) were thawed rapidly for 
maximal function preservation.148 Thereafter, 6.7 µL of the 100,000 g pellet was added to 1 
ml basal culture medium (hgDMEM+Glutamax with 1% P/S, 1% ITS+ premix (Corning Life 
Sciences, Amsterdam, the Netherlands), 40 µg/ml L-proline (Sigma), 0.1 mM ascorbic acid 2-
phosphate, and 1.25 mg/ml bovine serum albumin (BSA, Sigma)), the same concentration as 
present in original NCCM+, to produce NCCM P. 

NCCM extracellular vesicle purification and characterization 
To purify EVs present within the pelletable fractions of NCCM+ and NCCM- of 3 canine 
donors, the EVs present in the 100,000 g pellets were labelled with PKH67 (MIDI67, Sigma), 
subjected to an OptiPrep (D1556, Sigma) gradient and quantitatively analysed by high-
resolution flow cytometry (BD Influx). For labelling, the 100,000 g pellet from 3 ml NCCM 
(dissolved in 20 µL EV-depleted PBS/0.2% BSA) was mixed with 280 µl Diluent C (CGLDIL, 
Sigma) + 3 µL PKH67 and incubated for 3 minutes in a SW40 tube. 200 µl IMDM (Lonza, 
Breda, the Netherlands) containing 10% vesicle-depleted FBS (stock solution generated by 
overnight ultracentrifugation at 100,000 g) was added to stop the labelling process. This 
suspension was mixed with 1 ml OptiPrep (60% Iodixanol), overlaid with Optiprep 
solutions (13 fractions of 381 µl) of decreasing iodixanol percentages (50-10%) and topped 
off with PBS. This OptiPrep gradient was ultracentrifuged at 200,000 g at 15 °C (Beckman 
Coulter Optima L-90K ultracentrifuge, SW40 rotor). After 16 hours, a continuous OptiPrep 
gradient was formed within the SW40 tube with EVs floating at their equilibrium density. 
Twelve density fractions of 0.5 ml were collected starting from the bottom of the tube 
(fraction 1 = bottom of gradient; fraction 12 = top of gradient). Densities were determined by 
refractometry. The twelve density fractions were 40 times diluted in PBS and analysed for 
individual nano-sized vesicles using the BD Influx flow cytometry (BD Influx cell sorter). By 
using the BD Influx flow cytometer and fine-tuning of the flow cytometer settings156, 
discrimination of EVs from noise was achieved. Flow cytometry data were analysed and 
FACS plots were generated using the FlowJo software package. 

Biochemical analysis of the 100,000 g pellet, NCCM and its fractions 
The protein concentration of the suspended 100,000 g NCCM+ and NCCM- pellets 
(corrected for EV-depleted PBS/0.2% BSA protein concentration, n = 3), NCCM+, NCCM-, 
NCCM S and NCCM P (porcine n = 4, canine n = 8) was assessed using the Qubit Protein 
Assay Kit (Invitrogen, Paisley, UK) according to the manufacturer’s instructions. In 
addition, a dimethyl methylene blue (DMMB) assay was performed to determine the 
glycosaminoglycan (GAG) concentration. 
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In vitro culture of bovine and canine NPCs in NCCM fractions  
Bovine NPCs (8 donors, 2 donors pooled per repeat, 2-2.5 years of age, Thompson grade II) 
were harvested from caudal IVDs obtained from the local abattoir, and chondrodystrophic 
(CD) canine NPCs (4 donors, 3-10 years of age, Thompson grade III) were harvested from 
IVDs of dogs euthanized in unrelated research studies, approved by the Utrecht University 
Animal Ethics Committee. IVDs were opened under aseptic conditions and NPs were taken 
out carefully without inclusion of AF or endplate tissue. NPs were enzymatically digested 
with 0.1% pronase (Roche Diagnostics, Almere, the Netherlands) for 90 minutes and 0.025% 
collagenase type II (Worthington, Lakewood, NJ, USA) for 16 hours at 37 °C. Bovine NPCs 
were suspended in 1.2% alginate (Sigma) at 3*106 cells/ml. Alginate beads were produced as 
described previously.157 Empty and NPC-containing beads were cultured for 28 days at 37 
°C, 5% CO2 and 5% O2 in basal medium or in porcine NCCM+, NCCM-, NCCM S or NCCM 
P, each with the same supplements as basal medium.  

Given that canine NPCs did not thrive in alginate beads158, an albumin-based hydrogel was 
used in which NPCs perform well.159 The canine NPCs from 4 donors were pooled (to 
specifically assess the effect of donor-specific NCCM on a representative canine NPC 
population) and expanded as described previously.87 Passage 2 NPCs were incorporated in 
40 µL hydrogels composed of chemically activated albumin cross-linked by polyethylene 
glycol spacers (3*106 cells/ml hydrogel).160 The albumin- and hyaluronic acid-containing 
hydrogels were cultured for 28 days at 37 °C, 5% CO2 and 5% O2 in basal culture medium 
with and without 10 ng/ml TGF-β1 (R&D Systems, Minneapolis, USA), or in canine NCCM+, 
NCCM-, NCCM S or NCCM P, each with the same supplements as basal medium. To be 
able to correct for binding GAGs present in NCCM to the hydrogel, empty hydrogels were 
cultured along for each NCCM-, NCCM+, NCCM S and NCCM P donor to be able to correct 
for this.  

Gene expression profiling (RT-qPCR; canine n = 8) was performed at day 4, the DNA and 
GAG content (porcine/bovine n = 4 and canine n = 8) was determined at day 0 and 28, and 
Safranin O/Fast Green staining and collagen type I and II immunohistochemistry 
(porcine/bovine n = 3-4 and canine n = 4-8) was performed at day 28 as described 
previously.146 For gene expression profiling, four reference genes (glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), hypoxanthine-guanine phosphoribosyl-transferase 
(HPRT), ribosomal protein S19 (RPS19) and succinate dehydrogenase subunit A (SDHA), 
were chosen to normalize gene expression of the target genes, listed in Table 4.1. 
Modifications for the hydrogels DMMB assay were done: papain and DMMB solution pH 
was adjusted to 6.8 and guanidinium chloride was used to mask hyaluronic acid. 
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Table 4.1: Primer sequences for target and reference genes used in RT-qPCR assays.  
Genes  Accession 

number 
Oligonucleotide sequence (5’ → 3’) Product 

size (bp)  
Annealing 
temp (°C) 

GAPDH NM_001003142 FW: TGTCCCCACCCCCAATGTATC 
RV: CTCCGATGCCTGCTTCACTACCTT 

100 58 

HPRT NM_001003357 FW: AGCTTGCTGGTGAAAAGGAC 
RV: TTATAGTCAAGGGCATATCC 

104 58 

RPS19 XM_005616513 FW: CCTTCCTCAAAAAGTCTGGG 
RV: GTTCTCATCGTAGGGAGCAAG 

95 61 

SDHA XM_535807 FW: GCCTTGGATCTCTTGATGGA 
RV: TTCTTGGCTCTTATGCGATG 

92 56.5 

ACAN XM_005618252 FW: GGACACTCCTTGCAATTTGAG 
RV: GTCATTCCACTCTCCCTTCTC 

111 62 

ADAMTS5 XM_846025.3 FW: CTACTGCACAGGGAAGAG 
RV: GAACCCATTCCACAAATGTC 

149 61 

BAX NM_001003011.1 FW: CCTTTTGCTTCAGGGTTTCA 
RV: CTCAGCTTCTTGGTGGATGC 

108 58 

BCL2 NM_001002949 FW: TGGAGAGVGTCAACCGGGAGATGT 
RV: AGGTGTGCAGATGCCGGTTCAGGT 

87 62 

CASP3 NM_001003042 FW: ATCACTGAAGATGGATGGGTTGGGTT 
RV: 
TGAAAGGAGCATGTTCTGAAGTAGCACT 

139 58 

COL1A1 NM_001003090 FW: GTGTGTACAGAACGGCCTCA 
RV: TCGCAAATCACGTCATCG 

109 61 

COL2A1 XM_005636674 FW: GCAGCAAGAGCAAGGAC 
RV: TTCTGAGAGCCCTCGGT 

151 62 

COL10A1 XM_003639401.2 FW: CCAACACCAAGACACAG 
RV: CAGGAATACCTTGCTCTC 

80 61 

CCND1 NM_001005757.1 FW: GCCTCGAAGATGAAGGAGAC 
RV: CAGTTTGTTCACCAGGAGCA 

117 60 

MMP13 XM_536598 FW: CTGAGGAAGACTTCCAGCTT 
RV: TTGGACCACTTGAGAGTTCG 

250 65 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase, HPRT: hypoxanthine-guanine phosphoribosyl-transferase, 
RPS19: ribosomal protein S19, SDHA: succinate dehydrogenase subunit A, ACAN: aggrecan, ADAMTS5: a disintegrin 
and metalloproteinase with thrombospondin motifs 5, BAX: Bcl2-like-protein, BCL-2: B-cell CLL/lymphoma 2, CASP3: 
caspase-3, COL1A1: collagen type I, COL2A1: collagen type II, COL10A1: collagen type X, CCND1: cyclin D1 and 
MMP13: matrix metalloproteinase 13. 

In vitro effect of fresh and frozen pelletable NCCM factors 
To determine whether freezing the pelletable factors affected their biological effect, micro-
aggregates of 35,000 CD canine NPCs were generated as described previously.146 NPCs have 
easy access to the pelletable factors in this culture model compared with hydrogels. The 
micro-aggregates were cultured in low-adherence 96-well plates (CELLSTAR® Greiner Bio-
one) at 37 °C, 5% CO2 and 5% O2 for 7 days and were treated with basal culture medium 
(control), freshly generated, non-frozen NCCM P (P1x fresh; kept at 4 °C for 1 hour (added 
at moment of cell plating)) and 4 days (added during medium change) or canine NCCM P 
that was frozen for 1 hour or 4 days at -70 °C (P1x frozen). To determine whether a higher 
concentration pelletable factors would exert a more pronounced effect, fresh and frozen 
pelletable factors were also applied in a 10 times higher concentration than present in 
NCCM+ (P10x fresh and P10x frozen, respectively). The same CD canine NPC donors as 
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used in the hydrogel experiment and 4 different NCD canine NCCM donors were used for 
this part of the study. Gene expression profiling (RT-qPCR; n = 8) was performed at day 4 
and the DNA and GAG content of the micro-aggregates (n = 8) was determined at day 7 as 
described above. 

Statistical analysis 
Statistical analyses were performed using IBM SPSS statistics 22. Data were examined for 
normal distribution using a Shapiro Wilks test. Kruskal Wallis and Mann-Whitney U test 
were performed on non-normally distributed data and one-way ANOVA on normally 
distributed data. Benjamini & Hochberg false discovery rate post hoc tests were performed 
to correct for multiple comparisons. In all tests, p-values < 0.05 were considered significant.  

Results 
Proteomic analysis of porcine, canine and human NCCM+ 
NCCM+ from 5 porcine, 5 canine, and 3 human donors was subjected to mass spectrometry 
and bioinformatics analysis. Log2-values of the number of peptide spectrum matches 
(PSMs) plotted against the log2-values of the mean PSM number for each protein showed a 
wider distribution for canine NCCM, indicating a higher inter-donor variability than 
porcine and human NCCM (Fig. 4.1). Raw pre-filtered protein profiles for porcine, canine 
and human NCCM contained respectively 737, 847, and 779 Uniprotids of which 153, 178, 
and 217 were left after filtering. These were annotated to 149, 170, and 217 different HGNC 
gene names for porcine, canine, and human, respectively, and were used for profile 
comparisons (table 4.2). All tables regarding the proteins identified in porcine, canine and 
human NCCM, and their subsequent pathway analysis are included in Appendix A. The 
three species had 66 of these proteins in common. A large fraction of the proteins was 
derived from organelles (24%, fig 4.1) and macromolecular protein complexes (24%). 
Furthermore, a considerable amount of extracellular matrix (ECM, 16%) and membrane-
bound vesicle proteins (10%) was found in NCCM of all species. 

Pathway analysis (Reactome, V55) of all common proteins revealed various processes 
involved in ECM and its structure (table 4.3). The GAG-, collagen-, hyaluronic acid- and 
integrin-binding pathways were significantly covered, as well as the structural molecule 
activity and protein complex binding pathways. Other detected pathways contained growth 
factor- and enzyme-binding proteins. Due to the presence of specific collagens (e.g. type III, 
V and XV) in porcine and human, but not in canine NCCM, pathways involved in the 
assembly of collagen fibrils, biosynthesis and formation were significantly covered by 
proteins present in human and porcine NCCM (table 4.4). Also, proteins from platelet-
involved pathways were found in these two species. Analysis of proteins common in human 
and canine NCCM demonstrated pathways related to glucose metabolism (table 4.5). 
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Figure 4.1: Proteomic analysis of porcine, canine, and human notochordal cell (NC)-conditioned medium (NCCM). (a) 
NCCM was generated from NC-rich nucleus pulposus (NP) tissue of porcine (n = 5), canine (n = 5), and human (n = 3) 
donors. (b) log2 values of the number of peptide spectrum matches (PSM) plotted against the average number of PSMs 
for each protein show a higher inter-donor variability for canine NCCM than for porcine and human NCCM. (c) The 
number of proteins discovered in porcine, canine and human NCCM, and their combinations. (d) Cell and/or matrix 
origins of the 66 proteins in common to all three species NCCM. 

Furthermore, due to the presence of decorin and biglycan, dermatan sulfate and chondroitin 
sulfate biosynthesis pathways were significantly covered in human and canine NCCM 
(table 4.6). Both canine and porcine NCCM contained proteins involving tubulin-related 
pathways. Furthermore, several pathways with proteins present in only porcine, canine or 
human NCCM were detected (tables 4.7-4.9). In porcine (table 4.7) and human NCCM (table 
4.9), proteins related to complement binding pathways were detected. Lastly, proteins from 
axon guidance-related pathways were present in NCCM from all species table (4.4 and 4.8). 
A significant number of proteins involved with transcription factor (e.g. Activator protein 1 
(AP-1) and paired box gene 4 (PAX4)) binding sites were found in NCCM from all species 
(table 4.10). Furthermore, proteins related to miRNA29 were found in human and porcine 
NCCM (table 4.11). 

In vitro culture of bovine NPCs in porcine NCCM 
Porcine NCCM and its fractions were analysed for their protein and GAG concentration 
(Fig. 4.2a). NCCM S contained a similar protein concentration as NCCM+, whereas the 
protein concentration of NCCM P was significantly lower than that of NCCM+, NCCM S 
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and NCCM-. The NCCM- protein concentration was significantly lower than that of 
NCCM+. Also the GAG concentration of NCCM+ and NCCM S was comparable, and both 
were significantly higher than that of NCCM P and NCCM-. Although few GAGs were 
present in NCCM-, its GAG concentration was still significantly higher than that of NCCM 
P. 

After 28 days, alginate beads cultured in porcine NCCM and its fractions were analysed for 
DNA and GAG content and histology and compared with controls. Empty alginate beads 
did not bind GAGs. Although NPCs proliferated and formed clusters in all conditions, no 
statistically significant differences in DNA content were found between conditions (Fig. 
4.2b) due to a low number of repeats (n = 4). The GAG and GAG/DNA content was, 
however, significantly increased in NCCM+ and NCCM S compared with controls, whereas 
it was not increased in NCCM- or NCCM P (Fig. 4.2c and 4.2d). The increased GAG content 
in NCCM+ and NCCM S-treated beads was confirmed by Safranin O/Fast Green staining 
(Fig. 4.2e). Immunohistochemical staining showed no collagen type I deposition in any 
condition. Collagen type II, however, was deposited in all conditions: only in the 
pericellular region in the control- and NCCM P-treated alginate beads, but more abundant 
after NCCM+, NCCM S, and NCCM- treatment. 

Extracellular vesicle purification from canine NCCM 
After canine NCCM+ and NCCM- (ultra)centrifugation, the 100,000 g pellets were subjected 
to an Optiprep gradient for purification and quantitatively analysed by high-resolution flow 
cytometry (Fig. 4.3a). All 12 gradient fractions with different densities were analysed for EV 
concentration. In fraction 5-12, significantly more 100,000 g EVs (measured as events/30sec) 
were present in NCCM+ compared with NCCM- (Fig. 4.3c). Also, the total cumulative 
events measured per 30 seconds in all 12 fractions was 3.6-fold higher for NCCM+ compared 
with NCCM- (Fig. 4.3c), indicating that the NCCM+ pellet contained on average 3.6 times 
more EVs than the NCCM- pellet. Most events per 30 seconds were counted in gradient 
fractions 2-3 (high density: 1.28-1.32 g/ml) and 7-10 (low density: 1.08-1.17 g/ml). Dot plots 
of two representative fractions with high and low density (fraction 3 and 9, respectively) are 
depicted in Fig. 4.3d. Although a comparable number of events/30 seconds was counted in 
fraction 3 and 9 in each gradient, these fractions showed a different EV scatter profile (Fig. 
4.3d) for both NCCM+ and NCCM-. Based on these scatter profiles, different EV 
populations, floating at different densities, could be distinguished. Generally, the EV 
population that floated at low density (fraction 9) showed low forward scatter (FSC) and 
was mainly located in region I and II. EVs that floated at high density (fraction 3) were, 
besides in region I, also present in region III and IV and showed a higher FSC compared  
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Figure 4.2: Soluble factors derived from porcine NC-conditioned medium (NCCM) exert anabolic effects on bovine 
nucleus pulposus cells (NPCs). (a) Protein (black) and glycosaminoglycan (GAG, grey) concentration of porcine 
notochordal cell conditioned medium (NCCM) and its fractions. (b-d) DNA, GAG and GAG/DNA content of bovine 
NPC alginate beads at day 28. (e) Safranin O/Fast Green staining and collagen type I and II immunohistochemistry of 
bovine NPC alginate beads at day 28. a: significant difference between this condition and all other conditions (p < 0.05); 
b: significant difference between these conditions (p < 0.05); c: significant difference between this condition and all 
other conditions except for the other condition indicated with ‘c’ (p < 0.05); n = 4 for DNA and GAG content, values 
represent means + standard deviations. n = 3-4 for histology. 
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Figure 4.3: Analysis of the 100,000 g ultracentrifugation pellet from canine NCCM+ and NCCM-. (a) Differential 
centrifugation protocol to isolate pelletable factors at 100,000 g from NC-conditioned medium and technical layout for 
Optiprep density gradient floatation for extracellular vesicle (EV) purification. (b) Protein measurement of the 100,000 
g pellet of NCCM+ and NCCM-. (c) Quantitative EV analysis (high resolution flow cytometry) of Optiprep gradient 
fractions containing EVs from NCCM+ and NCCM- 100,000 g pellets from 3 canine donors. Events/30 seconds (mean 
of 3 donors) are shown. (d) Dot plots of two representative Optiprep gradient fractions with high and low density 
(fraction 3 and 9, respectively) of one representative canine donor. Dot plots represent levels of PKH67 intensity (y-
axis) versus forward scatter (FSC) (x-axis). Four different regions are delimited, based on the presence of EVs with 
different characteristics (e.g. PKH intensity, FSC). a: significant difference in protein concentration between NCCM- 
and NCCM+; b: significant difference in number of events/30 seconds between these fractions (p < 0.05). n = 3.  

with the EVs that floated at low density (fraction 9, region I and II). Two high density EV 
populations could be distinguished: one EV population with low PKH intensity (fraction 3, 
region III) and an additional population with high PKH intensity and very high FSC 
(fraction 3, region IV). These two populations were completely absent at low density 
(fraction 9). No considerable scatter differences were encountered between EV populations 
from NCCM+ and NCCM-; only less events/30 seconds were counted for NCCM-. In 
addition, the protein concentration of the resuspended 100,000 g pellet was measured (Fig. 
4.3b), since this pellet is known to contain, besides EVs, protein aggregates. The protein 
concentration of the NCCM+ 100,000 g pellet was significantly higher than that of the 
NCCM- 100,000 g pellet (Fig. 4.3b). 
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In vitro culture of canine NPCs in canine NCCM 
Canine NCCM and its fractions were analysed for their protein and GAG concentration (Fig. 
4.4a). The protein and GAG concentration of canine NCCM+ and NCCM S was significantly 
higher than that of NCCM- and NCCM P, whereas the protein and GAG concentration of 
NCCM P was significantly lower than that of NCCM-. 

