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Summary
Low back pain is a morbid and prevalent condition with substantial social and 
economic consequences. Current treatments address the symptoms of low back pain, 
with limited success in the long term. Back pain is strongly related to intervertebral 
disc degeneration. The first signs of degeneration are observed in the highly hydrated 
core of the intervertebral disc, the nucleus pulposus (NP). Therefore, NP regeneration, 
leading to functional repair, is the focus of this dissertation. 
At birth, clusters of notochordal cells (NCs), containing large vesicles, co-exist 
with small, chondrocyte-like cells (CLCs) in the NP. During childhood the NCs 
start to disappear, resulting in a population of only CLCs in adults. The onset of 
NP degeneration is correlated with the loss of NCs in humans and other species 
subjective to chronic back pain. Therefore, NCs are believed to play a vital role in the 
homeostasis of NP tissue. The role of NCs in the healthy NP and their regenerative 
potential on CLCs are currently not fully known. It is postulated that they either 
replenish the CLCs or exert a stimulatory role. 
In this dissertation the stimulatory effect of NCs on CLCs was assessed. In contrast 
with previous short-term studies, NCs had no trophic effect on CLCs in long-term 
co-culture. Similarly, NCs remained viable in the native NP environment, i.e. in NP 
explants, but did not result in an increased extracellular matrix content of the tissue. 
In both studies, the typical NC morphology changed during long-term culture, which 
could explain the absence of a trophic effect. Therefore, culture conditions to maintain 
the NC phenotype were investigated. The NC phenotype was only slightly affected 
by medium osmolarity or NC isolation, while medium supplements differentially 
changed the phenotype. The use of serum-free medium is recommended to best 
culture NCs. Altogether, in this dissertation a stimulatory effect of NCs on CLCs 
was absent both on isolated cells and in the native tissue environment. Alternatively, 
recent reports indicated that NC-conditioned media constitute a promising approach 
for NP regeneration. 
The available explant models for NP tissue are suboptimal to test regenerative 
therapies, due to the use of non-degenerate NP tissue and the absence of ports for 
repeated injections. Therefore, the second aim of this dissertation was to develop 
tissue culture models to study NP regeneration. Hypotonic NP tissue was cultured 
under physiological constraint, simulating the loss of tonicity in intervertebral 
disc degeneration, or without physiological constraint, simulating disc herniation. 
Constraint of hypotonic NP tissue resulted in a short-term inflammatory response 
and cell death on the long term, while unconstrained tissues showed sustained 
inflammatory responses and increasing cell numbers. However, the reproducibility 
of the culture conditions was suboptimal and major inflammatory cytokines involved 
in back pain were not identified. To enable culture of NP tissue in a more controlled 
constraint setting and to allow for serial injections, a new bioreactor was designed. 
This bioreactor system allowed long-term and reproducible NP culture. Additionally, 
the NP tissue in the new bioreactor system was responsive to injected stimuli. 
Herewith, the developed bioreactor technology provides a platform to assess ex vivo 
degeneration of NP tissue and injectable regenerative therapies.





Table of contents

Chapter 1 General introduction 9

Chapter 2 Effect of co-culturing canine notochordal, nucleus pulposus and 
mesenchymal stromal cells for intervertebral disc regeneration 23

Chapter 3 Serum-free medium maintains the phenotype of notochordal 
cells 51

Chapter 4 The regenerative potential of notochordal cells in a nucleus 
pulposus explant 69

Chapter 5
Hypotonicity differentially affects the production of 
inflammatory markers by nucleus pulposus tissue in simulated 
disc degeneration versus disc herniation 

83

Chapter 6 A well-controlled nucleus pulposus tissue culture system with 
injection port for evaluating regenerative therapies 99

Chapter 7 General discussion 117

Chapter 8 Appendices 131





Chapter 1

General introduction





11

G
en

er
al

 in
tr

od
uc

tio
n

1
Back-related problems are responsible for more than 50% of the cases of chronic 
pain in Europe1,2. Herewith, back pain causes the greatest burden in rich countries 
with aging populations2. The degeneration of the intervertebral discs, which are the 
cushion-like joints separating the vertebrae, has been correlated to the incidence of 
low back pain3,4. Discs degenerate as a consequence of aging and this degenerative 
process can be accelerated (herewith increasing the risk of pain) by genetic predisposal, 
biochemical overloads and an unhealthy lifestyle5. To date, the exact mechanisms 
of disc degeneration are unknown and current repair therapies have limited success 
in the long term6. Given that the first signs of intervertebral disc degeneration have 
been observed in the central, gelatinous nucleus pulposus (NP)7,8, insights in the 
degenerative process of and regenerative therapies for the NP are of interest. 

Figure 1: The structure of the adult intervertebral disc
A) Mid-sagittal cross-section of the intervertebral disc and vertebrae, B) transverse cross-
section of the disc9. NP = nucleus pulposus, AF = annulus fibrosus. 
[Reprinted from Smith LJ, Nerurkar NL, Choi K-S, Harfe BD, Elliott DM. Degeneration and regeneration of the 

intervertebral disc: lessons from development. Dis Model Mech. 2011;4(1):31-41]

The healthy nucleus pulposus 

Structure and function
The intervertebral discs, the joints of the spine, absorb shocks and provide multi-
directional flexibility7. The central, gel-like NP is peripherally surrounded by the 
highly organized, multi-layered annulus fibrosus (AF). Cranially and caudally, 
the cartilaginous endplates separate the NP from the vertebrae (Figure 1). During 
compression of the spine, the healthy NP exhibits a hydrostatic pressure and 
distributes the forces evenly to the surrounding AF, which limits the expansion of 
the NP5. 
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The aneural and avascular NP is dependent on diffusion through the endplates and 
outer AF for nutrient and waste exchange10. This results in a gradient of nutrients and 
waste products towards the center of the intervertebral disc, with the lowest nutrient 
concentrations in the center of the NP. Because of the low oxygen tension NP cells 
rely mainly on anaerobic metabolism, which leads to lactate production and a low 
pH7. 

Biochemistry
The gel-like properties of the healthy NP can be attributed to a combination of large 
amounts of proteoglycans and a loosely woven collagen matrix (mainly collagen type 
II). The most abundant proteoglycan type is aggrecan, which consists of a protein 
backbone with side chains of mainly chondroitin sulfate11. Aggrecan molecules 
form large aggregates by non-covalent binding to hyaluronic acid and this creates 
an increased hydrodynamic volume11,12. The high density of negatively charged, 
hydrophilic, sulfate groups on the chondroitin sulfate side chains results in an elevated 
osmotic pressure. Due to the osmotic pressure water is attracted, which explains in 
the high water content of the NP tissue13.

Cell population
The NP is only sparsely populated (4 × 106 cells/cm3), but the resident cells have a 
vital role in producing and maintaining the extracellular matrix12,14. Early in human 
life, chondrocyte-like (CLCs), notochordal cells (NCs), and a small population (1%) 
of multipotent progenitor cells co-exist in the NP (Figure 2)15–17. CLCs are small 
(diameter: <10 μm), while NCs, organized in clusters, are very large (diameter: 
15-100 μm) due to the presence of cytoplasmic vesicles (Figure 2)18. NCs are post-
natal remnants of the notochord, which is the first axial support of the body19. The 
notochord is formed by mesodermal cells in week 3 of human embryonic formation. 
The notochord is segmented by the vertebrae and encapsulated in the center of the 

Figure 2: The cells of the nucleus pulposus
A) Clustered notochordal cells (NCs), B) chondrocyte-like cells (CLCs). Transverse cross-
section of a C) porcine disc, rich in NCs and CLCs, and D) bovine disc, rich in CLCs only.  NP 
= nucleus pulposus, AF = annulus fibrosus.
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premature intervertebral discs to form the NP in week 1220,21. The cytoplasmic vesicles 
in the NCs contain a hypotonic solution and are surrounded by multiple-layered 
membranes, which become permeable under osmotic stress22. It has been suggested 
that the vesicles in the NCs play an important role in the regulation of the force 
distribution by the NP23. 
The gene expression profiles CLCs are characterized by aggrecan, collagen type II, 
several cytokeratins and vimentin15,24. NCs express the same genes, but show a higher 
expression of brachyury, the cytokeratins and vimentin15,24. Additionally, NCs have a 
more extensive actin network25 and they produce proteoglycans with less pericellular 
aggregation than those produced by CLCs12. It has been suggested that CLCs are 
differentiated NCs20,21. 

Figure 3: Disc degeneration and corresponding stress profiles 
Mid-sagittal cross-sections and corresponding stress profiles of the male human A) young (35 
years old), B) mature (47 years old), and C) disrupted young (31 years old) intervertebral disc5. 
Left = anterior, right = posterior. 
[Reprinted with permission from Adams MA, Dolan P, McNally DS. The internal mechanical functioning of intervertebral 

discs and articular cartilage, and its relevance to matrix biology. Matrix Biol. 2009;28(7):384-9]

 The degenerating nucleus pulposus 

Structural and functional changes
With aging, structural changes can be observed in the human intervertebral disc. 
More than 90% of the population aged over 50 shows signs of intervertebral disc 
degeneration26. Grading systems for intervertebral disc degeneration (grade I-V) have 
been established for gross morphology27 and magnetic resonance imaging28. Grade I 
discs are characterized by a highly hydrated, bulging NP, a clearly distinct, organized 
AF and a hyaline, uniformly thick cartilage endplate. 
The earliest and most severe changes during intervertebral disc degeneration have 
been observed in the NP7,8. From grade II to V the NP becomes increasingly fibrous, 
resulting in a decreasing disc height (Figure 3). Furthermore, the AF disorganizes 
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and the distinction between the NP and AF is lost27,28. Due to these changes, the 
biomechanics of the intervertebral disc alter28,29. In elevated grades of degeneration the 
NP becomes decreasingly capable of evenly distributing the compressive forces to the 
AF, leading to stress concentrations in the AF5 (Figure 3). These stress concentrations 
result in injuries in the AF and possibly outward bulging tissue5,30. The cartilaginous 
endplates calcify during degeneration, which limits the nutrient supply to the NP due 
to decreasing pore sizes27. Severe injuries in the AF may facilitate vessel and nerve 
ingrowth, herewith increasing the risk of discogenic pain31.