After 4 days of culture, gene expression profiling was performed on the canine NPC-
containing hydrogels and after 28 days of culture, the hydrogels were analysed for DNA 
and GAG content and histology. The DNA content and CCND1 (a marker for cell 
proliferation) expression of the TGF-β1-treated hydrogels was significantly increased 
compared with all other conditions (Fig. 4.4b and 4.5f). Furthermore, NCCM+ and NCCM S-
treated hydrogels showed a significantly increased DNA content compared with controls, 
and NCCM+ treatment showed a significantly increased DNA content compared with 
NCCM P and NCCM- treatment (Fig. 4.4b). CCND1 expression was significantly lower in 
NCCM P-treated NPCs than in NCCM-/NCCM+/NCCM S-treated NPCs (Fig. 4.5f).  

According to the DMMB assay, empty (no cell-containing) hydrogels incorporated a large 
amount of medium-derived GAGs; indicated by the grey bars in Fig. 4.4c. The GAG content 
of the control hydrogels was significantly lower than that of all other conditions (Fig. 4.4c). 
TGF-β1, NCCM+ and NCCM S treatment induced the highest total GAG content of the 
NPC-containing hydrogels: significantly higher than after NCCM- and NCCM P treatment 
(Fig. 4.4c). The GAG content of the NCCM P-treated hydrogels was significantly lower than 
that of the hydrogels treated with NCCM- (Fig. 4.4c). The total GAG/DNA content of 
NCCM+ and NCCM S-treated hydrogels was the highest, followed by hydrogels treated 
with TGF-β1, NCCM-, NCCM P and basal culture medium, respectively (Fig. 4.4d). Safranin 
O/Fast Green staining indicated that most GAGs were deposited in the TGF-β1-treated 
hydrogels, followed by NCCM+ and NCCM S-treated hydrogels (Fig. 4.4e). Collagen type I 
deposition was only induced by TGF-β1 treatment, not by NCCM fractions (Fig. 4.4e). 
Collagen type II was mostly deposited in TGF-β1-, NCCM+, and NCCM S-treated 
hydrogels, but also some collagen type II was present in NCCM P-treated hydrogels (Fig. 
4.4e). Affirmatively, at gene expression level, TGF-β1 treatment significantly induced 
ACAN, COL1A1 and COL2A1 mRNA compared with all other conditions (Fig. 4.5a-c). In 
contrast, NCCM (fractions) did not influence COL2A1 expression compared with controls 
(Fig. 4.5a-c). NCCM P inhibited ACAN expression and NCCM- and NCCM+ induced 
COL1A1 expression compared with controls (Fig. 4.5a-c). COL10A1 expression was not 
detected in any condition (data not shown). 

Furthermore, TGF-β1 treatment significantly reduced ADAMTS5 expression compared with 
all other conditions, whereas NCCM- significantly induced ADAMTS5 expression compared 
with controls and NCCM P (Fig. 4.5d). NCCM+ induced even higher ADAMTS5 expression  
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Fig 4.4: Both soluble and pelletable factors derived from canine NC-conditioned medium (NCCM) exert anabolic 
effects on canine nucleus pulposus cells (NPCs). (a) Protein (black) and glycosaminoglycan (GAG, grey) concentration 
of canine NCCM. (b-d) DNA, GAG and GAG/DNA content at day 28. The grey bars indicate the level of GAGs present 
in empty NCCM-treated hydrogels. (e) Safranin O/Fast Green and collagen type I and II staining of canine NPC 
hydrogels at day 28. Significant differences are indicated for data not corrected for empty gels. a: significant difference 
between this condition and all other conditions (p < 0.001); b: significant difference between this condition and all other 
conditions except for the other condition indicated with ‘b’ (p < 0.001); c, d, e: significant difference between these 
conditions with p < 0.001, p < 0.01, and p < 0.05, respectively; f and g: significant difference between this condition and 
all other conditions with p < 0.01 and p < 0.05, respectively; n = 8 for DNA and GAG content, values represent means + 
standard deviations. n = 4-8 for histology. 
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than NCCM-, and NCCM S increased ADAMTS5 expression compared with NCCM P (Fig. 
4.5d). MMP13 expression was significantly decreased by TGF-β1 treatment compared with 
controls, whereas NCCM S reduced MMP13 expression compared with controls, NCCM+ 
and NCCM P (Fig. 4.5e). Apoptosis-related genes (BAX, BCL2, CASP3) were not 
differentially expressed between the conditions (data not shown).  

Fresh versus frozen pelletable factors present in canine NCCM 
Gene expression profiling of canine NPC micro-aggregates cultured in basal culture 
medium (control), 1x concentrated fresh and frozen NCCM P and 10x concentrated fresh 
and frozen NCCM P was performed at day 4. Due to donor variability, high standard 
deviations were obtained (Fig. 4.6a). At day 7, the DNA content of all micro-aggregates was 
significantly decreased compared with day 0 (Fig 4.6b). The GAG and GAG/DNA content of 
the controls was significantly lower than that of the micro-aggregates treated with 1x and 
10x concentrated NCCM P (Fig 4.6b). Moreover, the GAG and GAG/DNA content of the 
micro-aggregates treated with 10x concentrated NCCM P was significantly higher than that 
of the micro-aggregates treated with 1x concentrated NCCM P (Fig 4.6b), indicating a 
concentration-dependent effect. The GAG and GAG/DNA content of micro-aggregates 
treated with fresh and frozen NCCM P (1x or 10x) was not significantly different, indicating 
that freezing the pelletable factors for a short period (1 hour-4 days) at -70 °C in EV-depleted 
PBS/0.2% BSA did not affect their biological effect in this study. 

Discussion 
Porcine, canine and human NC-secreted factors have already shown potential for IVD 
regeneration.109–111,134,146,147 With a clinical directive in mind, the aim of this study was to 
delineate the underlying bioactive NC-secreted substances resulting in IVD regeneration. 
The present study shows that porcine and canine NCCM+ exerted a regenerative effect on 
bovine and canine NPCs, respectively. Furthermore, NCCM from different species (porcine, 
canine) exerted regenerative effects on NPCs from different species (bovine, canine), 
confirming a cross-species effect.146  

Since previous findings indicated regenerative effects of porcine, canine, and human NCCM 
on human NPCs146, the main focus of the proteomic analysis of the present study was on 
common proteins discovered in NCCM from all three species. A considerable part of the 
detected proteins consisted of ECM, e.g. proteoglycans, collagens and keratins, and 
organelle-derived proteins. However, specific growth factors, potentially responsible for 
NCCM’s regenerative effect, were not identified, which is in contrast with previous studies, 
where CTGF was identified in canine104 and porcine147 NCCM. The absence of growth 
factors in the current study may be due to the method of NCCM generation. Whereas the 
previous studies produced NCCM from isolated NCs, NCCM was generated from NC-rich  
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Figure 4.5: None of the NCCM (fractions) effects expression of genes related to matrix production. (a-f) Relative 
ACAN, COL1A1, COL2A1, ADAMTS5,MMP13 and CCND1 gene expression of the hydrogels at day 4. The control 
hydrogels were set at 1. a: significant difference between this condition and all other conditions (p < 0.05); b: significant 
difference between this condition and all other conditions except control (p < 0.05); c: significant difference between 
indicated conditions (p < 0.05); d: significant difference between this condition and all other conditions (p < 0.01); e: 
significant difference between this condition and all other conditions except NCCM P (p < 0.05); n = 8, values represent 
means + standard deviations. 
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NP tissue in the current study. Potential growth factors secreted by NCs may therefore be 
overshadowed by large quantities of proteins released during NP tissue incubation. In line 
with previous findings109 however, clusterin and alpha-2-macroglobulin were detected in 
NCCM of all species, and tenascin in human and canine NCCM. Furthermore, class 3 
semaphorins were identified in canine (SEMA3C, SEMA3E) and porcine (SEMA3C) NCCM. 
Although SEMA3A is considered a natural inhibitor of nerve growth161, SEMA3C is 
suggested to play a role in innervation and vascularisation of degenerated human IVDs and 
has been linked to low back pain.162 This study shows that class 3 semaphorins were also 
present in NCCM from healthy canine and porcine NP donors, supporting the idea of both a 
stimulatory and inhibitory role of semaphorins in nerve and blood vessel growth.163 

The proteins common to all three species and upstream bioinformatics analysis provide new 
insights in IVD (patho)physiology, including transcriptional gene regulation. Proteins 
related to transcription factor binding sites AP-1 and PAX4 were identified in NCCM 
derived from all species. AP-1 is a downstream target of the mitogenic activated protein 
(MAP) kinase signaling pathway and regulates chondrogenic differentiation.164 In healthy 
porcine, canine, and human NP tissue, GAG synthesis may be regulated in an AP-1/growth 
factor-dependent manner, given that BMP2 and TGF-β induced the expression of the GAG 
synthesis enzyme β1,3-glucuronosyl transferase 1 in rat NP cells via - amongst others - AP-
1.165 PAX4 has been mainly studied in the pancreas166,167 whereas its role in 
bone/cartilaginous tissues is unexplored. PAX1 and PAX9, however, are known to be 
associated with axial and limb skeleton development168 and vertebral body and cartilage 
formation.169 Furthermore, the current study also demonstrates that proteins related to miR-
29a/b/c were present in porcine and human NCCM+. The miR-29 family negatively 
regulates TGF-β and canonical Wnt signalling170,171, affects the expression of ECM genes, e.g. 
antifibrotic effect172, and influences the development and progression of osteoarthritis.170 In 
the IVD, the role of the miR-29 family has not been investigated yet, but presumably it is 
also involved in modulating signalling pathways and in this way, influencing ECM 
production. 

Taken together, many common proteins were identified in porcine, canine and human 
NCCM. Mainly ECM and organelle-derived proteins, but no specific growth factors were 
detected in all the species’ NCCM. Furthermore, in porcine and human NCCM, platelet- and 
complement system-related proteins were identified. This finding points towards blood 
contamination rather than a biologically relevant finding and can be explained by the 
technically challenging harvesting of NP tissue. Hence, it may be beneficial for future 
studies to focus on comparative proteomic analysis of porcine, canine and human NCCM 
generated from isolated NCs, without interfering ECM proteins. 
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Figure 4.6: Frozen canine NCCM pelletable factors exert comparable anabolic effects as freshly applied (non-frozen) 
pelletable NCCM factors, while a 10 times higher concentration of pelletable factors induces a more pronounced effect 
on canine nucleus pulposus cell (NPC) matrix production. (a) Relative ACAN, COL1A1, COL2A1, ADAMTS5, MMP13 
and CCND1 gene expression of the micro-aggregates at day 4. The control micro-aggregates were set at 1. (b) DNA, 
GAG and GAG/DNA content (mean ± SD) of the canine NPC micro-aggregates at day 7. a: significant difference 
between this condition and all other conditions (p < 0.05); b: significant difference between these conditions (p < 0.05); 
c: significant difference between this condition and all other conditions (p < 0.01); d: significant difference between this 
condition and all other conditions except for the other condition indicated with ‘d’ (p < 0.01); e: significant difference 
between this condition and all other conditions except for the conditions indicated with ‘d’ (p < 0.01); n = 8. 
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Proteomic analysis revealed that NCCM+ contained a considerable amount of membrane-
bound vesicle proteins, indicating that EVs may play a role in the regenerative effect of 
NCCM. To our knowledge, this is the first study to report the purification of NC-derived 
EVs. Although significantly more EVs were derived from healthy NCs (NCCM+) than from 
dedifferentiated NCs (NCCM-), the purified EV populations from NCCM+ and NCCM- 
appeared similar. In functional studies, the effect of the pelletable fraction of NCCM+ 
(containing EVs and protein aggregates) was determined on NPCs. In bovine NPCs, the 
effect of porcine pelletable NCCM factors was negligible. In contrast, canine pelletable 
NCCM factors increased, in a concentration-dependent fashion, the canine NPC GAG, 
GAG/DNA and collagen type II content compared to controls (although less pronounced 
than for the soluble factors). The bovine NPCs were obtained from relatively healthy/early 
degenerated IVDs and the canine NPCs from degenerated IVDs, which may explain the 
difference in response, besides NCCM/NPC species differences. 

In the present study, the pelletable factors needed to be frozen, since canine NCCM donors 
were available at unpredictable moments. The effect of freezing EVs is controversial: 
previous studies demonstrated that EVs were relatively insensitive to freeze/thaw 
cycles148,173, whereas others showed the opposite.174 The current study showed that 1 hour-4 
days of freezing at -70 °C did not influence the biological activity of canine NC-derived 
pelletable factors compared with non-frozen pelletable factors (kept at 4 °C) from the same 
donor on canine NPC micro-aggregates. Besides long term freezing, also relatively 
hampered access to the pelletable factors could have accounted for the less pronounced 
effect of NCCM P on the canine hydrogels and bovine alginate beads compared with the 
canine micro-aggregates. Taken together, the present study demonstrates that several 
populations of EVs were present in NCCM and that the pelletable NCCM factors exerted a 
concentration-dependent anabolic effect but only on canine NPCs. While we cannot exclude 
that the absence of a biologic effect of EVs may be related to the ultracentrifugation step, 
future studies should focus on the effect of different isolation protocols and different 
populations of purified NC-derived EVs, without interference of protein aggregates present 
in NCCM P. 

It appeared that most proteins remained in the soluble fraction of canine and porcine 
NCCM after ultracentrifugation. The effect of porcine NCCM S on bovine NPCs was similar 
to that of NCCM+, suggesting that porcine NCCM exerted its regenerative effect mainly 
through protein-based mechanisms. Also in the canine species, the GAG content in NCCM 
S-treated hydrogels was rather similar to that of NCCM+ treated hydrogels. However, since 
the GAGs present in NCCM bound to the hydrogel, the differential effect of NCCM+ and 
NCCM S could not be determined properly. The amount of GAGs produced by the NPCs 
themselves cannot simply be calculated by correcting for the GAG content of empty 
hydrogels cultured in NCCM, because the incorporated ECM proteins likely changed the 
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micro-environment and consequently affected GAG synthesis. Thus, the exact effect of 
canine NCCM+ and NCCM S on canine NPCs could not be deduced with only biochemical 
analysis. 

Interestingly, ACAN and COL2A1 expression did not differ between NCCM-treated NPCs 
and controls, while ADAMTS5 and MMP13 gene expression levels were generally higher in 
NCCM+ and/or NCCM S-treated NPCs compared with other conditions. The latter is most 
probably related to ECM remodelling rather than catabolism, given that histological analysis 
points towards a stronger anabolic effect of NCCM+ and NCCM S than NCCM P and 
NCCM-. In NCCM+ and NCCM S, more pericellular GAGs were observed, suggesting that 
the NPCs synthesized these GAGs themselves. Also collagen type II deposition was highest 
after NCCM+ and NCCM S treatment, again indicating that both porcine and canine NCCM 
exerted its regenerative effect mainly through proteins.  

In conclusion, the present study demonstrates a regenerative, NC-specific, cross-species 
effect of porcine and canine NCCM+ on bovine and canine NPCs, respectively. Especially on 
bovine NPCs, the effect of the protein-rich soluble NCCM fraction was more pronounced 
than the effect of the EV-rich pelletable NCCM fraction. Since no growth factors where 
identified in NCCM derived from NC-rich NP tissue, NCCM produced from isolated NCs 
may help to identify the NC-secreted factors responsible for its regenerative effect. 
However, different populations of EVs were detected in NCCM+ and the pelletable NCCM 
factors did exert a moderate regenerative effect on canine NPCs. Thus, although porcine and 
canine NCCM exerted their anabolic effects mainly through soluble factors, also the 
pelletable NCCM factors showed moderate regenerative potential. Although the 
regenerative potential of NCCM P should not be overlooked, future studies should focus on 
unraveling the protein-based regenerative mechanism from NCCM produced from isolated 
NCs, e.g. by NCCM fractionation and pathway blocking studies. 
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Abstract 
Notochordal cell-conditioned medium (NCCM) is known to have a stimulatory effect on 
nucleus pulposus cells (NPCs). The use of NCCM for intervertebral disc (IVD) regeneration 
therapy however is not straightforward as it is dependent on identification of its bioactive 
factors. The aim of this study is to determine the regenerative potential of the NC-rich NP 
matrix (NCM), as an alternative to NCCM. Furthermore, we aim to test NCM’s anti-
inflammatory and anti-catabolic properties. NCCM and NCM were produced from porcine 
NC-rich NP tissue. NPCs were harvested from bovine NP tissue, seeded in 1.2% alginate 
beads and cultured in base medium (BM), NCCM or NCM. After 28 days, beads were 
assayed for biochemical content. In a separate experiment, a pro-inflammatory stimulus (10 
ng/ml IL-1β) was provided to bovine NPCs in alginate beads. The effect of IL-1β and 
subsequent response to NCCM and NCM was assessed by gene expression of inflammatory, 
catabolic and anabolic genes by quantitative RT-qPCR. Addition of NCM resulted in 
increased GAG and DNA content compared to NCCM and BM. Glycosaminoglycan (GAG) 
per DNA and hydroxyproline were significantly increased with NCM compared to BM. 
These findings were confirmed by histological staining. Furthermore, immunohistochemical 
staining showed that collagen type II was produced with NCCM and NCM, while collagen 
type I was absent. Expression of inflammatory and catabolic genes (except for TNFα) was 
upregulated with addition of IL-1β. IL-8 gene expression decreased with NCCM and NCM, 
though effects on IL-1β and IL-6 were less pronounced. Generally, NCM enhanced 
expression of proteases. ACAN and COL2A1 gene expression were decreased with addition 
of IL-1β, while NCCM nor NCM were able to increase these levels. NCM showed increased 
regenerative potential, and circumvents the need to identify NCCM’s bioactive factors. The 
effect of NCM on expression of inflammatory and catabolic genes was however ambiguous. 
NCM also could not enhance anabolic gene expression in an inflammatory environment. In 
spite of NCM’s strong anabolic response in vitro, its regenerative effect in an in vivo 
inflammatory environment requires further investigation. 