Biochemical changes
The degenerating NP contains progressively smaller amounts of proteoglycans, 
which are also decreasingly functional. Due to the degenerative changes, for example  
a decreasing pH, the resident cells are less able to produce aggrecan32,33, while the 
production of proteolytic enzymes increases34. Therefore, the number of non-covalent 
bonds of aggrecan to hyaluronic acid decreases3,7,35. Additionally, the absolute numbers 
of chondroitin sulfate side chains on aggrecan decrease. This results in a relatively 
higher amount of keratan sulfate, which contains less negatively charged groups per 
disaccharide than chondroitin sulfate36. The decrease in negatively charged groups 
causes a decreased osmotic pressure. During degeneration, the collagen production 
by resident cells shifts from type II to type I and increasing amounts of denatured 
collagen type II have been observed3. Due to the decreased osmotic pressure and 
the elevated amounts of collagen type I, less water is attracted and the NP becomes 
increasingly fibrous.

Changes in the cell population
With maturation of the intervertebral disc, changes in the number and type of cells 
have been observed in the human NP. Around the age of 5 years, NCs start to disappear 
until the NP is populated by CLCs and some multipotent progenitor cells by skeletal 

Table 1: NC loss and the onset of symptomatic disc degeneration in different species25 

Animal The age at

skeletal maturity NC loss onset of symptomatic DD*

Human 20 years 10 years 30-50 years

Cow 3 years 1 year Not reported

Chondrodystrophic dog 1 year 0,5-1 year 4 years

Non-chondrodystrophic dog 1 year 5 years 7 years

Pig 1 year Not reported Not reported

Rat 2 months 1 year 1 year

*DD = disc degeneration
[Reprinted with permission from Hunter CJ, Matyas JR, Duncan NA. Cytomorphology of notochordal and chondrocytic 

cells from the nucleus pulposus: a species comparison. J Anat. 2004;205(5):357-62]
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maturity16,23. With advancing degeneration, the population of multipotent progenitor 
cells also becomes exhausted17. There are certain species which, like humans, lose their 
NCs early in life, while NCs can still be observed in other species after maturation of 
the skeleton (Table 1)25. The onset of symptomatic intervertebral disc degeneration is 
much later in those species, such as pigs and non-chondrodystrophic dogs, with NCs 
present after skeletal maturity25. This indicates a correlation between the loss of NCs 
and the onset of early NP degeneration12,23,25.
The exact mechanism of NC loss is yet unknown. It has been argued that the NCs, 
as a result of a decreasing nutrient supply, either differentiate into CLCs20 or become 
apoptotic and are replaced by CLCs20,37. As NCs and CLCs produce proteoglycans in 
a different manner, the observed shift in matrix production during degeneration can 
be explained by the loss of NCs.

The role of inflammation in degeneration
Inflammatory cytokines interleukin-1β (IL-1β), IL-6, IL-8 and tumor necrosis factor-α 
(TNF-α) are known to play a role in intervertebral disc degeneration7,38,39 (Figure 4). 
These cytokines decrease matrix production rates, increase matrix breakdown, induce 
the production of prostaglandin E2, and elevate the levels of nitric oxide7. Even very 
low concentrations of cytokines can induce progressive inflammation by autocrine 
and paracrine signaling of resident CLCs40. The production of these inflammatory 
cytokines can be stimulated during the degenerative process, e.g. by mechanical 
trauma or osmotic changes41. Additionally, small proteoglycan fragments, released 
by hydrolysis, have been shown to act as ligands on Toll-like receptors35,38,42. Toll-like 
receptors are expressed by CLCs43–45 and can initiate inflammation43–45. 

Figure 4: Schematic representation of the phases of degeneration, inflammation and pain 
Briefly, in phase 1 the inflammatory cascade is initiated by disc cells. In phase 2 leukocytes 
infiltrate in the disc, which amplify the inflammatory response. In phase 3 pain peptides are 
produced39. 
[Reprinted with permission from Risbud MV, Shapiro IM. Role of cytokines in intervertebral disc degeneration: pain and 

disc content. Nat Rev Rheumatol. 2014;10(1):44-56]
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Inflammatory cytokines stimulate the ingrowth of vascular and neural structures 
in the NP46. During degeneration, a dense network of nerve ingrowth in the outer 
AF and a related increase of inflammatory markers associated with pain (IL-1β, IL-
8, TNF-α) have been observed7,38,39. With the development of the vascular networks, 
immune cells can invade the NP tissue and enhance the inflammatory response38,39. 

Degeneration, back pain and current therapies 
Although the intervertebral discs of all human beings start to degenerate at skeletal 
maturity, large differences in the rate of degeneration and incidence of back pain have 
been observed47. Strong markers to predict back pain are still unclear, but genetic 
predisposal, intense manual labor, smoking and diabetes are known to increase 
the pace of disc degeneration and the risk of pain48,49. Nerve ingrowth, blocked by 
chondroitin sulfate in healthy intervertebral discs, allows transmission of pain 
sensations to the spinal cord50. The neutrophils, associated with nerve ingrowth, 
amplify the inflammatory cytokines and increase the production of pain peptides39. 
When degenerative disc disease (painful degeneration) is diagnosed, rest, physical 
therapy, and/or anti-inflammatory drugs are prescribed1,38,51. When these conservative 
treatments fail, surgery may be necessary. In severe cases, the intervertebral disc 
is removed and the vertebral bodies can be fixed in the procedure of spinal fusion. 
Another option is to replace the degenerated disc with an artificial one. Although 
these procedures are successful on the short-term by relieving pain, long-term success 
rates are only 50%6. 
In early degenerated discs, herniations can occur. Due to loss of the AF integrity, the 
(still) hydrated NP is able to bulge49. Several grades of herniations exist, ranging from 
protrusion to sequestration of the NP52 (Figure 5). In all cases, the NP or AF may 
pressurize the spinal cord and cause sensory deficits or even loss of motor functions53. 
In severe cases, surgical microdiscectomy is performed to relieve the pressure on 
the spinal cord53. The highest risk of reherniation exists after microdiscectomy of 

Figure 5: Classification system of herniations 
Transverse cross-section of the intervertebral disc and the spinal cord. A) Disc protrusion, B) 
subannular extrusion, C) transannular extrusion, and D) sequestration52. 
[Reprinted from Weiner BK, Patel R. The accuracy of MRI in the detection of lumbar disc containment. J Orthop Surg 

Res. 2008;3(1):46]
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protruding discs54. When only pain, sciatica in most cases, is experienced, rest, 
physical therapy and/or anti-inflammatory drugs are prescribed and most cases show 
spontaneous healing within one year51. 

Nucleus pulposus regeneration
As the success rates of the currently available therapies for herniations and disc 
degeneration disease are only 50%6, regenerative therapies are of great interest. 
Regenerative therapies should halt or reverse matrix breakdown and increase matrix 
production in an early stage of degeneration, when the tissue is still capable of self-
repair. 

Therapies for nucleus pulposus regeneration
Growth factors are essential for cell survival and matrix integrity, but with aging 
the production of certain growth factors by disc cells decreases7,55. Consequently, 
the administration of anabolic biological therapeutics for NP regeneration could be 
of interest55. For example, osteogenic protein-1 (also known as bone morphogenic 
protein-7) and growth and differentiation factor-5 can stimulate matrix production 
in vivo56–60. However, the half-lives of growth factors in vivo are limited7. Additionally, 
the production of several other growth factors is associated with painful disc 
degeneration61,62. 
Cell transplantation via intradiscal injection is a promising approach for NP 
regeneration. As the disappearance of NCs correlates to early signs of disc 
degeneration25, these cells may play a vital role in the NP. The exact nature of this role 
has yet to be characterized: NCs may be progenitors of CLCs, producers of substantial 
amounts of matrix and/or regulators of matrix production by CLCs23. Especially as 
regulator cells, NCs are of interest for regenerative therapies. Previously, in vitro 
studies have shown that NCs have a stimulatory effect on CLCs in short-term co-
culture63,64. Other candidates for cell-based NP regeneration are mesenchymal stromal 
(stem) cells (MSCs). MSCs are readily available and have been shown to increase 
matrix production of NP tissue by differentiation65,66 into a CLC-like phenotype67 or 
by exerting a trophic effect on the resident cells14,68. Although technical and long-
term challenges have to be resolved, MSCs appear to be suitable candidates for NP 
regeneration69,70. 

Models to study nucleus pulposus regeneration
Several in vitro and in vivo models to study the regeneration of the NP and intervertebral 
disc are available. These range from highly controllable, but less representative, in 
vitro 3D cultures to in vivo large animal models. In vitro studies can be valuable for 
the reduction of the number of animals necessary for in vivo studies. To test therapies 
at a large scale, at low cost and with the possibility to detect minor changes in the 
cell numbers and matrix production, in vitro cell cultures can be done. However, the 
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isolation of CLCs from their native environment changes their phenotype71,72. This 
process can be reversed in long-term 3D-culture, but not in monolayer71. 
NP explant models can be used to test effects in the native NP environment. Due 
to the high osmotic pressure of NP tissue, the swelling pressure has to be limited 
to maintain the tissue in long-term culture. Culture media with high osmolarities 
and physical constraints have previously been used to prevent swelling, both allowing 
long-term NP culture73–75 (Figure 6). Similarly, organ culture models, which consist 
of the native NP, AF and the endplate76,77, can be used to test regenerative therapies. 
Ideally, the culture conditions for ex vivo studies should mimic the physiological 
conditions. The medium composition (nutrients), oxygen tension, cyclic loading 
regimen (amplitude, frequency, and duration) can all be adjusted for this purpose. 

Figure 6: NP explant systems 
NP tissue is A) sandwiched between two C-shaped inner rings, which are clamped with the 
outer ring78, B) placed in 15 kDa dialysis tubing for culture in PEG-medium74, C) placed in 15 
kDa dialysis tubing and constrained with a Dyneema® fiber jacket73.
[Image A) was reprinted with permission from Le Maitre CL, Hoyland JA, Freemont AJ. Studies of human intervertebral 

disc cell function in a constrained in vitro tissue culture system. Spine (Phila Pa 1976). 2004;29(11):1187-1195]

In vivo testing is the most expensive method and ethically least attractive. Therefore, 
only the most promising therapies selected from in vitro experiments should be 
investigated in vivo in animal models, which include interactions of the whole 
organism. Degeneration is mostly induced by needle puncture or enzymatic digestion 
in the currently available in vivo animal models79. Recent alternatives to the models of 
induced degeneration are the canine models which develop spontaneous degeneration 
and have been reported to share similar macroscopic, microscopic, biochemical, and 
radiographic characteristics as humans80,81. Hence, species have to be chosen with 
care, as the disc degeneration should be similar to that in humans, as well as the size,  
cell composition (ratio NC:CLC)79 and cell density. 
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1Scope of this thesis
To date, the development of long-term regenerative therapies for the NP is at an early 
stage. The onset of NP degeneration shows a correlation with the loss of NCs from this 
tissue25, indicating that NCs are important to maintain NP homeostasis. However, the 
role of NCs in the healthy disc and the extent of their regenerative potential on CLCs 
is currently not fully known. Additionally, culture models to study NP regeneration 
are suboptimal. NP explants can be cultured successfully in the long term73,74,78, but 
are not well equipped for in vitro testing of regenerative therapies. 