Introduction 
Back pain is a leading cause for disability, and is closely related to intervertebral disc (IVD) 
degeneration.7 Negatively charged proteoglycans attract water into the nucleus pulposus 
(NP) which provides the swelling pressure required for sustaining high compressive loads, 
and proper functioning of the IVD.2 With IVD degeneration however, the nucleus pulposus 
cells (NPCs) are no longer able to maintain a healthy NP tissue.13 As a result, the 
proteoglycan content decreases and collagen type II is being replaced by collagen type I. The 
NP becomes more fibrous and the swelling pressure decreases, resulting in a decrease in 
disc height which adds to further IVD degeneration. 
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The degenerative changes in IVD tissue integrity  have, in part, a molecular onset. NPCs of 
the degenerating IVD start producing pro-inflammatory cytokines such as interleukin (IL)-
1β and tumor necrosis factor α (TNFα)31,32 Additionally, IL-6 and IL-8 are produced by 
NPCs from the degenerated IVD, and have been linked to low back pain.33 Furthermore, 
pro-inflammatory cytokines are known to stimulate the production of catabolic proteases, 
such as matrix metalloproteinase (MMP) and a disintegrin and metalloproteinase with 
thrombospondin motifs (ADAMTS).30,32,175 Important MMPs involved in IVD degeneration 
are MMP-13, a collagenase, and MMP-3 which besides collagen, also degrades 
proteoglycans and fibronectin.29 ADAMTS-4 and ADAMTS-5 belong to main aggrecanases 
involved in IVD degeneration.176 Catabolic factors are inhibited by tissue inhibitors of matrix 
metalloproteinases (TIMPs), but increased presence of catabolic factors can lead to a 
homeostatic imbalance and increased tissue degradation. Furthermore, production of matrix 
proteins such as aggrecan and collagen type II is decreased in an inflammatory 
environment, reflecting the inability of NPCs in a degenerating IVD to restore the tissue.30,175 
Additionally, IL-1β stimulation induced production of neurite growth factor (NGF) in 
human NPCs177 and vascular endothelial growth factor (VEGF) in human articular 
chondrocytes178, indicating that the inflammatory environment may contribute to neurite 
and blood vessel ingrowth, which can, together with other degenerative changes, lead to 
back pain. 

Patients suffering from back pain are initially treated conservatively with pain medication 
and physical therapy. When conservative treatment fails, surgical procedures such as spinal 
fusion or disc arthroplasty are considered.46 However, these treatments are highly invasive, 
and the success rates of such therapies are limited, with high complication rates.47 
Furthermore, the current treatment methods aim to alleviate pain, and do not address the 
underlying cause of IVD degeneration. Therefore, minimally invasive, regenerative 
therapies, such as cell- or growth factor treatment are being investigated. Growth factors are 
promising for regeneration of the IVD82,83,86,179, and some were even used in clinical trials 
(BMP-7, GDF-5). However, no growth factor treatment for IVD degeneration is currently 
commercially available, and other options need to be explored. 

Lately, notochordal cells (NCs) have received considerable attention due to their 
regenerative potential. NCs are remnants from the notochord, which during embryogenesis 
of the spine become trapped inside the nuclear space.107 In humans and other species such as 
chondrodystrophic dogs, these cells disappear early in life, and their disappearance 
coincides with the onset of IVD degeneration. However, species that retain their NCs 
throughout life, such as rodents, pigs and non-chondrodystrophic dog breeds develop far 
less severe IVD degeneration, and only later in life.112 These observations suggest that NCs 
are involved with maintaining a healthy NP tissue, and may be exploited for regenerative 
purposes. 
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Several studies have tested the regenerative potential of NCs. A co-culture of bovine NPCs 
and canine NCs resulted in increased proteoglycan synthesis, although notochordal cell-
conditioned medium (NCCM) had a similar effect on bovine NPCs, suggesting that cell-cell 
contact is not required, and that soluble factors secreted by NCs exert a regenerative 
effect.105 Later studies also found increased proteoglycan production of bovine NPCs with 
canine NCCM, and also reported increased cell proliferation and enhanced expression of 
chondrogenic genes.103,104 Furthermore, porcine NCCM directed human BMSCs towards a 
chondrogenic phenotype and increased their proteoglycan synthesis.109,110 Recently, NCCM 
stimulated BMSC and NPC glycosaminoglycan (GAG) synthesis and NPC proliferation in a 
homologous canine model and downregulated expression of catabolic genes, suggesting an 
anti-catabolic effect which could be beneficial in an NC-based regenerative therapy.129 
Porcine NCCM increased GAG content in bovine NP explants, suggesting that NCCM does 
not only stimulate isolated cells, but also NPCs within their native environment.129 Even 
more so, it was recently shown that NC-based technologies based on porcine tissue have a 
strong translation potential as they exert even greater matrix anabolic effect on NP cells 
isolated from human degenerated IVDs compared to the human counterparts.146 

Although the regenerative effect of NCCM appears promising, the use of NCCM itself to 
treat IVD degeneration is not feasible. Alternatively, the active factors in NCCM could be 
identified and produced synthetically. Although potentially interesting factors such as 
connective tissue growth factor (CTGF) have previously been identified104,147, identification 
of NCCM’s bioactive component(s) appears difficult and time-consuming, hampering the 
development of an NC-based treatment for IVD degeneration. Furthermore, a combination 
of factors may be involved, which would further complicate identification. In this study we 
propose instead, to directly harvest the bioactive factors from a site where they are known to 
be present, i.e. the NC-rich NP matrix (NCM). This tissue can be harvested from non-human 
sources, lyophilized and pulverized to a fine powder, which, if biologically active, would 
circumvent the need to identify the active factors in NCCM. Therefore, in this study we aim 
to test whether this approach using NCM has similar regenerative potential as NCCM, and 
whether NCM has anti-inflammatory and anti-catabolic effects. 

Materials and Methods 
Generation of porcine NCCM and NCM 
NC-rich NP tissue was harvested from the IVDs of 7 (approximately 3 months old) pigs, 
obtained from the local abattoir. The IVDs were opened aseptically, and the NP tissue was 
meticulously taken out, careful not to include AF tissue. To produce NCCM, half of the NP 
tissue from each spine was cultured in high glucose Dulbecco’s modified eagle’s medium 
(hgDMEM, Invitrogen, Carlsbad, CA) supplemented with 1% penicillin/streptomycin (P/S, 
Lonza, Basel, Switzerland) at 30 ml medium per gram of tissue. The NP tissue was 
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incubated for 4 days at 37 °C, 5% CO2 and 5% O2. At the end of the incubation time, the NP 
tissue was removed from the conditioned medium by filtration with a 70 µm pore size cell 
strainer. Subsequently, the medium was filtered through a 3 kDa cut-off filter tube (Amicon 
Ultra-15 centrifugal filter, Merck, Darmstadt, Germany) and the residue was resuspended in 
the same amount of fresh low glucose DMEM. To produce NCM, the other half of the NP 
tissue from each spine was lyophilized overnight and pulverized to a fine powder using a 
microdismembrator (Sartorius, Goetingen, Germany). Both NCCM and NCM where stored 
in aliquots at -80 °C until further use. 

Isolation of bovine NPCs 
NPCs were harvested from the caudal discs of 2-2.5 year old cows (24 donors), 2 tails pooled 
per repeat), obtained from the local abattoir. The IVDs were opened under aseptic 
conditions, and the NP tissue was taken out, taking care not to include AF tissue. The NP 
tissue was enzymatically digested in 0.1% pronase (Roche Diagnostics, Almere, the 
Netherlands) for 90 minutes, and subsequently in 0.025% collagenase type II (Worthington, 
Lakewood, NJ) for 16 hours at 37 °C. After digestion, the cell suspension was filtered 
through a 70 µm pore size cell strainer to remove remaining pieces of tissue. The NPCs were 
suspended in 1.2% alginate (Sigma, Zwijndrecht, the Netherlands) at 3 million cells/ml. 
Alginate beads were produced according to a previously described protocol.157 Briefly, 3 
million cells were mixed with 1 ml alginate using an 18G mixing needle and the cell 
suspension was aspirated in a syringe. NPC-seeded alginate beads were produced by 
dropping the cell suspension in a 102 mM calcium chloride (Merck) solution. Subsequently, 
beads where washed 3 times with 0.9% sodium chloride (Merck) solution before being 
transferred to culture medium. 

Alginate bead culture 
Regenerative potential: To test the regenerative potential of NCM, the NPC-seeded alginate 
beads were cultured in base medium (BM: lgDMEM supplemented with 1% P/S, 1% ITS-1+ 
(BD Bioscience, Breda, the Netherlands), 50 mg/ml ascorbic acid-2-phosphate (Sigma), 1.25 
mg/ml bovine serum albumin (Roche) and 40 mg/ml L-proline (Sigma)), NCCM (same 
supplements as BM), or in NCM dissolved in BM (n = 5 per group). The NCM concentration 
in medium was adjusted to obtain similar protein content between NCCM and NCM. 
Alginate beads were cultured for 28 days at 37 °C, 5% CO2 and 5% O2, and medium was 
changed twice a week. After culture, alginate beads were stored at -80 °C for biochemical 
assays, or paraffin-embedded for histological or immunohistochemical staining. 

Anti-inflammatory and anti-catabolic potential: In a separate experiment, NCM was tested for 
anti-inflammatory and anti-catabolic properties compared to NCCM and BM. The NPC-
seeded alginate beads were first cultured in BM for two weeks, to allow the cells to recover 
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from the digestion procedure. Thereafter, at ‘day 0’, inflammation was induced in 75% of the 
beads by adding 10 ng/ml IL-1β (Peprotech, Rocky Hill, NJ, USA), splitting them into BM 
and BM+IL-1β culture groups. Subsequently, on day 2, medium was changed, dividing the 
BM+IL-1β group in BM+IL-1β, NCCM+IL-1β and NCM+IL-1β groups, and each received 
another dosage of IL-1β. Alginate beads were cultured up to day 6. At day 0, BM beads were 
harvested, and at day 4 and 6, BM, BM+IL-1β, NCCM+IL-1β and NCM+IL-1β beads were 
taken from culture (n = 7 per group at each time point), and stored at -80 °C for subsequent 
gene expression analysis.  

Biochemical content and (immuno)histochemical stainings 
In order to determine the regenerative potential of NCM, day 0 and day 28 alginate beads 
were digested overnight at 60 °C in papain solution (100 mM phosphate buffer, 5 mM l-
cysteine, 5 mM ethylene diamine tetra-acetic acid, and 140 mg/mL papain; all from Sigma). 
The digested samples (n = 5 per group) were used to determine sulfated GAG, 
hydroxyproline and DNA content. GAG content was analyzed with a dimethyl-methylene 
blue (DMMB) assay, modified from a previous protocol180, using shark cartilage chondroitin 
sulfate (Sigma) as reference. Hydroxyproline content was measured using the Chloramin-T 
assay133 with a trans-4-hydroxyproline (Sigma) reference. DNA content was measured using 
the Qubit Quantification Platform (Invitrogen). 

Per group (n = 5), 3 alginate beads at day 28 were fixed overnight in 3.7% formalin at room 
temperature, and embedded in paraffin. Sections with a thickness of 8 µm were stained with 
Alcian blue and hematoxylin to visualize proteoglycan deposition and cell nuclei. For 
collagen immuno-histochemistry, sections were blocked with 0.3% H2O2 (Boom B.V., 
Meppel, the Netherlands), washed with phosphate buffered saline (PBS, Sigma) + 0.1% 
tween (PBS-T). Thereafter, antigen retrieval was performed with a pronase (Roche) and 
subsequent hyaluronidase (Sigma) step at 37 °C, 30 minutes. Samples were washed again 
with PBS-T, and blocked with 5% BSA in PBS. Thereafter, sections were incubated overnight 
at 4 °C with collagen type II mouse monoclonal antibody (0.4 µg/ml, DSHB, Iowa City, IA) 
or collagen type I mouse monoclonal antibody (0.1 µg/ml, Abcam, Cambridge, UK) in 5% 
BSA in PBS. The following day, sections were washed with PBS-T prior to applying the 
secondary antibody (EnVision + System-HRP Goat Anti-Mouse, Dako, Glostrup, Denmark) 
for 60 minutes at room temperature. Sections were washed with PBS, incubated with the 
liquid DAB substrate chromogen system (Dako) and counterstained with hematoxylin. 
Pictures were taken with a bright-field microscope (Zeiss Observer, Zeiss, Sliedrecht, the 
Netherlands). 
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Gene expression 
The anti-inflammatory and anti-catabolic effects of NCM and NCCM were determined in 4 
alginate beads pooled per group (n = 7). Alginate beads were dissolved in sodium citrate 
buffer (55 mM trisodiumcitrate-2-hydrate (Merck), 0.15 M sodium chloride (Merck), 25 mM 
HEPES (Sigma) in RNAse-free water, pH adjusted to 7.4) for 5 minutes at room temperature. 
After centrifugation, the cell pellet was lysed in 300 µl RLT buffer (Qiagen, Venlo, The 
Netherlands) with 1% β-mercapto-ethanol. RNA was extracted and purified using the 
Qiagen mini-kit (Qiagen) with an on-column DNAse digestion step. A spectrophotometer 
(ND-1000; Isogen, de Meern, The Netherlands) was used to test the quantity and purity of 
isolated RNA. The absence of genomic DNA was verified with a minus-RT reaction (iCycler; 
Bio-Rad, Veenendaal, The Netherlands). cDNA was synthesized using the VILO-kit. 

Gene Table 5.1: Primer sequences for target and reference genes used in RT-qPCR assays.  
Gene Accession number Oligonucleotide sequence (5’  3’) Product size 

(bp) 
GAPDH NM_001034034  

 
FW: GGCGTGAACCACGAGAAGTATAA 
RV: CCCTCCACGATGCCAAAGT 

119 

IL-1β NM_174093 FW: AGCATCCTTTCATTCATCTTTGAAG 
RV: GGGTGCGTCACACAGAAACTC 

88 

IL-6 NM_173923 FW: GGGCTCCCATGATTGTGGTA 
RV: GTGTGCCCAGTGGACAGGTT 

69 

IL-8 NM_173925.2 FW: TGCTTTTTTGTTTTCGGTTTTTG 
RV: AACAGGCACTCGGGAATCCT 

71 

TNFα NM_173966 FW: ACACCATGAGCACCAAAAGC 
RV: GCAACCAGGAGGAAGGAGAA 

130 

ADAMTS-4 NM_181667 FW: CCTGGCAACGAGGACTCAAC 
RV: GGGTAAACAGAATGGCTGTGTCA 

72 

ADAMTS-5 NM_001166515 FW: TCACTGCCTACTTAGCCCTGAA 
RV: GCTCCAACCGCTGTAGTTCAT 

125 

MMP-3 NM_001206637 FW: CACTCAACCGAACGTGAAGCT 
RV: CGTACAGGAACTGAATGCCGT 

109 

MMP-13 NM_174389 FW: CTTGTTGCTGCCCATGAGTT 
RV: TTGTCTGGCGTTTTGGGATG 

197 

TIMP-1 NM_174471 FW: GTCAATGAAACTGCCTTATACC 
RV: TTCTGGGACCTGTGGAAG 

149 

TIMP-2 NM_174472 FW: GCAACGACATCTACGGCAACC 
RV: CCCACACACGGCAGAGGAG 

125 

NGF NM_001099362 FW: CAGCTCTTTTGATCGGCATACA 
RV: TGTGTCAAGGGAATGCTGAAGT 

110 

VEGF NM_174216 FW: ATTTTCAAGCCGTCCTGTGT 
RV: TATGTGCTGGCTTTGGTGAG 

138 

ACAN NM_173981 FW: CCAACGAAACCTATGACGTGTACT 
RV: GCACTCGTTGGCTGCCTC 

107 

COL2A1 NM_001113224 FW: TGGCTGACCTGACCTGAC 
RV: GGGCGTTTGACTCACTCC 

187 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IL-1β/6/8: interleukin-1β/6/8; TNFα: tumor necrosis factor α; 
ADAMTS-4/5: a disintegrin and metalloproteinase with thrombospondin motifs 4/5; MMP-3/13: matrix 
metalloproteinase 3/13; TIMP-1/2: tissue inhibitor of matrix metalloproteinase 1/2; NGF: neurite growth factor; VEGF: 
vascular endothelial growth factor; ACAN: aggrecan; COL2A1: collagen type II alpha 1.The annealing temperature of 
all primer pairs was 60 °C. 
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The tested genes and their corresponding primer pairs are listed in table 5.1. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was selected as the reference gene as 
its expression was most stable throughout all culture conditions. Gene expression was 
investigated using real-time qPCR (CFX384, Bio-Rad) and expression is reported according 
to the 2-ΔΔCt method. Pfaffl’s correction was used to correct for differences in primer 
efficiency.116 

Statistics 
Statistics were performed with Statistical Package for Social Sciences (SPSS, version 22; IBM, 
Armonk, NY). Normality was tested using the Shapiro-Wilk test. For biochemical data, one-
way analysis of variance (ANOVA) was performed, followed by independent t-tests post 
hoc testing with Bonferroni corrections. For statistical analysis of gene expression, data was 
log-transformed to meet the assumptions of parametric testing. Subsequently, a two-way 
ANOVA was performed for main factors time and culture condition (BM, NCCM, NCM), 
and their interaction, followed by Bonferroni-corrected post hoc tests. P < 0.05 was 
considered significant. 

Results 
Stimulation of NPCs with NCCM and NCM  
With NCCM, GAG content per bead increased approximately 2.5-fold compared to BM (Fig 
5.1a). With NCM however, GAG content increased to approximately 7-fold compared to 
BM. DNA content increased significantly with NCCM compared to day 0 (Fig 5.1b), but also 
increased further with NCM, where DNA per bead content was significantly higher 
compared to all other groups. Together, this resulted in a significantly increased GAG per 
DNA content with NCM compared to BM (Fig. 5.1c). Hydroxyproline content increased 
significantly with NCCM as well as with NCM compared to BM (Fig. 5.1d).  

The results from the biochemical assays were confirmed histologically (Fig. 5.2). Alcian blue 
staining intensity increased with NCCM but especially with NCM compared to BM, 
indicating a higher proteoglycan density. Furthermore, 40 times magnification images 
showed that in NCCM, but mostly in NCM, more cell proliferation occurred compared to 
BM. Immunohistochemical staining showed that collagen type II was deposited, while 
collagen type I was absent in medium with both additives. Furthermore, the increasing 
collagen type II staining intensity with NCCM and NCM was in line with the increased 
hydroxyproline content of the alginate beads (Fig. 5.1d). 
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Figure 5.1: NC-rich NP matrix (NCM) induced a distinct anabolic response of bovine nucleus pulposus cells (NPCs). 
(a) Glycosaminoglycan (GAG) per alginate bead seeded with bovine NPCs, (b) DNA content per bead, (c) GAG per 
DNA and (d) hydroxyproline content per bead. Values represent means + standard deviations, n = 5 per group. Bars 
indicate p < 0.05. BM: base medium, NCCM: notochordal cell-conditioned medium. 

The anti-inflammatory and anti-catabolic effects of NCM 
Stimulation with 10 ng/ml IL-1β resulted in an inflammatory environment (Fig. 5.3). IL-1β 
gene expression was increased in all IL-1β stimulated groups, and decreased from day 4 to 
day 6, although with no differences between medium groups. Also IL-6 gene expression was 
significantly higher in IL-1β-stimulated groups compared to BM, with no 
significantdifferences between the IL-1β-stimulated groups. Expression of IL-8 was 
significantly increased in BM+IL-1β compared to BM, however, it was significantly lower in 
NCCM+IL-1β and NCM+IL-1β compared to BM+IL-1β. There were no significant differences 
in TNFα gene expression for factors time or medium. Expression of MMP-3 was increased in 
IL-1β-stimulated groups compared to BM and decreased with time. There was a significant 
interaction between time and culture group for MMP-13 gene expression. Subsequent 
Bonferroni post hoc testing revealed that expression of MMP-13 at day 6 was significantly 
higher in NCM+IL-1β compared to the other culture groups, and compared to expression at 
day 4. ADAMTS-4 gene expression increased significantly in all culture groups stimulated  
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Figure 5.2: Histological and immunohistochemical staining of alginate beads seeded with bovine nucleus pulposus 
cells (NPCs). Alcian blue staining indicates higher glycosaminoglycan density with notochordal cell-conditioned 
medium (NCCM) and even more so with NC-rich NP matrix (NCM) compared to base medium (BM) at 10x 
magnification and more cell proliferation at 40x magnification. Collagen type I and II immunohistochemistry shows 
that increased amounts of collagen type II is produced with NCCM and NCM, while collagen type I was absent. 

with IL-1β compared to BM, and expression levels were significantly higher in NCM+IL-1β 
compared to BM+IL-1β. Similarly, ADAMTS-5 gene expression levels were significantly 
higher in IL-1β-treated groups compared to BM, although a trend was observed for 
decreased expression in NCCM+IL-1β compared to BM+IL-1β (p = 0.079). TIMP-1 gene 
expression was unaffected by addition of IL-1β alone, but was significantly higher in 
NCM+IL-1β compared to all other medium groups. TIMP-2 gene expression was decreased 
in all IL-1β treated groups compared to BM. Furthermore, a trend was observed for 
increased TIMP-2 expression in NCM+IL-1β compared to NCCM+IL-1β. No significant 
differences were observed for gene expression of NGF. Expression of VEGF increased in all 
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inflammation-induced groups compared to BM, but was significantly decreased in 
NCM+IL-1β compared to BM+IL-1β. ACAN gene expression was significantly higher at day 
6 compared to day 4. However, ACAN as well as COL2A1 gene expression were decreased 
in all IL-1β-stimulated groups compared to BM, and neither NCCM nor NCM increased 
their expression.  

Discussion 
In this study, NCM induced an anabolic response of NPCs, which was stronger than that of 
NCCM, as shown by increased GAG and DNA content. Furthermore, higher collagen 
content was found compared to BM, and immuno-histochemical staining revealed that this 
was collagen type II rather than collagen type I, which is associated with a healthy NP 
tissue. The increased GAG and DNA content in NCCM compared to BM is in line with a 
previous study testing porcine NCCM on bovine NPCs in alginate beads181, and other 
studies with different animal models and culture techniques.103–105,109–111 In the present study, 
in order to perform appropriate comparisons, NCM and NCCM were employed at a similar 
protein concentration. Additionally, biochemical assays on NCCM and NCM from other 
porcine donors indicated that NCCM and NCM contain similar ratios of proteins and GAGs 
(data not shown), hence normalizing for protein content also results in normalization of 
GAG content in NCCM and NCM. However, while both NCM and NCCM where employed 
in a similar protein and GAG concentration, NCM exerted even stronger anabolic effects 
compared to NCCM. 

There are several possible explanations for the stronger anabolic effect of NCM compared to 
NCCM although they were employed with a similar protein content. First, specific matrix-
bound proteins exerting regenerative effects, may remain attached to the NP tissue during 
NCCM production182, and are discarded with the NP tissue after the 4-day incubation 
period. With NCM production, such proteins are preserved, and may account for the 
stronger regenerative effect of NCM. Alternatively, proteins secreted by NCs or released 
from NP tissue during NCCM production in the absence of serum remain in the medium 
during the incubation time and are subjective to degradation, and hence loss of biological 
function.183 As these proteins can still be measured by a BCA assay, the concentration of 
active proteins in NCM may be higher. Lastly, cells from bovine NP tissue which was 
allowed to swell freely produced IL-6 and PGE2.184 Possibly, such catabolic factors are also 
produced with free swelling of porcine NP tissue during NCCM production. In that case, 
they would also be introduced in the NCCM-NPC culture, possibly limiting NCCM’s 
stimulatory effect. 
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← Figure 5.3: Notochordal cell-conditioned medium (NCCM) and NC-rich nucleus pulposus matrix (NCM) do not 
have clear anti-inflammatory and anti-catabolic properties in inflammation-induced nucleus pulposus cell-seeded 
alginate beads. Interleukin (IL)-1β/6/8; TNFα: tumor necrosis factor α; ADAMTS-4/5: a disintegrin and 
metalloproteinase with thrombospondin motifs 4/5; MMP-3/13: matrix metalloproteinase 3/13; TIMP-1/2: tissue 
inhibitor of matrix metalloproteinase 1/2; NGF: neurite growth factor; VEGF: vascular endothelial growth factor; 
ACAN: aggrecan; COL2A1: collagen type II alpha 1. Expression levels are relative to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and normalized to day 0 levels (efficiency corrected 2-ΔΔCt method). Values are means + 
standard deviations, n = 5-7. Statistics were performed on log-transformed data. Bars indicate a significant main effect 
of time (p < 0.05), # indicates p < 0.05 from all other medium groups, $ indicates p < 0.05 from base medium (BM)+IL-1β 
and • indicates p < 0.05 compared to the same medium group at day 4. 

Many studies have verified the presence of inflammatory cytokines such as IL-1β, IL-6, IL-8 
and TNFα in the degenerating IVD. Inflammatory cytokines have been linked to low back 
pain33 and are known to stimulate the production of catabolic factors, and thereby contribute 
to IVD degeneration.30,32 This study aimed, besides the induction of a regenerative response, 
to establish an anti-inflammatory and anti-catabolic effect of NCM and compare that to 
NCCM. An inflammatory environment was successfully created, as expression of the 
majority of the inflammatory and catabolic genes investigated increased with addition of IL-
1β compared to the non-stimulated control group. Their subsequent response to NCCM and 
NCM was however mixed. 

Although NCCM and NCM did not affect IL-1β-induced gene expression of IL-1β and IL-6, 
both NCCM and NCM decreased IL-8 gene expression, suggesting that NC-secreted factors 
may indeed mediate inflammatory processes. Unexpectedly, TNFα and NGF did not 
respond to addition of IL-1β, which is in contrast with previous studies that found increased 
TNFα and NGF gene expression of human NPCs with addition of IL-1β.32,177 This might be 
due to a species difference, or differences in grade of degeneration. The bovine NP tissue 
used in the current study was relatively healthy, which may not have been the case for the 
human tissue in the previous studies, making it more susceptible to inflammation as a result 
of the presence of IL-1β. Also expression of catabolic genes in response to NCCM and NCM 
was mixed. The finding that MMP-13 gene expression strongly increased with NCM, 
whereas expression of MMP-3 did not may suggest that different pathways are required, 
similar as observed for MMP-1 and MMP-13 in chondrocytes.185 Similarly, differential effects 
were observed for ADAMTS-4 and ADAMTS-5 expression. Generally, the effects induced by 
NCCM and NCM were largely catabolic, rather than anti-catabolic. Nevertheless, taking into 
account the strong stimulatory effect of NCM at matrix levels at long term culture, and the 
fact that cells were cultured in BM for 2 weeks prior to IL-1β treatment, the increased 
expression of these proteases may represent an initial remodeling phase. 

Increased presence of catabolic factors in degenerating IVDs was previously found to be 
accompanied by an increase in immunopositive TIMP-1 and TIMP-2 cells.27 In the current 
study, TIMP-1 gene expression remained unaffected by IL-1β treatment, though its increase 
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with NCM suggests inhibition of matrix-degrading enzymes. Possibly, this is a direct effect 
of factors in NCM, but it is more likely a response to an increased presence of MMP-13, and 
potentially other MMPs, not taken into account in this study. Interestingly, whereas IL-1β 
did not directly affect TIMP-1 gene expression, it significantly downregulated expression of 
TIMP-2, suggesting that expression of TIMP-1 and TIMP-2 requires different stimuli. 
Altogether, no clear anti-inflammatory or anti-catabolic effect of NCM or NCCM was 
observed. It remains to be determined how these effects would affect matrix homeostasis of 
the degenerated IVD. Furthermore, although the changes were minor, IL-1β increased VEGF 
gene expression, suggesting that the inflammatory stimulus promoted angiogenesis. 
Moreover, expression of VEGF decreased with NCM, suggesting a potential anti-angiogenic 
effect in line with a previous study investigating the inhibiting effect of NCCM on human 
umbilical vein endothelial cell (HUVEC) blood vessel formation.140 

Interestingly, NCCM and NCM were not able to restore ACAN and COL2A1 in the presence 
of IL-1β, while in the absence of inflammation they had a distinct stimulatory effect. This 
suggests that, although NCM strongly induced matrix synthesis and cell proliferation in the 
current in vitro culture, it may not be directly translatable to the in vivo degenerated disc, 
which is characterized by the presence of inflammatory and catabolic factors. The theory 
that an anabolic response is diminished in an inflammatory environment is supported by 
previous findings regarding OP-1, which had promising effects in vitro82,83 and in an in vivo 
degeneration-induced rabbit model.86 However, it did not elicit a regenerative response in a 
degenerated human NP explant culture84, or in an in vivo canine study of spontaneous IVD 
degeneration87, which could be due to an increased grade of degeneration and therefore 
increased presence of inflammatory cytokines. Although NCM was not able to restore or 
increase expression of anabolic genes in the current study, it might do so with longer 
exposure. In this study, NCM was tested for its ability to counteract the effects of IL-1β over 
a 4 day culture period, which may not have been sufficient to see its effect on anabolic genes 
or at the protein level. For in vivo treatment, a sustained release system may therefore be 
beneficial to optimally exploit NCM’s regenerative effect. Furthermore, an inflammatory 
environment was produced by addition of 10 ng/ml IL-1β, though it is unknown how this 
environment relates to the in vivo degenerated disc and the inflammation induced here may 
be far stronger. Hence, the effect of NCM in vivo in a native degenerative environment 
remains to be investigated. 

Although gene expression results do not clearly point towards anti-inflammatory and anti-
catabolic properties of NCM, it may have specific advantages over other regenerative 
therapies. Although NCCM showed regenerative potential in several studies, NCCM itself is 
not directly applicable for regenerative therapies. Identification of its bioactive factors 
appears not to be straightforward, and becomes increasingly difficult when a combination of 
factors is involved. With the use of NCM, such difficulties can be circumvented. NCM is a 
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mix of bioactive factors, naturally occurring in the healthy disc, and may therefore overcome 
adverse effects observed with commonly employed growth factors.87,91 Lastly, NCM is easily 
obtained, and its use for regenerative purposes may be more cost-effective than growth 
factor based-treatment strategies. 

Before NCM can be translated in vivo, additional processing is required. Although no more 
viable cells are present after lyophilization, NCM still contains porcine genetic material. 
Porcine DNA harbors endogenous viruses (PERVs) which are not infectious to the host, but 
can come to expression after transplantation in other species. Therefore, prior to in vivo 
application, the genetic material needs to be removed while retaining as much as possible of 
the matrix and proteins itself. Furthermore, the method of administration needs further 
investigation. To prevent leakage, incorporation of NCM in a hydrogel should be 
considered. Additionally, such hydrogel may be designed to have sustained release 
characteristics, to achieve long-term exposure to NCM. 

In conclusion, NCM has a considerably stronger regenerative effect and practical 
advantages for in vivo application compared to NCCM. In the current study, NCM as well as 
NCCM did not exert a clear anti-inflammatory and anti-catabolic effect, nor were they 
capable to increase anabolic gene expression within 4 days after IL-1β stimulation. 
However, due to NCM’s strong matrix anabolic effects, it warrants additional studies in an 
in vivo model of IVD degeneration. 
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Abstract 
Recently, we proposed to directly use notochordal cell (NC)-rich nucleus pulposus (NP) 
matrix (NCM) as an alternative to NC-conditioned medium (NCCM) in an NC-based 
treatment strategy for IVD degeneration. NCCM and more specifically, chondroitin sulfate 
(CS), has previously shown to inhibit SH-SY5Y cell neurite growth and human umbilical 
vein endothelial cell (HUVEC) blood vessel growth. The aim of this study is to investigate 
whether NCM has similar anti-neurogenic and anti-angiogenic properties as NCCM. NCM 
and NCCM where produced from porcine NC-rich NP tissue. HUVECS were cultured for 24 
hours in a Geltrex-coated well plate in base medium (BM), NCCM and NCM, all 
supplemented with low serum growth factors to induce angiogenesis, after which vessel 
length was measured. SH-SY5Y cells were cultured for 48 hours on a poly-D-lysine coated 
or a polystyrene surface in BM, used as a negative control, and BM, NCCM and NCM 
supplemented with platelet derived growth factors (PDGF) to induce neurite growth, and 
subsequently analyzed for the percentage of neurite expressing cells and neurite length. 
NCCM increased the HUVEC vessel length, and produced a more mature vessel network 
compared to BM. NCM did not affect vessel growth compared to BM. HUVECs from 
different donors showed a similar response to NCCM and NCM, while addition of CS 
inhibited vessel formation. The percentage of neurite expressing SH-SY5Y cells increased in 
BM+PDGF compared to BM, and was not decreased in NCCM+PDGF and NCM+PDGF. On 
a polystyrene well plate however, the number of neurite expressing cells increased in 
NCCM+PDGF and NCM+PDGF compared to BM+PDGF. No differences in average neurite 
length were observed between conditions. The previously reported anti-neurogenic and 
anti-angiogenic effects of NCCM were not observed in the current study. Although addition 
of CS appeared to inhibit HUVEC vessel formation, other factors may be present in NCCM 
and NCM that promote neurite and vessel growth. Since NCCM in the present and previous 
studies was produced under different osmotic conditions, the effect of osmolarity on 
production of angiogenic and neurogenic factors by NCs requires further investigation. 
Additionally, further studies should focus on how neurogenesis on different culture 
surfaces relates to the in vivo situation. 

Introduction 
Intervertebral discs (IVDs) are the structures in between the vertebrae that transmit loads 
and provide flexibility to the spine. They consist of a hydrated core, the nucleus pulposus 
(NP) and are circumferentially confined by the annulus fibrosus (AF). Negatively charged 
glycosaminoglycans (GAGs) attract water into the NP, thereby giving rise to a swelling 
pressure inside the NP, which is crucial for sustaining the high compressive loads. During 
IVD degeneration, the swelling pressure decreases due to a loss of proteoglycans, and loads 
are being increasingly exerted on the AF, which may lead to annular tears. 
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Annular tears, which are more frequently found with increasing age186, are associated with 
low back pain.16,187 Whereas the healthy IVD is mostly aneural and avascular, annular tears 
provide a low pressure micro-environment, and are therefore suggested to serve as entry-
portal for nerve and blood vessel ingrowth into the degenerated NP.19 Indeed, in elderly 
discs, many tears showed ingrowth of nerves, often accompanied by blood vessels.20 
Furthermore, the site of neurite and blood vessel ingrowth corresponded to the levels where 
the patient experienced pain21, suggesting a direct relation between nerve ingrowth in the 
IVD and low back pain. 

Previously, neurite growth factor (NGF) was suggested as the driving factor for nerve 
ingrowth in the IVD.26 The study by Sive et al. (2002) also showed that microvessels are a 
source of NGF, suggesting that an interplay between nerves and blood vessels is responsible 
for the innervation of the painful disc. In addition to NGF, vascular endothelial growth 
factor (VEGF) and brain-derived neurotrophic factor (BDNF) are involved with neurite and 
blood vessel growth in the IVD. Cells from the human NP and AF are able to produce these 
factors, and stimulation with inflammatory cytokines upregulated their production.177,188,189 
This suggests that the degenerated IVD, which is characterized by the presence of 
inflammatory cytokines in combination with the low osmotic environment due to 
proteoglycan loss, may be more susceptible to nerve and blood vessel ingrowth. 

Notochordal cells (NCs), and more specifically NC-conditioned medium (NCCM), has 
received considerable attention due to their regenerative potential in the process of IVD 
degeneration. NC-secreted factors induced an anabolic response in vitro of nucleus pulposus 
cells (NPCs) and bone marrow stromal cells (BMSCs) in various animal models.103–105,109–

111,129,134,146 Recently, NCCM also inhibited neurite growth by human neuroblastoma (SH-
SY5Y) cells109 and vessel formation by human umbilical vein endothelial cells (HUVECs).140 
GAGs in NCCM such as chondroitin sulfate (CS) was found to be responsible for the 
inhibitory effect, since chondroitinase-treated NCCM did not inhibit neurite and vessel 
growth. Therefore, besides induction of an anabolic response, a NC-based regenerative 
therapy may also counteract low back pain by inhibiting neurite and blood vessel growth. 

The use of NCCM itself is not a feasible strategy for IVD regeneration, since homologous 
NC-rich tissue can only be harvested from fetal or young individuals. Identification of 
NCCM’s bioactive components and subsequent synthesis through recombinant technology 
would enable their use for a regenerative therapy. However, identification of NCCM’s 
bioactive factors is difficult and time-consuming. Although potentially interesting factors 
such as connective tissue growth factor (CTGF) have been identified in NCCM104,147, its key 
bioactive components remain unknown. Furthermore, it is likely that a combination of 
factors is involved, which would further complicate the development of an effective NCCM-
based treatment strategy. 



Chapter 6 

84 

Recently we proposed an alternative to NCCM. Lyophylized porcine NC-rich NP matrix 
(NCM) significantly increased GAG deposition and cell proliferation compared to NCCM in 
bovine NPCs. NCM is directly harvested from the healthy IVD, hence it is also rich in 
GAGs. Therefore, NCM may inhibit neurite growth and vessel formation, similar to 
NCCM.139,140 The composition of NCCM and NCM may however differ, given that they are 
produced in a different manner. Therefore, as a first step to determine the anti-neurogenic 
and anti-angiogenic potential of NCM, the aim of this study is to test whether NCM inhibits 
human umbilical vein endothelial cells (HUVEC) tubule formation and human 
neuroblastoma cell (SH-SY5Y) neurite growth. 

Materials and Methods 
Generation of NCCM and NCM 
NC-rich NP tissue was harvested from the IVDs of 5 young (< 3 month-old) pigs, obtained 
from the local abattoir. The IVDs were opened aseptically, and the NP was taken out, careful 
not to include AF tissue. To produce NCCM, half of the NP tissue from each spine was 
incubated in high glucose Dulbecco’s modified eagle’s medium (hgDMEM, Invitrogen, 
Carlsbad, CA) supplemented with 1% penicillin/streptomycin (P/S, Lonza, Basel, 
Switzerland), 1x insulin transferrin selenium (ITS-1+, BD Biosciences, Breda, the 
Netherlands) and 50 µg/ml ascorbic acid-2-phosphate (Sigma, Zwijndrecht, the 
Netherlands) at 30 ml medium per gram of tissue. The NP tissue was incubated for 4 days at 
37 °C, 5% CO2 and and 1% O2 after which the NP tissue was removed from the medium by 
filtration with a 70 µm pore size cell strainer. Subsequently, the medium was filtered 
through a 3 kDa cut-off filter tube (Amicon Ultra-15 centrifugal filter, Merck, Darmstadt, 
Germany), and the strained material was resuspended in the same amount of fresh medium. 
For HUVEC culture, this material was resuspended in medium 200 (Life Technologies, 
Bleiswijk, the Netherlands), and in a 1:1 mixture of Eagle’s minimum essential medium 
(EMEM) and F-12K medium (both from Life Technologies) for SH-SY5Y cell culture. To 
produce NCM, the other half of the NP tissue of each spine was lyophilized overnight and 
pulverized to a fine powder using a microdismembrator (Sartorius, Goetingen, Germany). 
Both NCCM and NCM were aliquoted and stored at -80 °C until further use. 

Biochemical analysis of NCCM and NCM 
NCCM and NCM from the 5 porcine donors was analyzed for GAG and protein content. To 
determine GAG concentration, samples were digested overnight at 60 °C in papain solution 
(100mM phosphate buffer, 5mM l-cysteine, 5mM ethylene diamine tetra-acetic acid, and 140 
mg/ml papain; all from Sigma). A dimethyl methylene blue (DMMB) assay was performed 
(Farndale), using shark cartilage chondroitin sulfate (Sigma) as a reference curve. NCCM 
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and NCM protein content were determined using a bicinchinonic acid (BCA) assay with a 
reference curve from bovine serum albumin (BSA). 