Therefore, in this work we aimed to:
1. assess the stimulatory effect of NCs on CLCs 
2. develop tissue culture models to study NP regeneration 

The stimulatory effect of NCs on CLCs
In chapter 2, the regenerative potential of canine NC clusters on canine CLCs was 
evaluated in co-cultures in alginate beads for 28 days. To further optimize NC culture 
conditions, follow-up studies investigated the role of serum in culture medium. 
Clustered or dispersed NCs, in alginate beads, were cultured at two osmolarities with 
different media supplements in chapter 3. Finally, in chapter 4 the stimulatory effect 
of NCs on CLCs was assessed in a more physiological environment. Porcine NCs were 
transplanted in bovine NP explants and followed up during long-term culture. 

The development of tissue culture models to study NP regeneration
Regenerative therapies, like NC-based therapies, have been tested on relatively 
healthy NP tissue in vitro. In order to evaluate regenerative therapies in a more 
pathological setting, appropriate in vitro systems are needed that simulate tissue 
degeneration. Therefore, in chapter 5, bovine NP tissue was subjected to controlled 
swelling to initiate degeneration in a physiologically relevant manner. To enhance the 
reproducibility of the available NP culture systems and to allow for serial injections, 
a new bioreactor was designed in chapter 6. 
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Abstract
Introduction 
Early degenerative changes in the nucleus pulposus (NP) are observed after the 
disappearance of notochordal cells (NCs). Thus, it has been suggested that NCs play an 
important role in maintaining the NP and may have a regenerative potential on other 
cells of the NP. As the number of resident, chondrocyte-like (CLC) NP cells decreases 
in a degenerating disc, mesenchymal stromal (stem) cells (MSCs) may be used for cell 
supplementation. In this study, using cells of one species, the regenerative potential 
of canine NCs was assessed in long-term 3D co-culture with canine CLCs or MSCs. 

Methods
Canine NCs and canine CLCs or MSCs were co-cultured in alginate beads for 28 days 
under hypoxic and high osmolarity conditions. The cell viability, cell morphology and 
DNA content, the extracellular matrix production, and the expression of genes related 
to NC markers (Brachyury, KRT18) and NP matrix production (ACAN, COL2A1, 
COL1A1) were assessed after 1, 15, and 28 days of culture. 

Results 
NCs did not completely maintain their phenotype (morphology, matrix production, 
gene expression) during 28 days of culture. In co-cultures of CLCs and NCs, both 
extracellular matrix content and anabolic gene expression remained unchanged 
compared to mono-culture groups, while co-cultures of MSCs and NCs showed 
increased glycosaminoglycan (GAG)/DNA. However, the deposition of these 
proteoglycans was observed near the NCs and not the MSCs. Brachyury expression in 
the MSC and NC co-culture group increased in time. The latter two findings indicate 
a trophic effect of MSCs on NCs rather than vice versa. 

Conclusions 
No regenerative potential of canine NCs on canine CLCs or MSCs was observed in 
this study. However, significant changes in NC phenotype in long-term culture may 
have resulted in a suboptimal regenerative potential of these NCs. In this respect, 
NC-conditioned medium (NCCM) may be better than co-culture for future studies 
to the regenerative potential of NCs. 
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Introduction
Low back pain is the most common cause of disability worldwide and can in many 
cases be attributed to intervertebral disc (IVD) degeneration1. Current therapies for 
low back pain are symptom-oriented and successful in relieving pain. However, they 
do not preserve the function of the IVD and, on the long term, results are suboptimal. 
Since the first signs of disc degeneration are observed in the core of the disc, the 
nucleus pulposus (NP), regeneration of the NP is of great interest for designing new 
therapies to maintain the function of the IVD2. 
Degeneration of the IVD involves the transition from a gelatinous to a fibrotic NP3. 
This change is associated with a decreased ability of the NP to convert compressive 
forces into evenly distributed tensile stresses in the surrounding annulus fibrosus (AF), 
with consequent degeneration of the AF4. Both the resident cells and extracellular 
matrix of the NP undergo major changes in this degenerative process. At birth a 
human NP is populated by clusters of large notochordal cells (NCs) with vesicles and 
by small, chondrocyte-like cells (CLCs), whereas a degenerating NP is populated by 
increasingly apoptotic CLCs and possibly fibrochondrocyte-like cells5. Furthermore, 
the healthy gelatinous NP is rich in proteoglycans that keep the tissue hydrated, 
whereas, in the degenerated NP, matrix contains less proteoglycans, different collagen 
types and more matrix degrading enzymes5. 
Interestingly, degenerative changes are observed after loss of NCs. Similar to humans, 
chondrodystrophic dog breeds show loss of NCs early in life. These dogs develop 
generalized IVD degeneration as young adults and are pre-disposed for subsequent 
IVD diseases, like herniation, later in life6–8. Conversely, non-chondrodystrophic 
dog breeds maintain gelatinous NPs, rich in NCs, far into adulthood and generally 
only develop IVD diseases at an advanced age and at isolated locations in the spine9. 
Therefore, it has been suggested that NCs play an important role in maintaining the 
NP by synthesizing new matrix10 and by regulating matrix synthesis of other cells11.  
Based on the fact that CLC + NC co-cultures and cultures of CLCs in NC-conditioned 
medium have resulted in a significant increase in proteoglycan production by CLCs11–

13, NCs are interesting targets for research strategies to regenerate the NP. 
As the number of CLCs decreases in a degenerating disc, it may also be needed 
to complement the resident cell population to maintain the NP matrix healthy. 
Repopulation of the degenerating disc with healthy CLCs would be a logical strategy. 
However, harvesting CLCs is likely to induce degeneration of donor discs. Alternatively, 
autologous mesenchymal stromal (stem) cells (MSCs) are readily available, show high 
proliferation rates, and can differentiate into CLC-like cells14,15. MSC cultures in NC-
conditioned medium have resulted in increased proteoglycan synthesis16 and, when 
injected into NPs, MSCs showed increased matrix production and proliferation17,18.
Although it is known that NCs, MSCs and CLCs co-cultured in different combinations 
have a certain regenerative potential11,13, previous studies do not allow a valid 
comparison between the regenerative potential of NCs co-cultured with CLCs vs. 
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NCs co-cultured with MSCs due to varying culture conditions. Therefore we present 
the first long-term study to co-culture canine NCs with CLCs or MSCs, within the 
same species. Articular chondrocytes, with a similar phenotype but different ECM 
production than CLCs19, will simultaneously be co-cultured with CLCs or MSCs to 
assess NC-specific effects in co-culture. We hypothesized that canine NCs stimulate 
the production of extracellular matrix by canine CLCs and MSCs when cultured in 
3D and under near physiological NP conditions (approximately native cell density, 
hypoxia and adjusted osmolarity). 
To evaluate the regenerative effect of NCs on CLCs and MSCs in co-culture, the 
following comparisons were made:
• the effect of NCs on MSCs, ACs as control group; 
• the effect of NCs on CLCs, ACs as control group; and 
• the effect of NCs on CLCs, MSCs as control group. 

Methods

Cell isolation and expansion
All cells used in this study were obtained from healthy dogs euthanized for 
unrelated experiments, which were approved by the ethics committee on animal 
experimentation of Utrecht University (DEC: 2012.III.05.046). Experiments were 
conducted with freshly isolated notochordal cells (NCs) and cryopreserved bone 
marrow-derived mesenchymal stromal (stem) cells (MSCs), chondrocyte-like cells 
(CLCs), and articular chondrocytes (ACs).
Complete spines (cervical, thoracic, and lumbosacral region) were collected from four 
mongrel dogs (non-chondrodystrophic, NCD1-4; female, age 1.3 ± 0.5 years, weight 
26.0 ± 14.6 kg, mean ± SD). The technique of harvesting NPs 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 and not AF or endplate tissue. NP tissue was pooled per donor 
in DMEM/F12 Glutamax (Invitrogen, Carlsbad, USA) + 2% penicillin/streptomycin 
(P/S; PAA Laboratories, Cölbe, Germany). The pooled NPs were digested according 
to the method used by Smolders et al.20: 0.1% pronase (Roche Diagnostics, Almere, 
The Netherlands) for 45 min, and 0.05% collagenase II (Worthington, Lakewood, NJ, 
USA) overnight, both at 37 °C. Subsequently, the cell suspension was filtered with 
a 40-μm cell strainer (BD Biosciences, Erembodegem, Belgium) and cells >40 μm 
(mostly clusters) were flushed away from the strainer surface with culture medium 
and collected. After centrifugation (500 G, 5 min, RT), cell cluster pellets were 
resuspended in 100% FBS Gold (fetal bovine serum; PAA Laboratories). Per dog, 26.0 
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± 12.3 × 106 (mean ± SD) living cells were counted in a propidium iodide (PI) assay 
(Nucleocounter NC-100; Chemometec, Nieuwegein, The Netherlands). Fluorescent PI 
can bind double stranded DNA, but is unable to permeate the membrane of living cells. 
In this assay the number of viable cells was determined by calculating the difference 
between the number of dead cells in suspension before (= dead cell concentration) and 
after lysis of the cell membranes (= total cell concentration, including clustered cells)
MSCs, CLCs, and ACs were harvested from eight Beagle dogs (chondrodystrophic, 
CD1-8; male, age 2.0 ± 0.3 years, weight 12.0 ± 1.3 kg, mean ± SD). For each donor, 
bone marrow was collected and MSCs were isolated as described before21. When 80% 
confluence was reached (within 7 days), MSCs were cryopreserved at P0. 
Cervical and thoracic spines were collected and NPs were harvested and pooled per 
donor as described above for NC isolation. ACs were obtained from both stifle joints. 
After opening the joint, cartilage was harvested from the distal femoral condyles, 
the patella, and the proximal tibial plateau. NPs and knee cartilage were digested in 
0.15% pronase for 45 minutes and 0.15% collagenase II overnight, both at 37 °C. The 
cell suspension was filtered with a 70-μm cell strainer (BD Biosciences) and the CLCs 
and ACs were collected from the filtrate by centrifugation. The yield per dog was 7.0 
± 3.0 × 106 living CLCs and 14.2 ± 3.6 × 106 living ACs (mean ± SD). The cells were 
cryopreserved directly after isolation (P0). MSCs, CLCs, and ACs were thawed and 
expanded six days before the isolation of NCs. MSCs were cultured up to passage 
2, whereas CLCs and ACs were cultured up to passage 1. All three cell types were 
cultured in high glucose (4.5 g/L) DMEM (Invitrogen) + 10% FBS (Greiner Bio-One, 
Alphen a/d Rijn, The Netherlands) + 1% P/S (Lonza, Basel, Switzerland). 

Table 1: Experimental groups; cell combinations, cell concentrations and repeats

Group Cell type(s)
Cell concentration 
(× 106/ ml alginate)

Number of experimental repeats

1 NC 3 3 (4 for day 1)

2 MSC 3 4

3 CLC 3 4

4 AC 3 4

5 MSC+NC 3+3 3 (4 for day 1)

6 CLC+NC 3+3 3 (4 for day 1)

7 CLC + MSC 3+3 2

8 MSC+AC 3+3 4

9 CLC+AC 3+3 3

NC=notochordal cell; MSC=mesenchymal stromal cell (MSC); CLC=chondrocyte-like NP cell; 
AC=articular chondrocyte
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Experimental design
To compare the stimulatory potential of NCs, they were co-cultured with MSCs or 
CLCs separately. In order to identify whether the observed effects were NC-specific, 
ACs were used in place of NCs in the same combinations. Mono-culture controls for 
each individual cell type were also conducted. Finally, the effect of MSCs on CLCs in 
co-culture was also examined (Table 1). For each experimental repetition, multiple 
MSC, CLC, and AC donors were pooled and different combinations of MSCs, CLCs 
and ACs were used for each NC donor (Table 2). The number of repetitions for each 
cell group is shown in Table 1. Alginate beads of these cell combinations were made 
as previously described for “semi-solid” beads by Guo et al.22 using a 26G needle and 
1.2% w/v alginate (Sigma). The cell concentration for mono-cultures was 3 × 106 /ml 
alginate and 6 × 106 /ml alginate for co-cultures (Table 1). The cell concentration was 
doubled in co-cultures to assess the effect of the regulatory cells. The alginate beads 
were cultured in agarose-coated (to avoid cell adherence) well plates at 37ºC, 5% CO2, 
5% O2  (hypoxia) for 28 days. The medium consisted of high glucose DMEM+ 5% FBS 
+ 1% sodium pyruvate (Lonza) + 1% P/S + 1% 0.4 M KCl (Merck, Darmstadt, Germany) 
+ 1% 5 M NaCl (Merck) and was changed twice a week. The latter two medium 
components were used to adjust the osmolarity of the medium to 400 mOsm, similar 
to the osmolarity in healthy bovine NP tissue23,24. 

Assessments
Samples were analyzed on day 1, 15, and 28 for cell viability and morphology, 
proteoglycan production, and gene expression. 
Cell viability: To assess cell viability, alginate beads were incubated for 1 h in 10 µM 
Calcein-AM and 10 µM propidium iodide (both Molecular Probes; Invitrogen) in 
phosphate buffered saline. Cells were imaged on a confocal microscope (CLSM 510 
META NLO; Zeiss, Sliedrecht, The Netherlands). The beads were assessed at a depth 
range of 50 μm to 200 μm from the bead surface. 
Biochemistry: Three alginate beads per time point, were digested overnight at 60 °C in 
450 μl papain digestion buffer (100 mM phosphate buffer; 5 mM Na2EDTA.2H2O; 5 
mM L-cystein hydrochloride, anhydrous; and 125-140 μg/ml papain, all from Sigma; 
at pH 6.0) for biochemical analysis. The DNA content was measured with a Hoechst 

Table 2: Cell pooling for each experimental repetition
Repetition NC donor MSC donors CLC donors AC donors

1 NCD1 CD2,4,8 CD2,5 CD2,4

2 NCD2 CD2,8 CD6,7,8 CD2,4

3 NCD3 CD1,2 CD3,4 CD4,5

4 NCD4 CD3,8 CD6,7,8 CD2,4

CD = chondrodystrophic; NCD = non-CD; 1,2,3,.. = donor number
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dye assay25 using calf thymus DNA (Sigma) as reference. From the same solution, 
the sulphated glycosaminoglycan (GAG) content was measured with a modified 
dimethylmethylene blue (DMMB) assay26 (pH 1.5) using shark cartilage chondroitin 
sulphate (Sigma) as reference. GAG values were normalized to the DNA content 
(GAG/DNA). The DNA was expressed per alginate bead. The hydroxyproline (HYP) 
content, as a measure for collagen, was determined in a chloramin-T assay27 using 
trans-4-hydroxyproline (Sigma) as reference. The HYP content was below detection 
limits in all samples. 
Gene expression: Cells were isolated from five alginate beads per group by a 5-minute 
incubation in sodium citrate digestion buffer (55 mM sodium citrate, Sigma; 0.15 
M NaCl, Merck; 25 mM HEPES, Sigma) for gene expression analysis. Subsequently, 
cells were lysed in 300 μl RLT buffer (Qiagen Mini Kit) + 1% β-mercaptoethanol 
(Sigma) and stored at - 80 °C until RNA isolation. Total RNA was isolated using 
the RNeasy Micro Kit (Qiagen, Leusden, The Netherlands) according to the 
manufacturer’s instructions. The quantity and purity of RNA were determined with 
a spectrophotometer (Nanodrop ND-1000; Isogen, de Meern, The Netherlands). 
Subsequently, the iScript cDNA Synthesis Kit (Biorad, Veenendaal, The Netherlands) 
was used to reverse transcribe the total RNA. Gene expression was analyzed in a real 
time polymerase chain reaction (qPCR, CFX384, Biorad) using the IQ SYBR Green 
Supermix (Biorad). Relative quantification was calculated using the ΔΔCt algorithm 
with kinetic PCR efficiency correction28, normalizing results to the reference gene and 
day 1 of the same gene. Relative gene expression was measured for the reference genes 
ribosomal protein S19 (RPS19), TATA box binding protein (TBP) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, and the target genes: (1) NC markers: brachyury 
and cytokeratin 18 (KRT18)20 and (2) matrix production-associated genes: aggrecan 
(ACAN), collagen type I α1 (COL1A1), collagen type II α1 (COL2A1); primer sequences 
(Additional file 1). 
Histology: To assess cell morphology and matrix deposition, alginate beads were fixed 
in 3.7% formalin (Merck) + 100 mM CaCl2 (Calbiochem, Darmstadt, Germany). After 
ethanol dehydration, the beads were embedded in paraffin. Subsequently, 5 μm-thick 
paraffin sections were cut (RM2255; Leica, Rijswijk, The Netherlands) and stained 
with hematoxylin and eosin (cell morphology) or safranin-O/fast green/hematoxylin 
to assess matrix deposition. The sections were examined with light microscopy 
(BX60; Olympus, Zoeterwoude, The Netherlands) and a colour CCD camera (Leica). 

Data analysis and statistics
Statistical analyses were performed using R statistical software29. Linear mixed 
models30, containing both fixed (culture duration and cell group) and random effects 
(individual dog), were used to analyze the described parameters separately for the 
qPCR and GAG/DNA analyses. A random intercept for each dog was added to 
each model to take the correlation of the observations within a dog into account. 
The Akaike Information Criterion (AIC) was used for model selection. If necessary, 
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models were optimized by correcting for unequal variances and/or for autoregressive 
correlation. Conditions for the use of mixed models, including normal distribution of 
the data, were assessed by analyzing the residuals (PP- and QQ-plots) of the acquired 
models. No violations of these conditions were observed. 
In order to compare increases in DNA content between culture groups and time 
points, differences in DNA content between different time points in culture were 
calculated for all groups and expressed as percentual changes. These values were used 
as read-out parameter in the above-described models. 
Since cell culture groups were composed of different cell types and cell combinations, 
GAG production was normalized by cell number (calculated as GAG/DNA ratio). 
Using this parameter, the GAG production between different time points was 
compared within all culture groups. Also GAG/DNA values were normalized to 
values obtained at day 1 in order to compare different cell culture groups in their in- 
or decrease in time. These values were used as read-out parameter in the statistical 
models as described above. 
For the gene expression analysis, it was first evaluated whether the expression of genes 
of interest differed significantly between different groups on day 1 in culture. For this 
purpose, the ΔCt for individual target genes at day 1 in culture was used. To evaluate 
the effect of combing two cell types on the gene expression of relevant genes, the 
change for each culture group relative to its own expression on day 1 (as different 
culture groups showed significant differences in baseline gene expression on day 1) 
was statistically assessed using the parameter ΔΔCt. ΔΔCt was calculated for both 
days 15 and day 28 in culture, and was defined as (ΔCt(day15) – ΔCt(day1)) and (ΔCt 
(day 28)- ΔCt (day 1)) for days 15 and 28 in culture, respectively. 
With the aim of answering the described research questions, P-values were calculated 
for the above-described parameter values for the following comparisons:
• To assess the effect of NCs on MSCs, with ACs as control group: groups compared 

were NC, MSC, AC, MSC + NC, and MSC + AC.
• To assess the effect of NCs on CLCs, with ACs as control group: groups compared 

were NC, CLC, AC, CLC + NC, and CLC + AC. 
• To assess the effect of NCs on CLCs, MSCs as control group: groups compared 

were NC, MSC, CLC, MSC + NC, CLC + NC, and MSC + CLC.
For all the described models, the Benjamini-Hochberg correction31 was used to 
correct for multiple comparisons. P < 0.05 was considered statistically significant.
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Results
NCs in mono-culture
On day 1, NCs with large vesicles were primarily organized in clusters (Figure 1A). The 
size of the vesicles and the size of NC-clusters decreased in time, especially during the 
first two weeks. At day 28, three NC morphological phenotypes could be observed; I) 
in clusters, with smaller vesicles than on day 1, II) clusters of fibroblast-like cells, and 
III) occasionally small clusters of round cells (Figure 1B, C and D, respectively). 
On day 28, more GAG was found surrounding the NCs with vesicles than the 
fibroblast-like NCs (Figure 2-NC). NC viability was high on day 1 (Additional file 2). 
GAG/DNA increased significantly with time (Figure 1F, Additional file 3), consistent 
with Safranin-O/fast green staining. The gene expression of ACAN decreased 
significantly on day 15, but thereafter returned to values found at day 1 of culture. The 

Figure 1: Notochordal cells in culture
Histopathological slides (H&E) of notochordal cells (NC) A) on day 1, and on day 28 with different 
morphologies; B) NC-like clusters with large vesicles, C) fibroblast-like clusters, and D) small, 
round cells in clusters (scale bar = 50 μm for H&E). The E) DNA content, F) glycosaminoglycan 
content normalized to DNA (GAG/DNA) and gene expression of G) brachyury (T), H) aggrecan 
(ACAN), I) collagen type II α1 (COL2A1) and J) collagen type I α1 (COL1A1). White bars = day 
1, grey bars = day 15, black bars = day 28. * = significantly (p<0.05) different from day 1.