HUVEC vessel formation 
HUVECs (Life Technolgies) were expanded in basal medium (BM) consisting of Medium 
200 supplemented with low serum growth factors (LSGS, Life Technologies) and 1% P/S 
until 80% confluency. 24-well plates were coated with 120 µl/well Geltrex LDEV-free 
(Thermo Fisher Scientific, Breda, the Netherlands), after which HUVECs at passage 2 were 
seeded at 80.000 cells per well. Cells were incubated for 24 hours at 37 °C and 5% CO2 at 3 
different medium conditions: BM, NCCM with the same supplements as BM or NCM added 
to BM (n = 5 for each condition). The NCM concentration in medium was adjusted to obtain 
similar GAG content between NCCM and NCM. After 24 hours, cells were incubated for 15 
minutes with 10 µM Calcein AM and 10 µM propidium iodide. Per well, 3 pictures were 
taken at 4x magnification using a fluorescence microscope (Zeiss Axiovert, Zeiss, Jena, 
Germany). To assess whether effects of NCCM or NCM may be dependent on HUVEC 
donor variation, the same experiment was repeated with HUVECs from 2 additional donors 
(n = 2 each). In these experiments, a chondroitin sulfate (CS) group was included, where an 
amount of CS similar to the GAG content in NCCM and NCM was added, as a positive 
control of the inhibitory effect of CS itself.140 

SH-SY5Y cell neurite growth 
Human neuroblastoma (SH-SY5Y) cells (Sigma) were cultured up to 70% confluency in 
EMEM:F-12K (1:1) supplemented with 10% fetal calf serum (FCS, Gibco: Invitrogen, 
Carlsbad, CA, USA) and 1% P/S. Subsequently, cells were seeded at a density of 50.000 cells 
per well in a poly-D-lysine coated six-well plate in expansion medium and incubated for 24 
hours at 37 °C and 5% CO2 to allow them to attach. After 24 hours, medium was aspirated 
and the wells were washed twice with phosphate buffered saline (PBS, Sigma) to remove 
serum. Thereafter, wells were divided into 4 different medium conditions: 1) negative 
control medium (BM: EMEM:F-12K (1:1) supplemented with 1% P/S), 2) positive control 
medium (BM+PDGF: BM supplemented with 40 ng/ml platelet derived growth factors 
(PDGF, R&D Systems, Abingdon, UK) to induce neurite growth, 3) NCCM+PDGF and 4) 
NCM+PDGF (n = 5 for each condition). NCCM and NCM contained the same supplements 
as BM+PDGF. The NCM concentration in medium was adjusted to obtain similar GAG 
content between NCCM and NCM. Cells were incubated for 48 hours at 37 °C and 5% CO2. 
After 48 hours, 10 phase contrast images per well were taken at 10x magnification using a 
bright-field microscope (Zeiss Observer, Zeiss, Jena, Germany). To determine the effect of 
the surface on which SH-SY5Y cells were seeded, this experiment was repeated (n = 4 for 
each condition) with polystyrene six-well plates. For this experiment, PDGF from a different 
supplier (Peprotech, Rocky Hill, USA) was used. 
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Image analysis 
HUVEC vessel length and SH-SY5Y cell neurite length were measured using ImageJ 
software. For HUVECs, only the vessels themselves were measured, not taking into account 
the branch points. To ensure that actual vessels were measured, only processes larger than 
50 µm were taken into account. The total vessel length from 3 pictures per well was 
expressed per surface area. For SH-SY5Y cells, only cells and neurites that were in the field 
of view in their entirety were counted and measured. For branching neurites, only the 
longest branch was measured, and only neurites longer than 20 µm were taken into account. 
From this, the percentage of neurite-expressing cells and average neurite length were 
calculated.  

Statistics 
Statistical analysis was performed with Statistical Package for Social Sciences (SPSS, version 
22; IBM, Armonk, NY). Normality was tested using the Shapiro-Wilk test. Normally 
distributed data was analyzed using a one-way analysis of variance (ANOVA), followed by 
independent t-test post hoc testing with Bonferroni corrections. For non-normally 
distributed data, a Kruskal–Wallis test was used, followed by Mann–Whitney U tests with 
post-hoc Bonferroni corrections. Statistical significance was accepted for p-values < 0.05. 

Results 
NCCM and NCM characterization 
NCCM contained 902 ± 112 µg GAG/ml, whereas NCM contained 472 ± 22 µg GAG/mg 
NCM. Therefore, approximately 2 mg NCM was added to 1 ml culture medium, to 
normalize NCCM and NCM for GAG concentration. The protein concentration in NCCM 
was 614 ± 69 µg/ml and 290 ± 13 µg/mg NCM. Hence, normalization for GAG content, 
resulted in to approximately similar protein concentration between NCCM and NCM 
employed in culture. 

HUVEC tubular formation 
After 24 hours of incubation, vessel formation was observed in all groups (Fig. 6.1). 
However, in NCCM, the vessel network appeared more matured and organized compared 
to BM, where vessels were thinner and interrupted more often. In NCM, vessel formation 
was not uniform, as vessels were produced in some areas, whereas other areas hardly 
showed vascular organization. Vessel length was indeed significantly higher with NCCM 
compared to BM and NCM. No significant difference in vessel length was observed between 
BM and NCM. 
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Figure 6.1: Representative images of human umbilical vein endothelial cell (HUVEC) vessel formation and vessel 
length measurements in base medium (BM), porcine notochordal cell-conditioned medium (NCCM) and porcine 
notochordal cell-rich matrix (NCM). Scale bars represent 250 µm. Values represent means + standard deviations, n = 5. 
Bars indicate p < 0.05. 

To assess HUVEC donor variation in response to NCCM and NCM, HUVECs from 2 
different donors were subjected to the same experiment (n = 2 per donor). Although there 
were donor differences in total vessel length, the overall pattern between culture groups 
was similar as observed in the initial experiment (Fig 6.2a). Since only two repeats were 
performed for each donor, no statistical analysis was performed on these data. Nonetheless, 
vessel length appeared to increase in NCCM compared to BM, whereas it was unaffected by 
NCM, similar as observed previously. With addition of equivalent amounts of CS however, 
development of a vessel network appeared to be inhibited, as vessel length with CS was 
more than 1.5 times lower compared to BM (Fig. 6.2a-b). 
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Figure 6.2: (a) Vessel length of two additional different human umbilical vein endothelial cell (HUVEC) donors (left 
and right) cultured in base medium (BM), porcine notochordal cell-conditioned medium (NCCM), with addition of 
porcine notochordal cell-rich matrix (NCM) or with an equivalent amount of chondroitin sulfate added to BM (CS). 
Double bars for each group represent results from 2 different repeats. (b) Representative images of HUVEC vessel 
formation in BM and CS. Scale bars represent 250 µm. 

SH-SY5Y cell neurite growth 
On a poly-D-lysine coated surface, the percentage of neurite expressing cells significantly 
increased in BM+PDGF compared to BM (Fig. 6.3a-b). The percentage of neurite-expressing 
cells and average neurite length in NCCM+PDGF and NCM+PDGF was not different from 
BM+PDGF.  

To assess whether the culture surface influenced the effect of NCCM and NCM on SH-SY5Y 
cell neurite growth, cells were grown under the same conditions as before on polystyrene 
well plates. A higher number of cells expressed neurites with NCCM+PDGF and 
NCM+PDGF compared to BM+PDGF (Fig. 6.4a), although due to a limited number of 
repeats, a significant difference was only observed between BM+PDGF and 
NCCM+PDGF(Fig. 6.4b). No significant differences in average neurite length were observed 
between culture groups. 
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Figure 6.3: (a) Human neuroblastoma (SH-SY5Y) cell neurite growth on a poly-D-lysine coated surface in base medium 
(BM), BM with platelet derived growth factors (BM+PDGF), porcine notochordal cell conditioned medium 
supplemented with PDGF (NCCM+PDGF), and porcine NC-rich nucleus pulposus matrix supplemented with PDGF 
(NCM+PDGF). Scale bars represent 100 µm. (b) Percentage of neurite expressing cells and average neurite length. 
Values represent means + standard deviations, n = 5. Bars indicate p < 0.05. 
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Discussion 
NCM previously provided a stronger anabolic stimulation to isolated NPCs compared to 
NCCM, and may have practical advantages over NCCM in a NC-based treatment strategy 
for IVD degeneration. The aim of the current study was therefore to investigate whether 
NCM had a similar effect to NCCM in inhibiting vessel formation by HUVECs and neurite 
growth by SH-SY5Y cells. Interestingly, contrary to others139,140, neither NCCM nor NCM 
significantly inhibited vessel formation and neurite growth in the present study. In fact, 
NCCM stimulated vessel formation, and both NCCM and NCM stimulated neurite growth, 
depending on the culture surface. 

The vessel length per surface area did not significantly decrease when HUVECs were 
cultured with NCM compared to BM, but perhaps more interesting, NCCM significantly 
enhanced vessel formation and produced an overall more mature vessel network. The 
current results are not in line with a previous study that found inhibition of vessel formation 
with NCCM.140 These contradictory findings may be explained by differences in the 
preparation of NCCM. In previous studies, the osmolarity of the medium in which the NC-
rich NP tissue was incubated, was increased by addition of a salt solution (5 M NaCl and 0.4 
M KCl). Although the amount of this solution added was not stated, addition of 1% (v/v) 
would increase the osmolarity with 108 mOsm, which is considerable compared to the 
osmolarity of culture medium (~300 mOsm). Extracellular osmolarity is known to regulate 
cell volume190,191 and gene expression192,193, as expression of proposed NC-markers 
brachyury and cytokeratin 18 was decreased in 300 mOsm culture medium compared to 400 
mOsm. Possibly, the lower osmolarity at which NCCM was produced in the current study 
may have also induced production of angiogenic factors. In line with this thought, 
semaphorins (SEMA3C, SEMA7A) have been detected in porcine NCCM, produced with 
300 mOsm culture medium.142 SEMA3C plays a role in vascularization and innervation of 
IVDs and has been linked to low back pain162, and may have stimulated vessel formation in 
the current study. 

The potential production of angiogenic factors as a result of incubation of NC-rich NP tissue 
in 300 mOsm culture medium may explain the difference in vessel formation between 
NCCM and NCM. Whereas with NCCM production, NC-rich NP tissue is incubated for 4 
days, NCM is directly harvested from the IVD and lyophilized. Nonetheless, no significant 
decrease in vessel length was observed with NCM compared to BM. Potentially, basal levels 
of angiogenic factors, semaphorins or other, are present in healthy NC-rich NP tissue. 
Presence of such angiogenic factors, together with the angiogenesis-inhibiting GAGs in the 
NCM may have balanced promotion and inhibition of vessel formation, resulting in a 
similar vessel length to BM. Additionally, this may explain the difference in appearance of 
the vessel networks, which was uniform in BM, but exhibited areas of more and less vessel  
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Figure 6.4: (a) Human neuroblastoma (SH-SY5Y) cell neurite growth on a polystyrene surface in base medium (BM), 
BM with platelet derived growth factors (BM+PDGF), porcine notochordal cell conditioned medium supplemented 
with PDGF (NCCM+PDGF), and porcine NC-rich nucleus pulposus matrix supplemented with PDGF (NCM+PDGF). 
Scale bars represent 100 µm (b) Percentage of neurite expressing cells and average neurite length. Values represent 
means + standard deviations, n = 4. Bars indicate p < 0.05. 
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formation with NCM. Furthermore, presence of angiogenic factors in NCM could explain 
differences between NCM and CS. Although preliminary, current results indicate that CS 
alone had a stronger inhibiting effect on vessel formation, potentially due to absence of such 
factors. 

While NCCM has been reported to inhibit neurite growth by SH-SY5Y cells139, in the current 
study, neither NCCM nor NCM affected the percentage of neurite expressing cells or the 
average neurite length when SH-SY5Y cells where grown on a poly-D-lysine coated surface. 
However, both NCCM and NCM increased the percentage of neurite expressing cells 
compared to the positive control when cultured on a polystyrene culture surface. The latter 
implies the presence of neurogenic factors in NCCM. Furthermore, this finding suggests that 
the ability of SH-SY5Y cells to grow neurites is affected by the culture surface. A poly-D-
lysine coating is generally used to promote cell attachment. However, from a range of 
coatings tested, poly-D-lysine inhibited proliferation of mesenchymal stem cells (MSCs), and 
showed the poorest neurite outgrowth of neurogenic differentiated MSCs.194 This could 
indicate that in the present study, neurite growth of SH-SY5Y cells was hindered due to 
strong adhesion to the poly-D-lysine coated surface, whereas a weaker adhesion of the cells 
to a polystyrene surface facilitated the formation of neurites in the presence of neurogenic 
factors in NCCM. Due to a limited number of repeats, there was no significant difference 
between BM+PDGF and NCM+PDGF. Nevertheless, the percentage of neurite expressing 
cells was considerably higher with NCM+PDGF, almost reaching values similar to 
NCCM+PDGF. This may suggest that neurogenic factors are already present in the healthy 
IVD, and are not only produced by NCs during NCCM production. Taking into 
consideration previous studies reporting anti-neurogenic effects of NCCM generated at ~400 
mOsm139, it is tempting to hypothesize that neurogenic factors are produced by NCs during 
NCCM production at basal osmolarity. In addition, neurogenic factors already present in 
the tissue and incorporated in NCM may have promoted neurite formation, which seems to 
be leveled out by inhibition of the present GAGs, and resulted in similar numbers of neurite 
expressing cells and neurite length for PDGF-stimulated groups. 

In conclusion, application of a NC-based regenerative treatment strategy should, in the first 
place, provide an anabolic response to the resident NPCs to restore the IVD to a healthy 
state. Ideally, concomitant inhibition of vessel and neurite ingrowth by the treatment could 
contribute to pain management. Such an effect was however not established in the current 
study. In fact, although CS indeed appeared to inhibit vessel formation, other factors are 
present in NCM that may promote neurite growth. In order to better define the anti-
neurogenic and anti-angiogenic properties of NCCM and NCM, further studies should 
focus on whether medium osmolarity during NCCM generation influence the production of 
bioactive neurogenic and angiogenic factors, and how neurogenesis on different culture 
surfaces for SH-SY5Y cells relates to the in vivo situation. 
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Abstract 
Low back pain is often caused by intervertebral disc (IVD) degeneration, and is a major 
cause for disability. Therefore, there is a need for minimally invasive regenerative therapies 
that restore the IVD to a healthy state. Notochordal cells (NCs) disappear early in life from 
the human IVD, coinciding with the onset of IVD degeneration, and species retaining their 
NC population develop less severe IVD degeneration, and only later in life.112 These 
observations have not only led to the hypothesis that NCs play a vital role in maintaining 
IVD integrity, but have also sparked the interest of researchers to use NCs, or their secreted 
factors, for the development of a regenerative therapy for IVD degeneration. The response 
of nucleus pulposus cells (NPCs) as well as bone marrow stromal cells (BMSCs) to 
notochordal cell-conditioned medium (NCCM) has previously been tested in various inter-
species cell culture models.103–105,109–111 In these models, NC-secreted factors elicited 
promising effects, including increased matrix synthesis, cell proliferation and expression of 
genes associated with the chondrogenic phenotype. The aim of this thesis was to employ 
NCs or their secreted factors for the development of a treatment strategy for IVD 
regeneration. 

Main findings 
Although NCCM’s effects were promising in previous heterologous cell culture models, it 
had not yet been tested in a homologous model. In chapter 2, NCCM’s regenerative effect 
was investigated in a canine model, were NCCM was produced from NC-rich nucleus 
pulposus (NP) tissue of non-chondrodystrophic dogs, and NPCs and BMSCs were 
harvested from chondrodystrophic dogs. NCCM stimulated NPC matrix production, 
maintained cellularity and increased expression of anabolic genes, such as ACAN and 
COL2A1 in a 3D culture environment based on alginate. Although NCCM also stimulated 
matrix production by canine BMSCs, addition of both NCCM and BMSCs to NPCs did not 
lead to a synergistic stimulation, potentially due to difficulties of canine cells, mainly 
BMSCs, to thrive under the imposed culture conditions. Altogether, this study verified that 
NCCM exerts a regenerative effect on NPCs in a homologous canine model. 

Although NCCM stimulates isolated cells in alginate beads, it was unknown whether 
NCCM would stimulate NPCs within the NP tissue. Therefore, in chapter 3, bovine NP 
explants were cultured in the presence of NCCM using an artificial annulus system.131 
Glycosaminoglycan (GAG) content significantly increased when samples were cultured in 
porcine NCCM. Injection of BMSCs did not increase GAG content, but more surprisingly, 
combined culture in NCCM and injection of BMSCs did not increase GAG content either. 
Possibly, the same amount of NCCM acting on a higher number of cells could have 
provided insufficient stimulation per cell to increase matrix synthesis. However, the 
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increased GAG content of NCCM-cultured samples indicates that the use of NC-secreted 
factors is a promising option for IVD regeneration. 

Since NCCM itself would not be practical for IVD regeneration, chapter 4 aimed to identify 
the bioactive factors in NCCM. First, porcine and canine NCCM were separated by 
ultracentrifugation in a protein-containing soluble part, and a pelletable part, rich in 
extracellular vesicles. The soluble part provided the strongest stimulation, suggesting 
NCCM exerts its effect mainly through a protein-based mechanism. Subsequently, porcine, 
canine and human NCCM were subjected to proteomic analysis using mass spectrometry. 
Although many organelle-derived and extracellular matrix proteins were identified, no 
specific growth factors were observed, possibly due to the fact that NCCM was generated 
based on whole tissue rather than isolated NCs alone.104,147 This implies that identification of 
NCCM’s bioactive factors is not straightforward and insufficient to provide new treatment 
strategies on the short term. 

Instead of identifying the bioactive factors in NCCM, it was proposed in chapter 5 to 
directly harvest them from a site where they are known to occur: the NC-rich NP matrix 
(NCM). The tissue was harvested, lyophilized, and pulverized to a fine powder. Addition of 
NCM to culture medium resulted in increased GAG synthesis and cell proliferation 
compared to NCCM in bovine NP cells. Furthermore, NCM was tested for anti-
inflammatory and anti-catabolic properties in an in vitro inflammatory model, however 
NCM did not ambiguously counteract inflammation and catabolism. Additionally, NCM 
was not able to restore or increase ACAN or COL2A1 gene expression levels, which were 
decreased in an inflammatory environment. Since the degenerate disc is characterized by the 
presence of inflammatory cytokines, NCM’s in vivo regenerative potential requires further 
investigation.  