Day 28Day 1NC
A B C

Biochemistry Gene expression

D

ACAN COL2A1 COL1A1TGAG/DNADNA
E F G H I J

*
*

* *
*

*
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Figure 2: Extracellular matrix deposition
Histopathological slides of typical cell morphologies on day 28 of notochordal cells (NC), 
mesenchymal stromal cells (MSC), chondrocyte-like cells (CLC), articular chondrocytes (AC), 
MSC+NC, CLC+NC, CLC+MSC, MSC+AC, and CLC+AC. Prior to staining, alginate was 
removed with sodium citrate. Cell nuclei are stained blue (hematoxylin), proteoglycans are red 
(safranin-O) and collagen is green (fast green) (scale bar = 50 μm). 

NC MSC CLC AC

NC+MSC NC+CLC MSC+CLC MSC+AC CLC+AC
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expression of both COL2A1 and COL1A1 increased significantly over time (Figure 
1H,I,J respectively, Additional file 4). Furthermore, the expression of NC markers 
brachyury and KRT18 remained stable over 28 days (Figure 1G, Additional file 4 & 5).

The regulatory effect of NCs on MSCs in co-culture
On day 28, morphologies of co-cultured NCs, MSCs, and ACs were the same as each 
individual cell type in mono-culture (Additional file 6). The cell viability was high 
on day 1 (Additional file 2) and the DNA content within all culture groups remained 
statistically unchanged over time (Figure 3, Additional file 3).
In each group, the amount of GAG/DNA increased significantly with time, with 
the MSC + AC group showing a significantly higher increase than the MSC group 
(Additional file 3). This was in line with the Safranin-O staining showing that MSCs 
+ ACs produced more proteoglycans than MSCs alone (Figure 2). Although not 
statistically significant, the average GAG/DNA in the MSC + NC group on day 28 
was notably higher compared to the MSCs and NCs mono-culture groups. This effect 
was also seen in the Safranin-O staining, which showed that the NCs produced more 
proteoglycans in the presence of MSCs (Figure 2).
Brachyury gene expression was significantly higher in the NC and MSC + NC groups 
than in the other groups. KRT18 expression remained stable in all culture groups 
(Additional file 5). The ACAN and COL2A1 expression of NCs increased least of 
all groups over time, and the expression of ACAN and COL2A1 in the MSC + AC 
group increased significantly more in time than the MSC + NC group (Figure 3D, E). 
Although in the NC group COL1A1 expression increased in time, co-culture of MSC 
+ NC showed a significantly larger decrease than the MSC + AC group (Figure 3F). 
Additional file 7 and 8 show in detail the statistical differences on gene expression 
level between groups on day 0 and during culture.

The regulatory effect of NCs on CLCs in co-culture
The morphology of the CLCs on day 1 and 28 was similar to that of the ACs (Additional 
file 6). On day 28, morphologies of the co-cultured cells were the same as in mono-
cultures. The DNA content of all culture groups remained unchanged over time 
(Figure 4A) and the amount of GAG/DNA increased significantly and similarly in all 
groups (Figure 4B, Additional file 3). Safranin-O/fast green staining indicated that 
the cells in co-cultures of CLC + NC and CLC + AC deposited similar amounts of 
proteoglycans as the mono-cultures of the respective cell types (Figure 2). 
Brachyury gene expression was significantly higher in the NC and CLC + NC groups 
at day 1 compared with the other groups, but expression increased significantly 
more in NCs alone than in co-culture with CLCs (Figure 4C). KRT18 expression 
remained stable in all culture groups (Additional file 5). On day 1 in culture, NCs 
showed a significantly higher ACAN gene expression than CLCs. CLC + AC showed a 
significantly higher increase in ACAN expression in comparison to CLC+NC. When 
comparing CLC, NC, CLC + NC, and CLC + AC groups, no significant differences 
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Figure 3: Notochordal cells (NCs) and mesenchymal stromal cells (MSCs) in co-culture 
(control: articular chondrocytes (ACs))
Depiction of the A) DNA content and B) glycosaminoglycan (GAG) content normalized 
to DNA (GAG/DNA) and the relative gene expression of C) NC-marker brachyury (T), D) 
aggrecan (ACAN), E) collagen type II α1 (COL2A1), and F) collagen type I α1 (COL1A1). White 
bar = day 1, grey bar = day 15, black bar = day 28. $ = significant (p<0.05) difference in the 
increase in GAG/DNA production/gene expression in time between groups. # = significant 
(p<0.001) difference in the increase in gene expression in time between groups. Only relevant 
comparisons are displayed.
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Figure 4: Notochordal cells (NCs) and chondrocyte-like cells (CLCs) in co-culture (control: 
articular chondrocytes (ACs))
Depiction of the A) DNA content and B) glycosaminoglycan (GAG) content normalized to DNA 
(GAG/DNA) and the relative gene expression of C) NC-marker brachyury (T), D) aggrecan 
(ACAN), E) collagen type II α1 (COL2A1), and F) collagen type I α1 (COL1A1). White bar = day 
1, grey bar = day 15, black bar = day 28. $ = significant (p<0.05) difference in the increase in gene 
expression in time between groups. # = significant (p<0.001) difference in the increase in gene 
expression in time between groups. Only relevant comparisons are displayed.
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Figure 5: Comparison of the effect of notochordal cells (NCs) on chondrocyte-like cells 
(CLCs) and mesenchymal stromal cells (MSCs)
Depiction of the A) DNA content and B) glycosaminoglycan (GAG) content normalized to DNA 
(GAG/DNA) and the relative gene expression of C) NC-marker brachyury (T), D) aggrecan 
(ACAN), E) collagen type II α1 (COL2A1), and F) collagen type I α1 (COL1A1). White bar = day 
1, grey bar = day 15, black bar = day 28. $ = significant (p<0.05) difference in the increase in gene 
expression in time between groups. # = significant (p<0.001) difference in the increase in gene 
expression in time between groups. Only relevant comparisons are displayed.
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in changes in COL2A1 and COL1A1 expression were observed (Figure 4E and F). 
Additional file 7 and 8 show in detail the statistical differences on gene expression 
level between groups on day 0 and during culture.

The regulatory effect of NCs on CLCs vs. NCs on MSCs
When CLCs were combined with MSCs, the DNA content did not change significantly 
(Figure 5A). Unlike the high GAG/DNA of the MSC + NC group compared to mono-
cultures, there was no synergistic effect on GAG production in the CLC + NC and 
CLC + MSC groups (Figure 5B, Additional file 3). These findings were confirmed by 
Safranin-O/fast green staining. 
Brachyury expression increased significantly more in the MSC + NC and MSC + CLC 
groups compared with the CLC + NC group (Figure 5C). ACAN expression increased 
less in the CLC + NC group than in the MSC + NC group, but both increased less 
than in the CLC + MSC group (Figure 5D). COL2A1 expression was not significantly 
different between MSC + NC and CLC + NC in time. Finally, COL1A1 decreased more 
in the MSC + NC and MSC + CLC group than for CLC + NC (Figure 5F). Additional 
file 7 and 8 show in detail the statistical differences on gene expression level between 
groups on day 0 and during culture.

Discussion

The regenerative potential of NCs
Cell-based regenerative strategies for the NP have used both CLCs and MSCs32, 
but with limited success. NCs, involved in disc development, have been suggested 
to stimulate the regenerative capacity of the resident cells of the degenerated disc 
(CLCs) as well as the additionally introduced exogenous MSCs33. Previous short-term 
(3 days) CLC + NC co-culture and culture of bovine CLCs in medium conditioned by 
canine NCs resulted in significantly increased proteoglycan metabolism11. The same 
was observed for human MSCs cultured in porcine NC-conditioned medium16,34. 
With an increased duration of CLC + NC co-culture (14 days; bovine + porcine), still 
a slight, but significant increase in GAG/DNA compared to mono-culture groups was 
observed13. However, in a long-term study (28 days) no effect of porcine NCs on the 
GAG production of a bovine CLC/MSC mix (ratio 1:1) was observed35. In the latter 
study it was hypothesized that the change in phenotype of the NCs, as observed 
during the culture period, negatively affected the regenerative potential of these cells. 
In this study, an in vitro co-culture model was used to evaluate whether NCs could 
enhance the regenerative potential of CLCs and MSCs. ACs were employed as a 
control for NC-specific effects. Despite the small number of repeats, addition of NCs 
to MSCs in co-culture did result in substantially more GAG/DNA compared to MSCs 
alone, but this was probably a result of increased GAG production by the NCs rather 
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than the NCs stimulating the MSCs. Similarly, when ACs were added to MSCs, more 
GAG/DNA was produced, but again, this was through production by the ACs. When 
NCs, MSCs or ACs were added to CLCs, there was no stimulatory effect of co-culture 
and the results were similar to those with CLCs alone. Thus, in this long-term, canine 
three-dimensional co-culture system, there was no stimulation of CLCs or MSCs co-
cultured with other cells. 