Previous studies propose that GAGs in NCCM inhibited neurite and blood vessel 
growth.139,140 In chapter 6, NCM was tested for a similar effect. Interestingly, in contrast with 
previous studies, NCCM stimulated human umbilical vein endothelial cell (HUVEC) vessel 
formation, whereas NCM did not. The contradicting results regarding NCCM may be due to 
different medium osmolarities during NCCM generation. Neither NCCM nor NCM affected 
human neuroblastoma (SH-SY5Y) cell neurite growth when cultured on poly-D-lysine 
coated surfaces, but both stimulated neurite formation when cells were grown on a 
polystyrene surface. These results suggest that neurogenic and angiogenic factors may be 
present within the healthy IVD. Further investigation is required to establish in vivo effects 
of NCCM and NCM on vessel and neurite growth. 
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Applications 
Although NCCM has shown the capability to stimulate NPC matrix production and 
proliferation in this research and in other studies, its direct use in an IVD regenerative 
therapy is limited. NCCM increased the GAG synthesis of canine NPCs in chapter 2, and in 
a bovine NP explant culture in chapter 3. This was the result of a continuous presence of 
anabolic factors. However, a preliminary NP explant culture study with weekly injections of 
20 µl of 20 times concentrated NCCM resulted in a near-complete loss of GAGs, suggesting 
that multiple injections could be detrimental for tissue integrity, similar as observed before93 
and that the small NCCM volume injected was unable to elicit an anabolic response. 
However, the NP explants were wrapped in a 100 kDa membrane to contain the tissue. 
Disrupting this membrane with multiple injections could have facilitated GAG loss, 
suggesting that injection in the NP explant model may not be completely representative for 
the in vivo situation, and that injection of NCCM may still be able to elicit a regenerative 
response in vivo. Nonetheless, unpublished in vitro results indicated that short-term 
exposure (4 days) of NPCs to NCCM is not sufficient to induce a prolonged stimulatory 
response. Because of the possibility to inject only small volumes, and the requirement of 
long-term exposure, direct intradiscal injection of NCCM is not recommended, hampering 
the progression towards in vivo applications. The use of porcine NCM could offer a solution 
to this problem. In vitro, NCM increased synthesis of healthy NP matrix constituents (i.e. 
proteoglycans and collagen type II) by NPCs, and its powder form allows to administer 
larger quantities of the active factors in a single injection compared to NCCM, while the risk 
of leakage may be minimized by using a hydrogel delivery vehicle. The current results 
therefore offer a starting point for in vivo application of NC-derived factors. Different 
therapeutic strategies, such combining NCM with a hydrogel or bone marrow stromal cells 
(BMSCs) can be considered. 

Hydrogel 
Although NCM could be administered directly, mixing it with a hydrogel prior to injection 
could have beneficial effects. Biodegradable hydrogels such chitosan- or hyaluronic acid-
based hydrogels can be used to obtain a sustained release profile and induce a long-term 
anabolic response.195 Alternatively, NCM can be combined with a swelling hydrogel, such as 
developed by Sivan et al.196 Such a combination may be able to directly restore the swelling 
pressure and mechanical functioning of the NP, while allowing ingrowth of newly formed 
tissue as a result of NCM stimulation. 

Bone marrow stromal cells 
The aim of an NCM-based regenerative method is to stimulate the resident NPCs to 
produce NP matrix and restore the IVD to a healthy state. However, the number of NPCs, 
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and therefore the effectivity of a regenerative treatment decreases with IVD degeneration. 
Therefore, the regenerative effect of NCM could be optimized when the decreasing number 
of cells is replenished. BMSCs and other progenitor cells have been proposed to regenerate 
the IVD, and have thus far been promising in short-term experiments.73 In chapter 2 
however, no synergistic effect was observed of combined stimulation of NPCs with NCCM 
and BMSCs in a canine model, and although NCCM increased BMSC matrix production, 
this effect was only minor. Also in BMSC injection in a bovine NP explant culture in chapter 
3 did not regenerate the tissue, possibly due to unfavorable conditions such as a low oxygen 
concentration or an inflammatory environment. However, a previous study tested 
decellularized porcine NP tissue as a scaffold for NP tissue engineering, and found that the 
NP matrix directs adipose-derived stem cells to an NP-like phenotype.197 Similarly, when 
cultured on a decellularized matrix produced by rabbit NPCs, human MSCs retained their 
viability, increased expression of NPC markers and synthesized matrix.198 This may indicate 
that in combined injection of NCM and MSCs into the IVD, NCM may not only stimulate 
the resident NPCs, but also act as a carrier for MSCs, potentially inducing their 
differentiation towards an NP-like phenotype, and stimulating their matrix production. 
Alternatively, pre-differentiation of MSCs towards an NP-like phenotype with growth 
factors62,63 or NPC co-culture64,65 prior to injection together with NCM could increase its 
efficacy, although this may make such treatment strategies prohibitively expensive. 

Translation to human 
Throughout this thesis, differences in behavior between canine and bovine NPCs were 
observed in vitro. The question therefore remains how human NPCs relate to NPCs from 
previously tested species, and whether successful translation to the human in vivo situation 
can be achieved. 

Bovine and canine NPCs 
Throughout this thesis, two different animal models were used. In a homologous canine 
model, NCCM from non-chondrodystrophic dogs was tested NPCs from chondrodystrophic 
dogs. Additionally, porcine NCCM was tested on bovine NPCs. In the studies performed 
here, clear differences were observed in activity of canine and bovine NPCs. Whereas the 
canine NPCs did not thrive under basal culture conditions, bovine NPCs proliferated and 
produced matrix. The differences between the canine and bovine NPCs can have multiple 
explanations. First, canine NPCs were isolated from chondrodystrophic (CD) dogs. These 
dogs develop short limbs, due to a disturbed endochondral ossification.112 This genetic 
anomaly primarily affects growth plate chondrocytes, but could also affect behavior of 
NPCs, which are also chondrocytic in nature, and can underlie differences in cell behavior 
between species, such as differences in metabolism, or different requirements for an in vitro 
setting in order to thrive. Furthermore, although both the CD dog and bovine IVD are rich 
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in NPCs, the course of further IVD degeneration may differ. For example, the presence of 
inflammatory cytokines has shown to negatively affect the production of healthy NP matrix 
by NPCs.30,175 Therefore, potential interspecies differences in the presence of such factors in 
the IVD may affect NPC phenotype and explain differences in cellular behavior. Finally, as 
only a limited number of NPCs can be isolated from a canine spine, they had to be expanded 
in vitro prior to use at passage 2, whereas bovine NPCs were seeded in alginate beads 
directly after isolation. In vitro expansion is suggested to cause a divergence from the NP 
phenotype199 and might affect subsequent culture in a three-dimensional environment, 
possibly explaining the observed differences between canine and bovine NPCs. The species 
differences observed in this thesis underscore the difficulty in translation of treatment 
strategies towards the human situation. 

From animal to human 
Previous studies showed that human, canine and porcine NCCM stimulate matrix 
production by human NPCs in vitro111,146, and that porcine NCCM appeared most potent in 
upregulating matrix synthesis146, suggesting cross-species effectivity and therefore potential 
of porcine NCM in a human IVD. Porcine NCM should first be tested in in vivo animal 
models to ensure effectivity and safety, however, the question remains to what extent 
animal models reflect the human situation. The canine pathology of IVD degeneration is 
known to have many similarities with the human case55, and geometrical differences 
between the IVDs of various animals and humans are well-established.200 However, there 
are large differences between canine, bovine and human NP markers201 and matrix202, 
possibly affecting the response to NCM injection. Furthermore, comparative data between 
animal and human NPC characteristics, such as metabolism, response to injury and 
catabolic and anabolic properties is largely unavailable. Recent unpublished results however 
suggest that, although the response of human and canine NPCs to various growth factors 
was comparable, human NPCs were better able to retain their viability and proliferative 
capacity compared to canine NPCs when cultured in basal culture medium. This may 
suggest that, when taking into account to the differences between canine and bovine NPCs 
observed in this thesis, bovine NPCs may be better able to reflect the behavior of human 
NPCs in terms of robustness. Nonetheless, additional comparative data can be of value for 
translation to the human situation. Furthermore, as successful in vivo animal tests may not 
necessarily be a predictor for a successful response in human in vivo trials, running human 
ex vivo studies alongside in vivo animal studies may provide information that can be useful 
for a successful translation. Human ex vivo experiments could be performed using the 
artificial annulus system used in chapter 3. However, recent advances have been made in 
the development of a human IVD organ culture model.203 Such a system closely mimics 
physiological conditions, and may be used for screening of regenerative therapies such as 
NCM. 
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Considerations 
In its current form, NCM can be tested for a regenerative effect in vitro with humans NPCs 
followed by in vivo animal models and, if proven effective and safe, in human clinical 
studies. Nonetheless, potential adverse effects should be recognized, and optimization 
strategies should be considered. 

Porcine endogenous retroviruses 
In end stage organ failure of a patient, animal donors could provide an alternative source of 
organs for transplantation. The pig has been of main interest as species for 
xenotransplantation, mostly due to its organ size compatibility with those of humans.204 
Injection of porcine NP tissue in the human IVD too is a form of xenotransplantation. A 
challenge with the use of porcine tissue is the presence of porcine endogenous retroviruses 
(PERVs), viruses within the porcine genetic material that are not active within the pig, but 
can come to expression after transplantation in other species. If transplantation results in 
viral replication of the PERV, it could spread and adapt to the human host. To illustrate, 
porcine pancreatic islets have been shown to infect human epithelial U293 cells in an in vitro 
co-culture. Additionally, transplantation of porcine pancreatic islets in mice resulted in 
ongoing viral expression and infection of various tissues.205  

Although cell membranes are disrupted during lyophilization of porcine NP tissue, NCM 
still contains genetic material, which may be of risk upon injection in other species. Possible 
ways to overcome this problem are the production of animals that don’t harbor PERVs, 
either by selective breeding206 or by using gene knockout technologies.207 Additionally, 
development of vaccines against PERVs may become a viable option,208 or NCM may be 
screened for the presence of viral factors using quantitative polymerase chain reaction 
(qPCR), prior to in vivo use.209 However, the function of NCM is not complex as that of many 
organs, and it does not require viable cells. Therefore, removal of cellular and genetic 
material, similar as is being done for porcine heart valves210, may be a more straightforward 
option. A preliminary study revealed that a short benzonase treatment of lyophilized NP 
tissue and subsequent washing steps diminished DNA content, while largely maintaining 
proteins (Appendix B). Although promising, optimization is required to achieve complete 
removal of genetic material while maintaining bioactivity. 

Immune response, blood vessels and nerves 
The IVD has been described as an immune privileged tissue, due to its avascular nature.69 
This is indeed the case in the healthy IVD, which is a relatively closed space, but perhaps 
not, or in lesser extent for degenerate IVDs. Lumbar IVDs from human donors over 35 year-
old showed significantly more radial tears compared to the control group of IVDs from 
donors below 35 years old, and many tears in elderly IVDs showed ingrowth of blood 
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vessels.20 Moreover, macrophages and their cytokine products were not only observed in 
exposed, herniated NP tissue, but also in degenerated non-herniating IVDs.211 This may 
suggest that in degenerate IVDs, macrophages and potentially other immune cells could 
enter the IVD through blood vessels in annular tears, or through endplate defects. Although 
humans have an early onset of IVD degeneration, symptoms such as low back pain may 
emerge decades later. By that time, IVD integrity is compromised and the IVD may be 
exposed to the circulatory system, so that an immune response following injection of NCM 
cannot be excluded. Even more so, NPCs themselves have been shown to possess 
inflammatory capacities,30 and may respond to the presence of NCM by producing 
inflammatory factors. 

Similarly, the effect of NCM injection on neurite and vessel growth requires further 
investigation. Although previous studies reported that NCCM, and more specifically GAGs 
in NCCM inhibited neurite139 and blood vessel growth140, this was not observed in this 
thesis. Although HUVEC vessel length was not affected by NCM, the percentage of SH-
SY5Y cells expressing neurites increased considerably when cultured on polystyrene 
surfaces, suggesting that factors that stimulate neurite growth may be present within the 
healthy porcine NP tissue. Therefore, when the AF is damaged, neurites and blood vessels 
may have access to the NP tissue, and the addition of neurite-inducing factors with injection 
of NCM may promote further neurogenesis. It is however unknown how NCM affects 
neurite growth in vivo. SH-SY5Y cells cultured in NCCM and NCM on poly-D-lysine coated 
and polystyrene surfaces exhibited marked differences in neurite growth, which was also 
observed in another study, testing multiple substrates for neurite outgrowth of neuronal 
differentiated MSCs.194 It is unknown how these substrates relate to the in vivo situation. 
Therefore, additional research is required to evaluate the risk of neurite ingrowth in a 
response to NCM injection. 

Bioactive factor identification 
In chapter 4, we aimed to identify NCCM’s bioactive factors by proteomic analysis. 
Although many proteins were identified, no specific growth factors were observed, and the 
stimulatory mechanism remains unknown. Therefore, NCCM as well as NCM can still be 
considered a black box. Although NCM offers the possibility to explore the in vivo 
regenerative potential of NC-derived factors, optimization may still be achieved through 
identification of the bioactive factors and understanding of the stimulatory mechanism. 
Identification of the bioactive factor or combination of factors might allow their synthetic 
production, and injection of only the factors required for a regenerative response. 

In this thesis, proteomic analysis was performed on NCCM derived from NC-rich NP tissue. 
However, characterization can also be performed on NCCM produced from isolated NCs, or 
directly on NCM. Identification of factors within NCCM derived from isolated NCs has the 
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advantage that potential growth factors secreted by the NCs may be identified, without 
being overshadowed by the high amount of proteins that leached from the tissue such as 
extracellular matrix proteins. However, previous studies tested differential effects of NCCM 
derived from NC-rich NP tissue and from isolated NCs in alginate beads, and although on 
human NPCs, NCCM derived from isolated NCs had a stronger effect111, NCCM from NC-
rich NP tissue had the strongest anabolic effect on human BMSCs.109 This indicates that 
proteins derived from the tissue may be involved with NCCMs regenerative effect. 
Extracellular matrix proteins identified in porcine, canine and human NCCM in chapter 4 
include hyaluronan and proteoglycan link protein 1 (HAPLN1) and biglycan (BGN). 
HAPLN1 is a glycoprotein that stabilizes the interaction between aggrecan and hyaluronate. 
Its amino terminal peptide, Link N which has shown regenerative potential88, can be 
generated in vivo and may therefore be present in NCCM. BGN belongs to the family of 
small leucine-rich proteoglycans (SLRPs). SLRPs have also been termed ‘part-time 
proteoglycans’, suggesting they do not only provide structure, but also have signaling 
functions.212 Moreover, SLRPs are known to be involved in chondrogenesis and matrix 
turnover.213 Such proteins may therefore play a role in the stimulatory effect of NCCM, and 
should not be overlooked in unraveling of the mechanism of NC-based stimulation. 
Furthermore, the stronger stimulatory effect of NCM compared to NCCM may be 
suggestive for the presence of specific matrix-bound proteins, which are not present in 
NCCM. This suggests that proteomic analysis of NCM may give a more complete overview. 
Therefore, further identification of bioactive factors should be performed on both a ‘cell- and 
tissue-level’, i.e. on NCCM derived from isolated NCs, as well as on NCM. 

Narrowing down the list of the identified NC-derived active factors based on proteomic 
analysis is necessary for further bioactive factor identification. NCCM and dissolved NCM 
may be fractionated based on size by filtration or chromatographic methods such as size 
exclusion chromatography.214 Requirements for a fractionation method are the retention of  
biological activity of the proteins, and processing of a large enough volume to allow 
subsequent testing. After fractionation, each of the fractions and their combinations can be 
tested in NPC culture to assess their stimulatory effect. Such a method may decrease the 
number of potential candidate proteins, and could help to unravel the mechanism of NC-
based stimulation. Additionally, blocking of specific intracellular pathways may help to 
identify the mechanism of NC-based stimulation. For example, blocking of the p38 mitogen-
activated protein kinase (p38 MAPK) pathway decreased the IL-1β-induced production of 
inflammatory and catabolic factors.215 In a similar way, blocking a range of signaling 
cascades prior to stimulation with NCCM or NCM may provide information on the 
pathways involved, and could eventually help to trace back the factors that activate these 
pathways. 
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General conclusion 
In this thesis, the anabolic effect of NCCM was verified in an in vitro homologous canine 
model and in a bovine NP explant model, providing evidence for the feasibility of an NC-
based regenerative therapy for IVD degeneration. Identification of NCCM’s bioactive factors 
would allow to further develop such a therapy. However, this appeared to be challenging. 
As an alternative, NCM in a lyophilized and pulverized form induced a strong anabolic 
response of NPCs, and allows translation to in vivo applications. However, its anabolic effect 
in an inflammatory environment, as well as its effect on neurite and vessel growth require 
further investigation. 
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in porcine, canine and human notochordal 
cell conditioned medium (Chapter 4) 
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Table 4.2: Proteins identified in canine, porcine and human NCCM 
Canine Porcine Human Number Proteins 
Yes Yes Yes 66 ACAN, FN1, KRT8, COMP, COL6A3, CA3, ALB, VIM, CLU, KRT19, 

A2M, HSPG2, CHAD, ABI3BP, XYLT1, ENO1, KRT18, CILP, PKM, 
COL6A1, COL2A1, EFEMP1, LAMB2, HAPLN1, ACTN4, CLEC3A, 
RNASE4, TPI1, ACTN1, ACTC1, EHD2, LMNA, LAMA4, SERPINE2, 
CILP2, PRELP, LAMC1, CSPG4, COL11A2, HTRA1, CD109, LDHA, 
ENO3, VCAN, HBB, NID2, QSOX1, PRDX1, ANXA2, LGALS1, 
FMOD, KRT15, UGP2, PRDX6, PEBP1, YWHAE, YWHAZ, EEF1A1, 
TUBB4B, RARRES2, THBS4, CHRDL2, ALDOC, PLOD1, MATN2, 
YWHAG 

No Yes Yes 26 AEBP1, ANXA1, ANXA5, ACTB, CLEC3B, COL11A1, COL15A1, 
COL3A1, COL5A1, COL5A2, COL6A2, DPYSL2, EZR, GDI1, FBLN7, 
MSN, PCOLCE, PFN1, PGAM1, PPIA, PYGL, SERPINB1, SERPINF1, 
SOD1, TNXB, VCL 

Yes No Yes 34 TF, APOE, GAPDH, TNC, SERPINA1, SPTAN1, PGK1, GPI, LUM, 
LYZ, PRG4, DCN, ENO2, ALDOA, SERPINA3, HBA1, GSN, EDIL3, 
MFGE8, HIST4H4, LGALS3, FBLN1, HSPA8, DES, BGN, SPARC, 
TGFBI, HSP90AA1, CLSTN1, MDH1, CFH, FRZB, TKT, YWHAB 

No No Yes 91 COL14A1, COL12A1, THBS1, HBG2, HBG1, PDIA3, IGHG1, THBS3, 
C4B, PPIB, POTEE, RNASE1, MATN4, CALM1, COL9A1, COL1A1, 
OGN, SSC5D, IGKC, KRT1, PRDX2, COL1A2, HBD, MATN3, P4HB, 
CFD, MMP3, EMILIN1, ANG, NUCB1, CAPG, C1S, ACTBL2, 
IGHG3, SPTBN1, FABP4, ITIH5, COL16A1, APOH, UBC, YWHAQ, 
IGHG2, C1R, IGHG4, LOXL2, VIT, B2M, CKM, ECM1, SERPINA5, 
KRT10, TUBA1B, FGFBP2, FBN1, DBI, PRDX4, TUBB2A, CLEC11A, 
RCN1, GSTP1, HSPA1B, CA1, FNDC1, KRT7, HNRNPA2B1, 
HNRNPA1, C3, KRT9, SELENBP1, FSTL1, HAPLN3, PGM1, FGA, 
FABP5, CALU, SLPI, HSP90B1, IQGAP1, TP53I3, RCN3, FBLN2, 
FLNA, MXRA5, TMSB4X, S100A10, CAT, HSP90AB1, DSC3, FSCN1, 
LRP1, CYCS 

Yes Yes No 21 SEMA3C, ENPP2, CP, CCL16, PCOLCE2, CCDC80, APP, THY1, 
EHD3, KRT75, KRT14, SMOC1, ACTN2, TPM1, LECT2, HSPA2, 
TUBB, TUBB2B, TIMP2 