Loss of NC phenotype in long-term culture
Despite the fact that in the present study mono-cultures of NCs maintained their 
brachyury and KRT18 expression at basal levels, the phenotype of the NCs changed 
during culture. Initially, all NCs contained large vesicles and were organized in 
clusters, while at the end of the culture period three different populations of clustered 
NCs were observed: NCs with smaller vesicles, fibroblast-like cells, and small clusters 
of round cells. The total amount of cells in the NC cultures increased slightly in time, 
but the percentage of NCs with large vesicles, which resemble the original population, 
decreased. Unlike the observation by Potier et al. that porcine NCs produced negligible 
amounts of proteoglycans during culture for 28 days35, the canine cells in the NC 
group in this study produced significant amounts of proteoglycans accompanied by 
significantly increased expression of COL2A1 and COL1A1 in time. This difference 
may be due to the chosen culture conditions or to the difference in species used. The 
assessment of additional markers for the NC phenotype, like KRT 8 and 1919,36, could 
have improved the insight in the phenotypical change in the current study. 
NCs in clusters were (co-)cultured in 3D, in vitro, under physiological hypoxia and 
osmolarity, with the aim of maintaining their phenotype24,37–40. In previous reports, 
NCs were cultured in DMEM/F12 supplemented with 8-15% FBS11,39. In the current 
study, the basal culture medium (high glucose DMEM) used was chosen to support 
the chondrogenic potential of CLCs and MSCs41. Excess of glucose in this culture 
medium may have been detrimental to the phenotype of the NCs, as recent reports 
indicated that glucose deprivation as well as high concentrations of glucose result 
in decreased proliferation and increased apoptosis of NCs37,42,43. NCs cultured in 
either advanced DMEM/F-12 or α-MEM culture media have been shown to maintain 
their notochordal phenotype better than NCs cultured in simple DMEM/F-12 or 
DMEM24,44,45. It has been suggested that the presence of ascorbic acid in DMEM/F12 
and α-MEM is the key factor for maintaining the NC-phenotype44. 
Therefore, with the aim of preserving NC phenotype in long-term culture, it is 
recommended to culture NCs in clusters40 in serum-free (unpublished results) 
α-MEM at an osmolarity of 400 mOsm/L24 under hypoxic conditions39. In addition, 
a physiological pH and compression could contribute to maintenance of the NC 
phenotype.
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Trophic effects of MSCs on NCs
While NCs were not able to induce a response of CLCs or MSCs in co-culture, the 
MSCs appeared to regulate an increase in GAG production and ACAN expression 
of the NCs. Only few single chondrocyte-like cells could be identified in these co-
cultures on day 28, so it seems that only a small percentage of the MSCs (or NCs) 
differentiated to a chondrogenic phenotype. To the authors’ knowledge, only one 
report on the effect of MSCs on NC behavior exists46. When MSCs were injected 
in murine NPs, with induced degeneration, the number of resident NCs and the 
differentiation of the resident NCs to CLC-like cells increased significantly compared 
to untreated degenerated NPs. Furthermore, half of the injected MSCs differentiated 
to CLC-like cells after four weeks of culture. Altogether this resulted in increased 
proteoglycan deposition by the entire cell population46, based on the differentiation of 
MSCs towards CLC-like cells and their trophic effect on the resident cell population. 
In previous MSC + AC co-cultures, of which more reports are available, similar 
observations were made: MSCs have mainly trophic effects on ACs in co-culture and, 
surprisingly, the majority of the MSCs disappears during culture. Only a minority 
of the MSCs differentiates to a chondrogenic phenotype, thereby contributing to the 
matrix production47–49. In this respect, the recently described niche of NP progenitor 
cells50 may interact with the resident NCs and thereby play an important, but currently 
unidentified, role in the degenerative cascade of the IVD. 

Study limitations
The present study had some limitations. With regard to determining the fate of each 
cell type during 28 days in culture, the application of cell labeling (i.e. with GFP or 
long-term cytoplasmic staining) could have been valuable. Cell labeling would have 
shed a light on the final cell ratio, possible changes in cell morphology and cells 
secreting proteoglycans. Second, cell densities in mono-culture (3 × 106 cells/ml) and 
co-culture (6 × 106 cells/ml) were chosen in the range of the in vivo cell concentration 
in the human NP (4 - 5 × 106 cells/ml)51. However, the cell densities in the co-culture 
groups was double that of the mono-culture groups, with the aim of observing the 
additive effect of the supposedly regenerative NCs and control cell type ACs on MSCs 
and CLCs. This discrepancy in cell density may have affected the paracrine signaling 
and metabolism of the cells52. 

Future studies
We propose that NC-conditioned medium, produced in culture conditions which 
support the NC phenotype, is a better alternative for evaluating the regenerative effect 
of NCs on CLC or MSCs as it overcomes the drawbacks of loss of NC-phenotype and 
bidirectional intercellular communication in culture. NC-conditioned medium has 
been shown to increase anabolic gene expression by CLCs11,53 or MSCs16,33, and to 
inhibit apoptosis of NCs45. Furthermore, challenging CLCs or MSCs in in vitro tissue 
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models in the presence of NC-conditioned medium would give further insight for in 
vivo regenerative processes. 

Conclusions
In conclusion, direct addition of canine NCs did not have a regenerative effect on 
canine MSCs or CLCs in the current study design. The lack of a regenerative response 
may be due to a change in phenotype of the NCs under culture conditions that support 
the chondrogenic potential of MSCs and CLCs. This may be avoided in future studies 
by using NCCM. These results have implications for strategies using NCs and MSCs 
for IVD regeneration.
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Additional file 1: List of primers for gene expression analysis

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

Brachyury [GenBank: 115 F: AGACAGCCAGCAATCTG

AJ245513] R: TGGAGGGAAGTGAGAGG

ACAN [GenBank: 110 F: GGACACTCCTTGCAATTTGAG

NM_001113455] R: GTCATTCCACTCTCCCTTCTC

COL1A1 [GenBank: 111 F: GTGTGTACAGAACGGCCTCA

NM_001003090] R: TCGCAAATCACGTATCG

COL2A1 [GenBank: 150 F: GCAGCAAGAGCAAGGAC

NM_001006951] R: TTCTGAGAGCCCTCGGT

KRT18 [GenBank: 97 F: GGACAGCTCTGACTCCAGGT

NM_001006951] R: AGCTTGGAGAACAGCCTGAG

RPS19* [GenBank: 95 F: CCTTCCTCAAAAAGTCTGGG

XM_005616513] R: GTTCTCATCGTAGGGAGCAAG

TBP* [GenBank: 96 F: CTATTTCTTGGTGTGCATGAGG

XM_849432] R: CCTCGGCATTCAGTCTTTTC

GAPDH* [GenBank: 100 F: TGTCCCCACCCCCAATGTATC

NM_001003142] R: CTCCGATGCCTGCTTCACTACCTT

* Reference gene
ACAN = aggrecan; COL1A1 = collagen type I α1; COL2A1 = collagen type II α1; KRT18 = 
cytokeratin 18; RPS19 = ribosomal protein S19; TBP = TATA box binding protein; GAPDH = 
glyceraldehyde-3-phosphate dehydrogenase; bp = base pair

Supplementary material
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Additional file 2: Cell viability 
Cell viability on day 1 of notochordal cells (NC), mesenchymal stromal cells (MSC), chondrocyte-
like cells (CLC), articular chondrocytes (AC), MSC+NC, CLC+NC, CLC+MSC, MSC+AC, and 
CLC+AC. Cytoplasm of living cells was stained with calcein-AM (green fluorescence), DNA of 
dead cells was stained with propidium iodide (red fluorescence) (scale bar = 200 μm).

NC MSC CLC

AC MSC+NC CLC+NC

CLC+MSC MSC+AC CLC+AC
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Additional file 3: P-values of changes in DNA and GAG/DNA content during culture 

Group comparison Time comparison DNA GAG/DNA 

All groups Day 1 vs. 15 NS <0.001

All groups Day 1 vs. 28 NS <0,001

MSC+NC vs. NC Day 1 vs. 15 0.0541 NS

MSC+NC vs. MSC Day 1 vs. 15 NS NS

MSC+NC vs. MSC+AC Day 1 vs. 15 NS NS

MSC+NC vs. NC Day 15 vs. 28 0.0541 NS

MSC+NC vs. MSC Day 15 vs. 28 NS 0.083

MSC+NC vs. MSC+AC Day 15 vs. 28 NS NS

CLC+NC vs. NC Day 1 vs. 15 NS NS

CLC+NC vs. CLC Day 1 vs. 15 NS NS

CLC+NC vs. CLC+AC Day 1 vs. 15 NS NS

CLC+NC vs. NC Day 15 vs. 28 NS NS

CLC+NC vs. CLC Day 15 vs. 28 NS NS

CLC+NC vs. CLC+AC Day 15 vs. 28 NS NS
CLC+NC vs. MSC+NC Day 1 vs. 15 NS NS
CLC+NC vs. CLC+MSC Day 1 vs. 15 NS NS

MSC+NC vs. CLC+MSC Day 1 vs. 15 NS NS

CLC+NC vs. MSC+NC Day 15 vs. 28 NS NS

CLC+NC vs. CLC+MSC Day 15 vs. 28 NS NS

MSC+NC vs. CLC+MSC Day 15 vs. 28 NS NS

NS: not significant with P > 0.1
NC = notochordal cell; MSC = mesenchymal stromal cell (MSC); CLC = chondrocyte-like cell; 
AC = articular chondrocyte
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Additional file 4: P-values of changes in gene expression within mono-culture groups

Group comparison Brachyury Aggrecan Collagen type II Collagen type I

NC; day 1 vs. 15 NS 0.001 NS 0.001

NC; day 1 vs. 28 NS NS 0.001 0.001

NC; day 15 vs. 28 NS 0.059 0.004 NS

MSC; day 1 vs. 15 NS 0.002 NS NS

MSC; day 1 vs. 28 0.006 0.001 0.001 NS

MSC; day 15 vs. 28 0.069 NS 0.004 NS

CLC; day 1 vs. 15 NS 0.001 NS NS

CLC; day 1 vs. 28 NS <0.001 0.001 NS

CLC; day 15 vs. 28 NS NS 0.004 NS

AC; day 1 vs. 15 NS 0.037 NS NS

AC; day 1 vs. 28  NS 0.010 0.001 NS

AC; day 15 vs. 28 NS NS 0.004 NS

NS: not significant with P > 0.1
NC = notochordal cell; MSC = mesenchymal stromal cell (MSC); CLC = chondrocyte-like cell; 
AC = articular chondrocyte

A B

C
MSC+NCMSCNC MSC+AC AC

MSC+NCMSCNC CLC+NCCLC CLC+MSC

CLC+NCCLCNC CLC+AC AC

KRT18

KRT18

KRT18

Additional file 5: Cytokeratin 18 (KRT18) expression
Depiction of the relative gene expression of cytokeratin 18 in the following comparisons: A) the 
effect of notochordal cells (NCs) on mesenchymal stromal cells (MSCs), B) the effect of NCs on 
chondrocyte-like cells (CLCs), C) the effect of NCs on CLCs vs. MSCs. White bar = day 1, grey 
bar = day 15, black bar = day 28. 
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Additional file 6: Mesenchymal stromal cells (MSCs), chondrocyte-like cells (CLCs), and 
articular chondrocytes (ACs) in culture 
Histopathological slides (H&E) of A) AC on day 1 (similar to CLC and MSC on day 1). On day 
28 H&E stainings of B) MSC, C) CLC and D) AC (scale bar=100 μm). The E) DNA content, 
F) glycosaminoglycan content normalized to DNA (GAG/DNA) and gene expression of G) 
aggrecan (ACAN), H) collagen type 2α1 (COL2A1), and I) collagen type 1α1 (COL1A1). White 
bar = day 1, grey bar = day 15, black bar = day 28. * =significantly (p<0.01) different from day 1. 