No Yes No 36 AHNAK, ANXA8, LOC100157318, CFB, SERPING1, C4A, CAPN2, 
CHADL, CHI3L1, FLNC, HBQ1, H2BFS, HSPB1, KRT5, 
LOC100626701, ORM1, HIST2HBE, LOC102164134, LOC100524210, 
MFI2, MYH9, NME2, NPEPPS, PFKL, PRKCDBP, RDX, 
LOC100736872, SERPINA3-3, SPARCL1, SPP1, LOC100049693, 
TPM4, VAT1, SEMA7A, unchar3, H3F3A 

Yes No No 49 CDH1, SLIT3, OLFML2B, PGAM4, CA2, KRT13, LGALS3BP, SOD3, 
ANOS1, LOC477441, MB, MRC2, LTF, col11a2, MFAP4, TNFRSF11B, 
HSPA1A, LOC100855540, LDHB, NCAM1, CHST3, LOC476825, 
LOXL3, KRT17, LOC100855471, TIMP3, CRYAB, CKB, SEMA3E, 
CFL1, LOC488254, HSPA5, CCL21, HIST1H2AH, PTRF, CSTB, 
LECT1, CHST6, PGAM2, TUBA1A, SLC2A1, TUBB4A, CDH2, 
HIST1H1C, FHL1, SDCBP, KRT78, GSTM3, EFEMP2 

 
 
Table 4.3:  Gene Ontology analysis of proteins in porcine, canine and human NCCM 
Rank GO term Name q-value FDR 

B&H 
Hit in Query List 

1 GO:0005539 Glycosaminoglycan 
binding 

7.96E-08 THBS4,SERPINE2,ANG,FMOD,FN1,
COMP,ABI3BP,PRELP,ACAN, 
VCAN,HAPLN1 
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2 GO:0005201 Extracellular matrix 
structural constituent 

8.35E-07 COL2A1,COL11A2,COMP,PRELP, 
ACAN,LAMA4,LAMC1 

3 GO:0005198 Structural molecule 
activity 

4.30E-06 COL2A1,VIM,TUBB4B,KRT8, 
COL11A2,KRT15,COMP,LMNA 
,KRT18,KRT19,PRELP,ACAN, 
LAMA4,LAMB2,LAMC1 

4 GO:0008201 Heparin binding 9.30E-06 THBS4,SERPINE2,ANG,FMOD,FN1, 
COMP,ABI3BP,PRELP 

5 GO:0005518 Collagen binding 1.23E-05 NID2,THBS4,FN1,COMP,ABI3BP, 
CSPG4 

6 GO:0032403 Protein complex binding 1.48E-04 VIM,NID2,KRT8,THBS4,FN1,COMP,
ABI3BP,KRT19,CSPG4,PKM,LAMB2,
ACTN4,ACTN1,YWHAE,YWHAZ 

7 GO:1901681 Sulfur compound 
binding 

1.48E-04 THBS4,SERPINE2,ANG,FMOD,FN1,
COMP,ABI3BP,PRELP 

8 GO:0019899 Enzyme binding 1.48E-04 A2M,VIM,HSPG2,FN1,COMP, 
LMNA,CLU,PEBP1,ANXA2,VCAN, 
CSPG4,ALB,LDHA,ENO1,YWHAE, 
YWHAG,YWHAZ,PRDX6,EEF1A1, 
TPI1 

9 GO:0004867 Serine-type 
endopeptidase inhibitor 
activity 

8.34E-04 A2M,COL6A3,SERPINE2,PEBP1,CD1
09 

10 GO:0097110 Scaffold protein binding 1.51E-03 VIM,KRT8,KRT15,KRT18 
11 GO:0002020 Protease binding 1.63E-03 A2M,HSPG2,FN1,COMP,ANXA2 
12 GO:0005178 Integrin binding 1.69E-03 THBS4,FN1,LAMB2,ACTN4,ACTN1 
13 GO:0004857 Enzyme inhibitor 

activity 
1.74E-03 A2M,COL6A3,SERPINE2,PEBP1, 

ANXA2,CD109,CHAD,YWHAG 
14 GO:0004634 Phosphopyruvate 

hydratase activity 
1.74E-03 ENO1,ENO3 

15 GO:0005540 Hyaluronic acid binding 1.79E-03 ACAN,VCAN,HAPLN1 
16 GO:0019838 Growth factor binding 2.28E-03 COL2A1,A2M,COL6A1,HTRA1, 

CD109 
17 GO:0003723 RNA binding 2.28E-03 VIM,TUBB4B,ANG,KRT18,PEBP1, 

ANXA2,PRDX1,PKM,ACTN4, 
ACTN1,ENO1,YWHAE,YWHAG, 
YWHAZ,LGALS1,EEF1A1 

18 GO:0061134 Peptidase regulator 
activity 

2.39E-03 A2M,COL6A3,SERPINE2,FN1, 
PEBP1,CD109 

19 GO:0016209 Antioxidant activity 2.51E-03 PRDX1,ALB,HBB,PRDX6 
20 GO:0005509 Calcium ion binding 2.54E-03 NID2,THBS4,EFEMP1,COMP, 

ANXA2,MATN2,VCAN,ACTN4, 
ACTN1,EHD2 

21 GO:0004035 Alkaline phosphatase 
activity 

2.75E-03 CILP2,CILP 

22 GO:0030020 Extracellular matrix 
structural constituent 
conferring tensile 
strength 

2.75E-03 COL2A1,COL11A2 

23 GO:0042802 Identical protein 
binding 

2.87E-03 COL2A1,A2M,VIM,ANG,PRDX1, 
UGP2,ACTN4,ACTN1,LDHA,ENO1,
PLOD1,ENO3,YWHAZ,LGALS1 

24 GO:0044877 Macromolecular 
complex binding 

4.26E-03 VIM,NID2,KRT8,THBS4,FN1,COMP,
ABI3BP,KRT19,CSPG4,PKM,LAMB2,
ACTN4,ACTN1,YWHAE,YWHAZ 
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Table 4.4: Pathway analysis of proteins identified in porcine and human NCCM 
Rank ID Name q-value FDR B&H Hit in Query List 
1 730306 Assembly of collagen fibrils and 

other multimeric structures 
 
 

5.9E-09 COL3A1,COL5A1,COL5A2, 
COL6A2,COL11A1,COL15A1,
PCOLCE 

2 645289 Collagen biosynthesis and 
modifying enzymes 

1.1E-08 COL3A1,COL5A1,COL5A2, 
COL6A2,COL11A1,COL15A1,
PCOLCE 

3 645288 Collagen formation 3.5E-08 COL3A1,COL5A1,COL5A2,CO
L6A2,COL11A1,COL15A1, 
PCOLCE 

4 576262 Extracellular matrix organization 1.9E-06 COL3A1,COL5A1,COL5A2, 
COL6A2,COL11A1,COL15A1, 
TNXB,PCOLCE 

5 161004 Recycling pathway of L1 4.5E-04 EZR,DPYSL2,MSN 
6 106050 Platelet degranulation 5.6E-04 PFN1,PPIA,VCL,SOD1 
7 106048 Response to elevated platelet 

cytosolic Ca2+ 
6.5E-04 PFN1,PPIA,VCL,SOD1 

8 105688 Axon guidance 3.0E-03 EZR,COL6A2,DPYSL2,PFN1,
MSN 

9 161003 L1CAM interactions 1.1E-02 EZR,DPYSL2,MSN 
10 106034 Platelet activation, signaling and 

aggregation 
1.1E-02 PFN1,PPIA,VCL,SOD1 

11 477129 Developmental Biology 1.8E-02 EZR,COL6A2,DPYSL2,PFN1,
MSN 

 
 
Table 4.5: Pathway analysis of proteins identified in canine and human NCCM 
Rank ID Name q-value FDR B&H Hit in Query List 
1 106204 Gluconeogenesis 2.1E-07 GPI,MDH1,ALDOA,GAPDH, 

ENO2,PGK1 
2 105911 Glycolysis 1.5E-06 GPI,ALDOA,GAPDH,ENO2, 

PGK1 
3 106196 Metabolism of carbohydrates 3.3E-06 GPI,LUM,MDH1,DCN,ALDOA,

GAPDH,ENO2,PGK1,BGN 
4 106199 Glucose metabolism 3.9E-06 GPI,MDH1,ALDOA,GAPDH, 

ENO2,PGK1 
5 833812 ECM proteoglycans 1.5E-05 SPARC,LUM,DCN,TNC,BGN 
6 366238 Amyloids 1.0E-04 TGFBI,MFGE8,LYZ,HIST1H4A, 

GSN 
7 576262 Extracellular matrix organization 2.1E-04 FBLN1,SPARC,LUM,DCN,TNC,

BGN,DDR2 
8 771599 Binding and Uptake of Ligands 

by Scavenger Receptors 
4.9E-04 SPARC,APOE,HBA1,HSP90AA1 

9 530764 Disease 3.1E-03 TGFBI,MFGE8,APOE,LUM,DCN
,LYZ,HIST1H4A,YWHAB,GSN, 
HSP90AA1,BGN 

10 645310 Dermatan sulfate biosynthesis 6.0E-03 DCN,BGN 
11 105679 Caspase-mediated cleavage of 

cytoskeletal proteins 
7.0E-03 SPTAN1,GSN 

12 645311 CS/DS degradation 8.9E-03 DCN,BGN 
13 477135 Metabolism 1.5E-02 GPI,APOE,LUM,MDH1,HBA1,D

CN,ALDOA,GAPDH,ENO2, 
PGK1,HSP90AA1,BGN 

14 645309 Chondroitin sulfate biosynthesis 1.8E-02 DCN,BGN 
15 106050 Platelet degranulation 2.0E-02 SERPINA1,SPARC,ALDOA 
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16 106048 Response to elevated platelet 
cytosolic Ca2+ 

2.3E-02 SERPINA1,SPARC,ALDOA 

17 645305 A tetrasaccharide linker 
sequence is required for GAG 
synthesis 

2.5E-02 DCN,BGN 

18 685546 MPS VII - Sly syndrome 3.7E-02 LUM,DCN,BGN 
19 685536 Mucopolysaccharidoses 3.7E-02 LUM,DCN,BGN 
20 685547 MPS IX - Natowicz syndrome 3.7E-02 LUM,DCN,BGN 
21 685538 MPS II - Hunter syndrome 3.7E-02 LUM,DCN,BGN 
22 685543 MPS IV - Morquio syndrome A 3.7E-02 LUM,DCN,BGN 
23 685542 MPS IIID - Sanfilippo syndrome 

D 
3.7E-02 LUM,DCN,BGN 

24 645297 Glycosaminoglycan metabolism 3.7E-02 LUM,DCN,BGN 
25 685544 MPS IV - Morquio syndrome B 3.7E-02 LUM,DCN,BGN 
26 685539 MPS IIIA - Sanfilippo syndrome 

A 
3.7E-02 LUM,DCN,BGN 

27 685540 MPS IIIB - Sanfilippo syndrome 
B 

3.7E-02 LUM,DCN,BGN 

28 685541 MPS IIIC - Sanfilippo syndrome 
C 

3.7E-02 LUM,DCN,BGN 

29 685545 MPS VI - Maroteaux-Lamy 
syndrome 

3.7E-02 LUM,DCN,BGN 

30 685537 MPS I - Hurler syndrome 3.7E-02 LUM,DCN,BGN 
31 106075 vRNP Assembly 3.9E-02 HSP90AA1 
32 105678 Apoptotic cleavage of cellular 

proteins 
3.9E-02 SPTAN1,GSN 

33 833810 Non-integrin membrane-ECM 
interactions 

4.3E-02 TNC,DDR2 

34 105688 Axon guidance 4.6E-02 YWHAB,HSPA8,SPTAN1, 
HSP90AA1 

 

Table 4.6: Pathway analysis of proteins identified in porcine and canine NCCM 
Rank ID Name q-value 

FDR B&H 
Hit in Query List 

1 106248 Post-chaperonin tubulin 
folding pathway 

2.88E-02 TUBB2A,TUBB2B 

2 106245 Formation of tubulin folding 
intermediates by CCT/TriC 

2.88E-02 TUBB2A,TUBB2B 

3 106244 Prefoldin mediated transfer of 
substrate  to CCT/TriC 

2.88E-02 TUBB2A,TUBB2B 

4 106243 Cooperation of Prefoldin and 
TriC/CCT  in actin and 
tubulin folding 

2.88E-02 TUBB2A,TUBB2B 

5 106262 Striated Muscle Contraction 2.88E-02 TPM1,ACTN2 
6 106242 Chaperonin-mediated protein 

folding 
4.66E-02 TUBB2A,TUBB2B 

7 106261 Muscle contraction 4.66E-02 TPM1,ACTN2 
8 106241 Protein folding 4.66E-02 TUBB2A,TUBB2B 
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Table 4.7: Pathway analysis of proteins identified only in porcine NCCM 
Rank ID Name q-value FDR 

B&H 
Hit in Query List 

1 106412 Activation of C3 and C5 0.00829 C4A,CFB 
2 576254 Regulation of Complement 

cascade 
0.04694 C4A,CFB 

 

Table 4.8: Pathway analysis of proteins identified only in canine NCCM 
Rank ID Name q-value 

FDR B&H 
Hit in Query List 

1 576262 Extracellular matrix 
organization 

0.02383 MFAP4,COL11A2,EFEMP2, 
NCAM1,LOXL3,CDH1 

2 730310 Elastic fibre formation 0.02651 MFAP4,EFEMP2,LOXL3 
3 106248 Post-chaperonin tubulin 

folding pathway 
0.04144 TUBB4A,TUBA1A 

4 105688 Axon guidance 0.04144 CFL1,SLIT3,NCAM1,SDCBP, 
SEMA3E 

5 106245 Formation of tubulin folding 
intermediates by CCT/TriC 

0.04565 TUBB4A,TUBA1A 

 
 
Table 4.9: Pathway analysis of proteins identified only in human NCCM 
Rank ID Name q-value 

FDR B&H 
Hit in Query List 

1 106406 Initial triggering of complement 4.93E-09 CFD,IGHG1,IGHG2,IGHG3, 
IGHG4,IGKC,C1R,C1S,C3 

2 576262 Extracellular matrix 
organization 

2.82E-08 THBS1,COL9A1,COL12A1, 
FBLN2,FBN1,COL16A1,P4HB, 
LOXL2,MATN3,FGA,COL14A1,
MATN4,MMP3,PPIB,COL1A1, 
COL1A2 

3 106405 Complement cascade 6.88E-08 CFD,IGHG1,IGHG2,IGHG3, 
IGHG4,IGKC,C1R,C1S,C3 

4 645288 Collagen formation 1.23E-07 COL9A1,COL12A1,COL16A1, 
P4HB,LOXL2,COL14A1,MMP3, 
PPIB,COL1A1,COL1A2 

5 106409 Classical antibody-mediated 
complement activation 

1.35E-07 IGHG1,IGHG2,IGHG3,IGHG4, 
IGKC,C1R,C1S 

6 106407 Creation of C4 and C2 activators 5.19E-07 IGHG1,IGHG2,IGHG3,IGHG4, 
IGKC,C1R,C1S 

7 645289 Collagen biosynthesis and 
modifying enzymes 

2.26E-06 COL9A1,COL12A1,COL16A1, 
P4HB,COL14A1,PPIB,COL1A1, 
COL1A2 

8 106050 Platelet degranulation 1.86E-04 CFD,FLNA,THBS1,CALM2, 
CALU,FGA,TMSB4X 

9 106048 Response to elevated platelet 
cytosolic Ca2+ 

2.35E-04 CFD,FLNA,THBS1,CALM2, 
CALU,FGA,TMSB4X 

10 771578 FCGR activation 2.35E-04 IGHG1,IGHG2,IGHG3,IGHG4, 
IGKC 

11 771599 Binding and Uptake of Ligands 
by Scavenger Receptors 

2.70E-04 HSP90B1,IGKC,LRP1,HBD, 
COL1A1,COL1A2 

12 730309 Collagen degradation 3.54E-04 COL9A1,COL12A1,COL16A1, 
COL14A1,MMP3 

13 771580 Role of phospholipids in 
phagocytosis 

8.80E-04 IGHG1,IGHG2,IGHG3,IGHG4, 
IGKC 
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14 771579 Regulation of actin dynamics for 

phagocytic cup formation 
1.16E-03 IGHG1,IGHG2,IGHG3,IGHG4, 

IGKC,HSP90AB1 
15 106110 Integrin cell surface interactions 4.22E-03 THBS1,COL9A1,FBN1,COL16A1,

FGA 
16 771577 Fcgamma receptor (FCGR) 

dependent phagocytosis 
4.22E-03 IGHG1,IGHG2,IGHG3,IGHG4, 

IGKC,HSP90AB1 
17 106410 Alternative complement 

activation 
9.39E-03 CFD,C3 

18 833814 Scavenging by Class A 
Receptors 

1.01E-02 HSP90B1,COL1A1,COL1A2 

19 576263 Degradation of the extracellular 
matrix 

1.42E-02 COL9A1,COL12A1,COL16A1, 
COL14A1,MMP3 

20 730306 Assembly of collagen fibrils and 
other multimeric structures 

1.74E-02 LOXL2,MMP3,COL1A1,COL1A2 

21 106034 Platelet activation, signaling and 
aggregation 

2.72E-02 CFD,FLNA,THBS1,CALM2, 
CALU,FGA,TMSB4X 

22 771600 Scavenging of Heme from 
Plasma 

4.14E-02 IGKC,LRP1,HBD 

23 645348 Uptake of Oxygen and Release 
of Carbon Dioxide by 
Erythrocytes 

4.83E-02 HBD,CA1 

24 645347 Uptake of Carbon Dioxide and 
Release of Oxygen by 
Erythrocytes 

4.83E-02 HBD,CA1 

25 645346 O2/CO2 exchange in 
erythrocytes 

4.83E-02 HBD,CA1 

 

Table 4.10: Proteins associated with transcription factor binding sites in porcine, canine 
and human NCCM 
Species ID q-value FDR 

B&H 
Hit in Query List 

Common TGANTCA_V$AP1_C 1.63E-02 XYLT1,HSPG2,KRT8,KRT15,KRT19, 
CSPG4,PKM,LAMC1,ACTN4,ENO1, 
ENO3,YWHAG,YWHAZ,LGALS1, 
EEF1A1 

Common GGGTGGRR_V$PAX4_03 4.51E-02 A2M,VIM,HSPG2,NID2,COL6A3, 
COL11A2,RARRES2,PRELP,CD109, 
LAMB2,YWHAE,YWHAG,YWHAZ, 
EEF1A1,HAPLN1 

Canine & porcine TATAAA_V$TATA_01 2.49E-02 CP,LECT2,SEMA3C,ENPP2,KRT14, 
ACTN2,SMOC1 

Canine V$ZIC3_01 3.55E-02 CRYAB,TIMP3,EFEMP2,SLIT3,LOXL3, 
CHST3 

Canine GGGAGGRR_V$MAZ_Q6 3.55E-02 TUBB4A,KRT13,COL11A2,KRT17,MRC2,
CFL1,LECT1,EFEMP2,SLIT3,CHST6, 
NCAM1,PTRF,LOXL3,CDH2,LDHB, 
SLC2A1,SOD3 

 

Table 4.11: Proteins associated with miRNA’s in porcine and human NCCM 
 Species ID q-value FDR B&H Hit in Query List 
Porcine & human hsa-miR-29b 2.48E-02 COL3A1,COL5A1,COL5A2,DPYSL2, 

COL11A1,COL15A1,VCL 
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Porcine & human hsa-miR-29a 2.48E-02 COL3A1,COL5A1,COL5A2,DPYSL2, 
COL11A1,COL15A1,VCL 

Porcine & human hsa-miR-29c 2.48E-02 COL3A1,COL5A1,COL5A2,DPYSL2, 
COL11A1,COL15A1,VCL 

Human only hsa-miR-29c 2.24E-02 FBN1,FGA,COL1A1,COL1A2 
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Notochordal cell matrix as a stimulant for intervertebral 
disc regeneration 
Field of the invention 
This invention relates to intervertebral disc regeneration. 

Detailed description 
Low back pain as a result of intervertebral disc (IVD) degeneration is a common condition 
with a high impact on society, physically for the afflicted individual, as well as 
economically. Current treatment methods for degeneration-induced low back pain are 
fusion, and total disc replacement. Both methods are somewhat successful in alleviating low 
back pain, but do not have a sufficiently high clinical efficacy and are too often accompanied 
by complications. Furthermore, disc prostheses are inherently of limited longevity. 
Ultimately, it is desired to restore a degenerating disc to a healthy state, i.e. regeneration. 
Unfortunately, this is not straightforward, requires biologically active intervention and has 
so far been unsuccessful. The present invention advances the art and introduces notochordal 
cell matrix as a stimulant for intervertebral disc regeneration. 

Prior to skeletal maturity, our discs are healthy and filled by a central nucleus pulposus 
(NP) tissue rich in notochordal cells (NCs).  By age 10, we lose these NCs and thereafter our 
discs contain mostly chondrocyte-like cells, named nucleus pulposus cells (NPCs).  About a 
decade or two after we lose our NCs, our discs start to degenerate with age.  Other species, 
e.g. pigs, keep their NCs even as adults. Their IVDs do not degenerate. Hence, we believe 
that NCs help to maintain a healthy IVD by producing soluble factors. We further believe 
that these factors are in the extra-cellular matrix of NC-rich NP tissue, and our invention is 
to use the matrix from NC-rich NP to directly stimulate degenerated IVDs to repair and 
regenerate.  

According to an embodiment of the invention, healthy NC-rich NP tissue is harvested, e.g. 
from porcine spines.  The tissue is then lyophilized, thereby destroying the cells, and leaving 
behind a dry brittle tissue. DNAse is then used to remove the cellular and nucleic acid 
remnants, after which the tissue is lyophilized again.  The brittle tissue is then pulverized to 
a fine powder. This powder can be dissolved in a carrier solvent like PBS, a viscous carrier 
like hyaluronic acid or even a sustained release hydrogel or microspheres, and injected into 
the IVD to stimulate intervertebral disc regeneration. According to the invention, the 
dissolved and directly injected powder has the ability to promote healthy matrix 
production, inhibit inflammation and matrix catabolism, inhibit neovascularization and 
inhibit neo-innervation within the IVD. 
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Exemplary Embodiment and Results 
An experiment was performed to test whether the powdered NC-rich NP tissue Matrix 
(NCM) has a stimulatory effect and how similar this is to just proteins produced by NC 
cells, i.e. NC Conditioned Medium (NCCM).  

NCCM was produced by incubating porcine NC-rich NP tissue for 4 days in high glucose 
DMEM with 1% penicillin/streptomycin (p/s) at 37 °C, 5% CO2 and 5% O2.  Afterwards, the 
medium was poured through a 70 µm strainer to remove the NP cells and tissue. 
Subsequently, it was filtered through a 3 kDa filter, the solutes that remained where 
resuspended in low glucose (lg) DMEM, and the NCCM was stored at -80 °C.  

NCM was produced by lyophilizing porcine NP tissue overnight after-which it was ground 
to a fine powder. The protein content of both NCCM and NCM was measured so that when 
NCM was resuspended in low glucose (lg) DMEM, the final protein concentrations of both 
were the same. These (NCM and NCCM) were compared to base medium (BM = lgDMEM 
supplemented with ITS, ascorbic acid, L-proline, bovine serum albumin and p/s). 

Cells, similar to those in human adult discs, i.e. NPCs, were harvested from the caudal discs 
of bovine tails by enzymatic digestion, and seeded in 1.2% alginate beads at 3 million 
cells/ml alginate. The beads were cultured for 4 weeks in BM, NCCM or NCM (both with 
the same supplements as BM).  

After culture, the beads were analysed for glycosaminoglycan (GAG) and DNA content 
(directly correlated to cell number). GAG content is the main ECM component of NP tissue, 
it gives the NP tissue its functional mechanical properties and it is the first to be decreased 
during IVD degeneration. 

As observed previously, just the proteins derived from NCs (NCCM) caused the disc cells to 
proliferate 1.3x compared to BM (Fig. B.1b). It also stimulated each cell to produce 1.8x more 
GAG than those cultured without the added proteins (BM, Fig. B.1c). These two 
mechanisms combined resulted in an overall increase in GAG content that was a little over 
2x with the NC proteins (NCCM) than without (BM, Fig. B.1a). 

With the powdered NC-matrix added to the medium (NCM), the cells proliferated almost 5x 
more than without (BM, Fig. B.1b), and stimulated each cell to produce 3x more GAG (Fig. 
B.1c). Thus, the overall increase in stimulated GAG content was 7x greater with the NC-
matrix powder than without (NCM vs BM, Fig. B.1a). This superior stimulation of GAG 
production by NP-matrix powder (NCM) as compared to just the proteins from NCs 
(NCCM) was unexpected and surprising, suggesting that either presentation of the NC-
derived proteins or a synergistic effect combining the proteins with the NC-matrix provides 
a greater anabolic effect on cells in the center of our discs. 
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The results from the biochemical assays were also confirmed histologically on Alcian blue 
stained sections (Fig. B.2), where darker blue in NCCM and especially NCM indicates a 
higher GAG content. At 40x magnification, an increased cell number is observed in NCM 
more than NCCM and more than BM. 

In vitro experiments are being conducted to further assess the feasibility of NC-matrix 
powder in intervertebral disc regeneration. NCCM has been demonstrated to have anti-
some catabolic and anti-inflammatory effect on inflammation-induced NPCs. Furthermore, 
NCCM has been shown to inhibit neurite growth and blood vessel formation. We expect the 
NCM to have similar or better effects than NCCM. 

Pigs harbor endogenous retroviruses (PERVs) in their genome, which are able to infect 
human cells. Therefore, before clinical application becomes feasible, NC-matrix powder 
(NCM) needs to be decellularized, while maintaining a high as possible protein content. 
Decellularization is done with benzonase, which cleaves DNA to small fragments that can 
afterwards be removed through washing steps. 

A test was performed to remove DNA from NCM. Again, NCM was produced by 
lyophilizing and grinding porcine NC-rich NP tissue (n = 3). The powder was then 
incubated on a shaker at 37 °C with 2 different concentrations of benzonase (100 U/ml and 
200 U/ml) in Tris-EDTA buffer, up to 3 different timepoints (30 min, 2 hrs or 6 hrs). 
Afterwards, the samples were washed twice with PBS, and the untreated powder, as well as 
each of the treatment groups, was assayed for DNA and protein content. DNA content 
decreased with duration of benzonase treatment, and small differences were observed 
between the two benzonase concentrations (Fig. B.3a). Although some variations in protein 
content were observed between treatment groups, there were no clear trends for decreasing 
protein content with treatment time or benzonase concentration (Fig. B.3b). Altogether, 
these results indicate that it is possible to remove DNA from the NCM, while largely 
maintaining the protein content. 

Once the effects of NC-matrix powder on vessel- and neurite formation, as well as its anti-
inflammatory effects have been established, in vivo animal experiments will be performed. If 
successful, NC-matrix powder could be tested in clinical trials. 

In vitro experiments with bovine NPCs used ~ 2 mg NCM / 6*105 NPCs. This resulted in a 
strong increase in GAG production as well as cell proliferation. Based on work with Beagle’s 
thoracic NP tissue and bovine caudal NP tissue, we expect the weight of the Beagle’s lumbar 
NP tissue to be ~100 mg, containing ~2*105 NPCs. Hence, the NCM dosage range that will 
therefore be tested in a canine in vivo model will be 1 mg, 5 mg, 10 mg and 20 mg NCM per 
100 mg NP tissue. Because bio-availability will be affected by the tissue, organ and injection 
method and cell response in vivo may be different to in vitro, a broad dosage range should be 
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explored. When translating from the canine to human, the exact interspecies differences are 
also unknown and we speculate that dosages for the human may be ± one order of 
magnitude different. For example, these could be as broad as 0.1 to 100 mg NCM powder to 
every 100 mg NP tissue of the human disc. 

Embodiments of the invention can be used for the disc regenerative treatment of discogenic 
back and neck pain in an orthopaedic and/or pharmaceutical setting/approach. 

Brief description of the drawings 
Figs. B.1a-c shows according to exemplary embodiments of the invention the 

biochemical content expressed as GAG in Fig. B.1a, DNA in Fig. B.1b, and 
GAG per DNA in Fig. B.1c of NPCs embedded in alginate beads, treated 
with BM, NCC, or NCM culture for 4 weeks.  

Fig. B.2 shows according to exemplary embodiments of the invention Alcian blue 
staining of BM, NCCM and NCM treated NPC embedded alginate beads 
cultured for 4 weeks, at 10x and 40x magnification. 

Figs. B.3a-b shows according to exemplary embodiments of the invention in Fig. B.3a 
DNA and in Fig. B.3b protein content in untreated and benzonase-treated 
porcine NCM powder. 
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Figure B.1: Biochemical content of bovine nucleus pulposus cell (NPC)-seeded alginate beads after 28 days of culture 
(a) Glycosaminoglycan (GAG) and (b) DNA content increased when cultured with notochordal cell-rich nucleus 
pulposus matrix (NCM), compared to base medium (BM) and notochordal cell conditioned medium (NCCM). (c) 
GAG/DNA content was significantly increased with NCM compared to BM. 

Figure B.2: Histological Alcian blue staining shows an increased staining intensity with notochordal cell-conditioned 
medium (NCCM), but especially with notochordal cell-rich nucleus pulposus matrix (NCM) compared to base 
medium (BM). Additionally, at 40x magnification increased cell proliferation is observed with NCCM, and mainly 
with NCM compared to BM. 
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Figure B.3: (a) DNA and (b) protein content of notochordal cell-rich nucleus pulposus matrix (NCM) treated with 
benzonase at different concentrations (100 or 200 U/ml) and for different durations (0.5, 2 or 6 hr). 
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Samenvatting 
 
 
Regeneratie van de tussenwervelschijf met behulp van 
notochordale cellen 
Lage rugpijn is een veel voorkomend probleem, en een hoofdoorzaak van lichamelijke 
beperking. Lage rugpijn is sterk gerelateerd aan degeneratie van de tussenwervelschijf. 
Huidige behandelingen zoals conservatieve therapie, fusie of een tussenwervelschijf-
prothese zijn niet altijd succesvol, en zijn niet gericht op de oorzaak van degeneratie. Een 
regeneratieve therapie is erop gericht de degenererende tussenwervelschijf naar een 
gezonde staat te herstellen, en veelbelovend celtype voor een dergelijke therapie is de 
notochordale cel (NC), een overblijfsel van de embryonale chorda dorsalis. NCs zijn bij 
mensen aanwezig in de jonge tussenwervelschijven, maar verdwijnen rond hun 10e 
levensjaar. Het verdwijnen van de NCs valt samen met het begin van tussenwervelschijf-
degeneratie, wat suggereert dat NCs een rol spelen bij het gezond houden van de 
tussenwervelschijf. Het doel van deze studie is daarom het ontwikkelen van een 
regeneratieve therapie voor tussenwervelschijfdegeneratie met behulp van NCs.  

Medium geconditioneerd met nucleus pulposus (NP) weefsel, rijk aan NCs (NCCM), is 
onderzocht op zijn regeneratieve capaciteit in een in vitro hondenmodel. Sommige 
hondenrassen behouden hun NC populatie terwijl andere rassen ze verliezen, vergelijkbaar 
met mensen. Een hondenmodel stelt ons daarom in staat een homoloog systeem te 
gebruiken, waarbij NCs, nucleus pulposus cellen (NPCs) en BMSCs allemaal van dezelfde 
diersoort verkregen worden. NCCM induceerde deling van NPCs en toegenomen productie 
van proteoglycanen door NPCs en BMSCs. In een zelfde soort experiment resulteerde een 
kweek in NCCM van varkens in een sterkere respons in celdeling en productie van 
proteoglycanen door NPCs van koeien, vergelijkbaar met het effect van transforming 
growth factor β3 (TGFβ-3). Het was onbekend of NCCM NPCs in het NP weefsel kon 
stimuleren, vergelijkbaar met geisoleerde NPCs in alginaat. Daarom was NCCM van 
varkens getest in een weefselkweek, waarbij NP weefsel van koeien gekweekt was in een 
kunstmatige annulus. Ook in de weefselkweek nam de hoeveelheid proteoglycanen toe, in 
een mate vergelijkbaar met Link N, wat voorheen een regeneratief effect in vivo heeft laten 
zien. Dit suggereert dat NCCM ook NPCs in hun natuurlijke omgeving stimuleert.  



Samenvatting 

134 

NCCM zelf is niet praktisch voor het regenereren van de tussenwervelschijf, en identificatie 
van de actieve factoren is noodzakelijk voor het ontwikkelen van een regeneratieve 
behandelmethode. NCCM van zowel honden- als varkens-NP weefsel was met behulp van 
ultracentrifugatie opgedeeld in oplosbaar (eiwitten) en een niet-oplosbaar (exosomen) 
gedeelte. Het oplosbaar gedeelte stimuleerde honden- en koeien-NPCs, wat suggereert dat 
NCCM zijn effect uitoefent via een op eiwitten gebaseerd mechanisme. Een 
massaspectrometrie analyse van varkens-, honden- en humaan NCCM resulteerde in 
identificatie van 100-200 eiwitten voor iedere soort, waarvan 66 eiwitten gevonden werden 
in alle drie de soorten. Hoewel geen groeifactoren werden geïdentificeerd, bevatte NCCM 
veel eiwitten betrokken bij signaaltransductie via de extracellulaire matrix.  

Aangezien identificatie van de actieve factoren in NCCM niet eenvoudig is, is er een 
alternatief gezocht. Onderzocht werd of NC-rijk NP weefsel zelf anabole eigenschappen 
heeft, vergelijkbaar met NCCM. NP weefsel van varkens was gevriesdroogd en verpulverd 
tot een fijn poeder. Dit poeder was getest op een regeneratief en anti-inflammatoir effect op 
op NPCs van koeien in alginaat. Hoewel de hoeveelheid eiwit genormaliseerd was tussen 
NCM en NCCM, resulteerde de toepassing van NCM in meer productie van proteoglycanen 
en celdeling. Hoewel NCM de toegenomen genexpressie van IL-8, geïnduceerd door IL-1β, 
verminderde, had NCM geen eenduidig anti-inflammatoir effect. 

Lage rugpijn kan veroorzaakt worden door ingroei van zenuwen en bloedvaten in de 
degenererende tussenwervelschijf. Voorheen was geconstateerd dat NCCM van varkens een 
remmend effect heeft op vorming van vaatnetwerken door humane endotheelcellen uit de 
navelstreng (HUVECs), en neurietgroei van neuroblastoom (SH-SY5Y) cellen. Verwacht was 
dat NCM een vergelijkbaar effect zou hebben. Echter, in deze studie stimuleerde NCCM 
bloedvatvorming, resulterend in een hogere vaatlengte, en een verder ontwikkelde 
vaatstructuur. NCM had geen stimulerend of remmend effect op de vaatvorming. Op een 
poly-D-lysine behandelde ondergrond hadden NCCM en NCM geen effect op neurietgroei 
van SH-SY5Y cellen. Wanneer deze cellen op standaard plastic oppervlakken gekweekt 
werden stimuleerden NCCM en NCM neurietgroei. Hoewel de precieze effecten van NCCM 
en NCM op vaat- en neuriet-groei nog niet volledig duidelijk zijn, wijst dit onderzoek op 
een stimulerend in plaats van een remmend effect.  

Het gebruik van NCM is praktischer dan NCCM en resulteerde in een sterkere anabole 
reactie in vitro. Daarnaast kan door het gebruik van NCM, de noodzaak voor identificeren 
van de actieve factoren in NCCM omzeild worden. Dit maakt NCM tot een veelbelovende 
kandidaat voor regeneratie van de tussenwervelschijf. 
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Bart, mijn paranimf! Onze eerste dag op de fiets naar de TU werd gekarakteriseerd door een 
loslatende trapper, alsof hij wilde zeggen ‘Draai om, nu het nog kan!’. De eerste jaren van de 
studie waren dan ook niet makkelijk, en gingen met veel vallen, maar met evenveel opstaan. 
Dat opstaan zou me niet gelukt zijn zonder jou om me overeind te trekken, en daarvoor ben 
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en onzin, met op z’n tijd iets zinnigs tussendoor. Samenwerken met jou was een feest! Bart, 
je bent heerlijk relaxed en koffiepauzes met jou werken ontstressend. Hoe druk je het ook 
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vragen bij jullie aan kon kloppen. Sjoerd, bedankt voor het leveren van (soms rijkelijk late) 
bestellingen. Bart, Irene, Marina, Ginny, Bart, Anne, Rick en Rick (a.k.a. de Ricks) en 
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van 4.12, bedankt voor de gezelligheid, lekkere baksels en kameruitjes. Janneke, Wendy en 
Yvon, bedankt voor jullie hulp met papierwerk, betrokkenheid en gezelligheid die altijd op 
de loer lag in jullie kantoor, waardoor ik altijd langer bleef hangen dan gepland (hoewel die 
snoeppot daar ook aan bijdroeg). Ricks, ik vond het leuk om jullie te begeleiden bij jullie 
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maken willen hebben. Meike, ook al ben ik niet officieel je begeleider, het voelt wel een 
beetje zo. Succes met afstuderen! Verder wil ik iedereen van de OPB-groep bedanken voor 
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Mijn band the Seasons: Sylvia, Bart en Bart, ik vind onze wekelijke repetities beregezellig en 
ik kan er een hoop creativiteit in kwijt. Het is de afgelopen jaren dan ook een hele welkome 
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Mijn schoonfamilie, Axel, José, Bel, Loes en Frase, bedankt voor jullie interesse in mijn 
onderzoek, dat jullie altijd klaar staan, en de culinaire zondagavonden. Ik vind het altijd erg 
gezellig bij jullie! 

Erik en Laura, bedankt voor jullie interesse in mijn onderzoek. Lieve pap en mam, bedankt 
voor al jullie steun en hulp door de jaren heen. Jullie hebben altijd op alle mogelijke 
manieren voor me klaargestaan: klussen, advies of gewoon voor de gezelligheid. Jullie deur 
stond altijd open en ik kon altijd aanschuiven. Ik ben jullie erg dankbaar voor alles! 
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Lieve Desi, de afgelopen jaren zijn ook voor jou niet altijd makkelijk geweest. Veel avonden 
heb je het zonder me moeten stellen omdat de celletjes voorrang kregen, en vaak zat ik met 
m’n hoofd bij mijn werk. Toch kon ik altijd bij je terecht, was je altijd geïnteresseerd en 
luisterde je altijd naar mijn geklaag als m’n cellen weer ‘s niet deden wat ik wilde. Ik wil je 
graag bedanken voor al je liefde, begrip en geduld. Ik ben heel erg blij met jou! 

Lieve Lise, jou heb ik nog niet ontmoet, maar ik vind je nu al het meest speciale mensje van 
de wereld. 
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