Day 28Day 1 AC MSC CLC AC
A B C D

E F G H I
DNA GAG/DNA ACAN COL2A1 COL1A1

MSC CLC AC

*

*

*

*

*
*

***
*

**

**

*
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Additional file 7: P-values of differences in gene expression between groups on day 0

Group comparison Brachyury Aggrecan Collagen type II Collagen type I

MSC vs. NC <0.001 <0.001 <0.001 <0.001

MSC+NC vs. NC NS NS <0.001 <0.001

MSC+NC vs. MSC <0.001 <0.001 <0.001 NS

MSC+NC vs. MSC+AC <0.001 NS NS NS

CLC vs. NC <0.001 0.013 NS 0.001

CLC+NC vs. NC NS NS NS NS

CLC+NC vs. CLC <0.001 NS NS 0.091

CLC+NC vs. CLC+AC <0.001 NS NS NS

CLC+NC vs. MSC+NC NS NS NS <0.001

CLC+NC vs. CLC+MSC <0.001 NS NS <0.001

MSC+NC vs. CLC+MSC <0.001 NS NS NS

NS: not significant with P > 0.1
NC = notochordal cell; MSC = mesenchymal stromal cell (MSC); CLC = chondrocyte-like cell; 
AC = articular chondrocyte

Additional file 8: P-values of differences in change in gene expression between groups 
during culture

Group comparison Brachyury Aggrecan Collagen type II Collagen type I

MSC+NC vs. NC 0.060 0.012 <0.001 <0.001

MSC+NC vs. MSC NS <0.001 NS 0.055

MSC+NC vs. MSC+AC 0.040 <0.001 0.030 0.023

CLC+NC vs. NC 0.001 NS NS NS

CLC+NC vs. CLC 0.011 <0.001 NS NS

CLC+NC vs. CLC+AC NS <0.001 NS NS

CLC+NC vs. MSC+NC <0.001 0.032 NS 0.024

CLC+NC vs. CLC+MSC 0.007 <0.001 NS 0.010

MSC+NC vs. CLC+MSC 0.066 0.022 NS NS

NS: not significant with P > 0.1
NC = notochordal cell; MSC = mesenchymal stromal cell (MSC); CLC = chondrocyte-like cell; 
AC = articular chondrocyte
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Abstract
One of the major causes of low back pain is intervertebral disc degeneration. The 
onset of disc degeneration is correlated to the disappearance of notochordal cells 
(NCs) from the nucleus pulposus (NP). Therefore, NCs may be suitable candidates for 
NP regeneration. It has been shown that NCs can indeed regulate extracellular matrix 
production by the other resident cells of the NP, the chondrocyte-like cells (CLCs). 
However, maintaining the phenotype of NCs in long-term culture is challenging. The 
aim of this study was to investigate whether culture conditions devoid of serum, a 
cocktail of growth factors, better preserve the native NC phenotype. Additionally, the 
effects of osmolarity and cell clustering in hypoxia were assessed. Porcine NCs were 
isolated, clustered or dispersed, and cultured in alginate beads for 28 days in hypoxia. 
The medium, at 330 mOsm/kg or increased to 400 mOsm/kg, was supplemented 
with (a) basic, (b) insulin-transferrin-selenium (ITS)-premix, (c) stripped fetal bovine 
serum (FBS), or (d) FBS. The morphology, the gene expression of NC-markers and 
matrix proteins, and the extracellular matrix and DNA contents were assessed. 
Both osmolarity and cell contact (clustered/dispersed) had little effect on the NC 
phenotype, viability and matrix production compared to the different nutrients in 
the medium. In both basic and ITS-premix groups, the typical NC-morphology and 
the gene expression of NC-markers were best maintained. Furthermore, the DNA 
content remained unchanged during the culture period, proteoglycan production 
was low and distributed interterritorially in these groups. Contrarily, in FBS-treated 
groups the DNA content decreased, the NC-morphology and gene expression were 
suboptimal and proteoglycan production was relatively high and pericellularly 
distributed. Finally, the collagen type I gene expression increased in all groups, but 
this was not reflected at the protein level. In conclusion, this study shows that long-
term cell cultures of clustered or dispersed NCs in hypoxia should be conducted with 
serum-free medium at normal or high osmolarity to maintain the NC phenotype. 



54

T
he

 s
tim

ul
at

or
y 

ef
fe

ct
 o

f N
C

s 
on

 C
LC

s

Introduction
Of all diseases, back pain causes the largest burden on the ageing populations of 
rich countries1. The degeneration of intervertebral discs has been shown to strongly 
correlate with back pain2. The healthy disc is composed of central, gelatinous nucleus 
pulposus (NP) tissue, which is circumferentially surrounded by the highly organized 
annulus fibrosus (AF). Cranially and caudally, the NP and AF are separated from the 
vertebrae by the cartilaginous endplates, through which nutrients can diffuse. The 
combination of the gelatinous NP and the organized AF allows the disc to withstand 
high compressive loads, herewith providing the flexibility of the spine. During 
intervertebral disc degeneration the central NP becomes fibrous, the AF disorganizes 
and the total disc height decreases3. This can result in herniations or degenerative disc 
disease. Current therapies, like spinal fusion or the artificial disc, are symptomatic 
with limited success on the long term4. In order to restore the function of the disc and 
reduce pain, regenerative therapies for the intervertebral disc are of great importance5. 
The first signs of intervertebral disc degeneration are observed in the NP, when the 
tissue becomes fibrous due to proteoglycan loss. In the developmental phase, the NP 
is populated by two cell types: large notochordal cells (NCs) and small, chondrocyte-
like cells (CLCs)6. NCs have a distinct morphology: they are organized in clusters 
and contain large vesicles7. Furthermore, they are characterized by high expressions 
of brachyury (T), cytokeratin (KRT) 8, KRT18, KRT19, vimentin (VIM) and aggrecan 
(ACAN)8,9. By the age of 10, NCs have disappeared from the human NP. By the 
age of 20, biomechanical and biochemical changes can be observed in the human 
NP, which are the first indicators of NP degeneration3,10. Some species (e.g. pigs or 
non-chondrodystrophic dog breeds) maintain their NCs throughout adult life and 
experience the onset of NP degeneration in a much later stage in life than species 
which lose their NCs before adulthood (e.g. humans, cows, chondrodystrophic dog 
breeds)6,10. Hence, NCs may be involved in the preservation of a healthy NP and 
provide a potential cell-based treatment strategy for NP regeneration. 
NCs have been, indeed, shown to increase the proteoglycan production of CLCs 
in vitro in short-term co-cultures11,12. During longer culture period (> 2 weeks) of 
NCs the sizes of the vesicles and the expression of NC-markers, including T, KRT8, 
KRT19, decrease in time13–15. This change in the phenotype may explain why NCs 
do not show a stimulatory effect in long-term co-culture with CLCs16. To assess 
what changes their phenotype, NCs have been cultured in 3D with different media17, 
glucose concentrations18,19, osmolarities17, oxygen tensions20 and varying pH values18. 
Although favorable culture conditions were found, in all cases the morphology of the 
NCs changed compared to freshly isolated NCs. Strikingly, in all these studies, the 
culture medium was supplemented with fetal bovine serum (FBS). The nutrient supply 
in the native NP is low, due to the avascularity of the intervertebral discs21. This makes 
medium supplementation with FBS, a cocktail including growth factors and cytokines, 
non-physiological. Furthermore, each batch of FBS has a different composition, 
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limiting the reproducibility of the experiments22,23. Chemically defined media would 
provide more reproducible and physiological culture conditions. Therefore, the aim 
of this study was to investigate whether serum-free culture conditions preserve the 
native NC phenotype in long-term culture. 
Positive effects of increased medium osmolarity17,24 and cell clusters7 on the NC 
phenotype and viability have been shown in normoxia. It is yet unknown if medium 
osmolarity and cell clusters have similar effects in hypoxia. Therefore, in the presence 
of serum-free medium conditions, the additional effects of medium osmolarity and 
cell-cell contact were assessed in hypoxic conditions. 

Methods

Cell culture
Porcine spines (n = 6 donors; < 8 weeks old; lumbar and thoracic intervertebral discs) 
were obtained from the slaughterhouse (in accordance with local regulations) and 
stored overnight at 4 °C. Adjacent to the cranial endplate, the discs were transversally 
opened under sterile conditions, to harvest the gelatinous NP. The tissue was digested in 
pronase protease (Calbiochem, Nottingham, UK) in high glucose Dulbecco’s modified 
Eagle medium (hgDMEM, 4.5 g/L glucose, Invitrogen, Breda, the Netherlands) 
+ 1% penicllin/streptomycin (pen/strep, Lonza, Verviers, Belgium) for 1 hour at 37 
°C, followed by digestion in collagenase P (Roche, Woerden, the Netherlands) in 
hgDMEM + 1% pen/strep for 16 hours at 37 °C. Digested tissue was filtered on a cell 
strainer to sort cells according to size. In order to isolate clustered or dispersed NCs 
respectively, the digestion protocol was modified as follows: 0.1% or 0.3% pronase 
protease, 0.01% or 0.05% collagenase P, and cells strainers of 40 μm (to isolate cells > 
40 μm) or 70 μm (to isolate cells ≤70 μm). The presence of populations of clustered or 

Table 1: Culture conditions 

NC isolation Osmolarity Medium formulation

Basic1 ITS2 Stripped FBS3 FBS4

Clustered 330 mOsm/kga + + + +

400 mOsm/kgb + + + +

Dispersed 330 mOsm/kga - - - -

400 mOsm/kgb + + + +

1. Basic = high glucose DMEM (hgDMEM) + 1% pen/strep
2. ITS = basic + 1% insulin-transferrin-selenium (ITS) + 1.25 mg/mL bovine serum albumin 

+ 1 mM sodium pyruvate + 50 μg/mL ascorbic acid + 40 μg/mL L-proline
3. Stripped FBS = basic + 5% charcoal stripped fetal bovine serum (FBS) 
4. FBS = basic + 5% FBS 
a. 330 mOsm/kg = standard hgDMEM osmolarity
b. 400 mOsm/kg = hgDMEM + 1% 0.4 M KCl + 1% 5 M NaCl
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dispersed cells was microscopically confirmed after filtration. The obtained cells were 
encapsulated in 1.2% alginate (Sigma, Zwijndrecht, the Netherlands) beads, according 
to the protocol of Guo et al.25, at a concentration of 3 × 106 cells/ml. 
The alginate beads were assigned to 12 different groups, as described in Table 1. Medium 
formulations were: 1. Basic: high glucose DMEM (Invitrogen) + 1% pen/strep; 2. ITS: 
basic medium with 1% ITS+1 premix (Sigma) + 1.25 mg/mL bovine serum albumin 
(Roche) + 1 mM sodium pyruvate (Gibco) + 50 μg/mL ascorbic acid (Sigma) + 40 μg/
mL L-proline (Sigma); 3. Stripped FBS: basic with 5% charcoal stripped FBS (PAA, 
Cölbe, Germany); 4. FBS: basic with 5% FBS (Gibco, Invitrogen). Osmolalities were: 
a. 330 mOsm/kg: normal medium osmolarity; b. 400 mOsm/kg: medium osmolarity 
increased with 1% 5 M KCl and 1% 0.4 M NaCl. Alginate beads were cultured in basic 
medium for 1 day or in the specified culture conditions (Table 1) for 28 days at 37 °C, 
5% O2, 5% CO2. Medium was changed twice a week.

Analyses
Cell viability: At day 1 and 28, two alginate beads per group were incubated in 2.5 μM 
calcein-AM and propidium iodide (both Invitrogen - Molecular Probes, Breda, the 
Netherlands) in PBS for 1 hour. Cell viability and morphology (cytoplasm) and cell 
death (nucleic acids) were imaged with a confocal microscope (Zeiss CLSM 510 Meta 
microscope, Sliedrecht, the Netherlands).
Biochemistry: At day 1 and 28, five alginate beads per group were stored at -30 °C 
until further use. Samples were digested overnight in a papain digestion buffer (100 
mM phosphate buffer, 5 mM L-cystein, 5 mM ethylenediaminetetraacetic acid and 
140 µg/ml papain, all from Sigma) at 60 °C before measuring the DNA, sulfated 
glycosaminoglycans (GAG) and hydroxyproline (HYP) contents. The DNA content 
was measured in a Hoechst 33528 assay (Cesarone et al.26). The amount of GAG relates 
to the proteoglycan content and was measured in an adjusted 1,9-dimethylmethylene 
blue (DMMB) assay (pH 1.5; Enobakhare et al.27). The amount of HYP relates to the 
collagen content and was measured in a chloramin-T assay (Huszar et al.28). 
Gene expression: At day 1 and 28, five alginate beads per group were dissolved in 
sodium citrate buffer (55 mM sodium citrate, 150 mM sodium choride, 25 mM 
HEPES, all Sigma; pH 7.4) and centrifuged at 2,500 rpm for 5 minutes. The cell 
pellets were resuspended in RLT lysis buffer (Qiagen, Venlo, the Netherlands) + 1% 
β-mercaptoethanol (Sigma) and stored at -80 °C until further use. RNA was purified 
on a spin column (RNeasy mini kit, Qiagen) according to the manufacturer’s protocol. 
cDNA was synthesized (SuperScript VILO cDNA synthesis kit, Invitrogen) from 100 
ng total RNA and gene expression was analyzed by RT-qPCR (CFX384, Bio-rad, 
Veenendaal, the Netherlands). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was more stable than 18s, ribosomal protein L13a (RPL13a) and hypoxanthine 
phosphoribosyltransferase (HPRT1) between culture conditions, and therefore 
selected as reference gene. The genes of interest were aggrecan (ACAN), collagen type 
I (COL1A1), and collagen type II (COL2A1) for extracellular matrix composition and 
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Table 2: Porcine oligonucleotide primers

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

18sPD NR_046261 F: CGGACAGGATTGACAGATTGATA 118

R: TGCCAGAGTCTCGTTCGTTA

GAPDHBD NM_001034034 F: GGCGTGAACCACGAGAAGTATAA 119

R: CCCTCCACGATGCCAAAGT  

RPL13aBD NM_001076998 F: CTGCCCCACAAGACCAAG 140

R: TTGCGAGTAGGCTTCAGAC

HPRT1PD NM_001032376 F: CTATTGACTGTATTTTCTCTCTTGTT 125

R: TTATTTTAAGGATTTTTACACTGACGA

ACANPD NM_001164652 F: TCCCAAACAGAGGCTTCCAT 112

R: AGGTGGCTCCATTCAGACAA 

COL1A1PD AF201723 F: ACGGCCTCAGGTACCATGAC 122

R: GCTGGGACAGTTCTTGATTTCG

COL2A1PD XM_001925959 F: AGAACCTGGAGACATCAAAGATATT 107

R: TTTCACCTTTGTCACCACGAT

TPD NM_00119298 F: AAGAACGGCAGGAGGATGT 82

R: CCAGCAGGAAGGAGTACATG

KRT8PD NM_001159615 F: TGCTGGAGGGAGAGGAGAG 118

R: CTGTAGTTGAAGCCTGGAGTC

KRT18PD NM_001192095 F: GAAGAACCATGAGGAGGAAGTAA 110

R: CTGCCATGATCTTGCTAAGGT

KRT19PD XM_003131437 F: AACCAGGAGTACCAGCATCT 117

R: CTTGATGATGGTCAGGTTGTTG 

VIMPD XM_003130721 F: CTCTGGTTGACACCCATTCCA 129

R: CTGCACAGAGTACATGCAGTTC

GAPDH = glyceraldehyde-3-phosphate dehydrogenase; RPL13a = ribosomal protein L13a; 
HPRT1 = hypoxanthine phosphoribosyltransferase; ACAN = aggrecan; COL1A1 = collagen 
type I α1; COL2A1 = collagen type II α1; T = Brachyury; KRT8 = cytokeratin 8; KRT18 = 
cytokeratin 18; KRT19 = cytokeratin 19; VIM = vimentin
BD = Primers designed with Beacon designer software (Premier Biosoft, Palo Alto, CA, USA) 
and ordered from Sigma, 
PD = primers designed by and ordered from PrimerDesign Ltd (Southampton, UK); 
bp = base pair
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brachyury (T), cytokeratin-8 (KRT8), cytokeratin-18 (KRT18), cytokeratin-19 (KRT19) 
and vimentin (VIM) for NC phenotype (Table 2). Relative quantification of target 
mRNA was performed according to the comparative 2-∆∆Ct method29 and values were 
normalized to the reference gene and expression levels at day 1 of culture.
Histology and immunohistochemistry: At day 28, three alginate beads were fixed in 
3.7% formalin in 102 mM CaCl2, dehydrated and embedded in paraffin. 5 μm thick 
sections (Microm HM 550, Thermo Fisher Scientific, Kalamazoo, UK) were mounted 
on polysine adhesion slides (Thermo Scientific). Sections were stained with (a) 
hematoxylin and eosin to assess the cell morphology, (b) collagen type I or II antibody-
DAB chromogen staining as described by Bach et al.30, (c) safranin-O, fast green and 
hematoxylin, after removing the alginate with sodium citrate buffer, to assess the 
extracellular matrix composition in proteoglycans and collagens. Dispersed NC 
samples washed off during procedures (b) and (c). Bright field images were made of all 
stained sections (Observer, Zeiss).

Figure 1: Biochemical assays 
DNA content and glycosaminoglycans (GAG)/DNA on day 1 and 28. Means ± standard 
deviations (N = 6). * = significant (p < 0.05) difference compared to day 1. a, b, c, d, e, f  = 
significant (p < 0.05) difference between groups with the same letter. Only relevant comparisons 
(between same supplements, cell contact or osmolarity) are displayed.
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Statistics
The statistical analysis was performed using R-project software (version 3.0.2)31. Group 
homogeneity was examined with Levene’s test and the normal distribution with the 
Shapiro-Wilk’s test. If data was homogeneously and normally distributed, a two-way 
ANOVA was performed with a Bonferroni post-hoc independent t-test correction. 
If data was only homogeneously distributed, a Kruskal-Wallis test followed by a 
Mann-Whitney test with Bonferroni post-hoc correction was performed. Statistical 
significance was assumed for p < 0.05.

Figure 2: Relative gene expression of NC markers
Expression of brachyury (T), cytokeratin (KRT)8, KRT18, KRT19, vimentin (VIM) on day 28, 
relative to GAPDH and day 1. Means ± standard deviations (N = 6). * = significant (p < 0.05) 
difference compared to day 1. a, b, c, .. = significant (p < 0.05) difference between groups with the 
same letter. Only relevant comparisons (between same supplements, cell contact or osmolarity) 
are displayed.
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Figure 3: NC morphology
Histopathological slides (H&E) of notochordal cells (NC) on day 28. Cell nuclei are stained 
purple (hematoxylin) and cytoplasm pink (eosin). Scale bar = 50 μm for clustered cells, 20 μm 
for dispersed cells. 

Results 
Cell viability was maintained in serum-free media
Viability microscopy showed living cells at day 28 in all groups (data not shown). 
The DNA of the clustered + FBS + 400 mOsm/kg group was significantly decreased 
compared to day 1 after 28 days of culture, but remained statistically unchanged for 
the other groups. Furthermore, the DNA content of the ITS-treated groups, regardless 
of cell-cell contact or the osmolarity, was significantly higher than that of the FBS 
treated groups by day 28 (Figure 1). 

The NC phenotype was better maintained in serum-free media 
In all FBS treated groups, the gene expression of NC markers T and KRT18 was down 
regulated by day 28 (Figure 2). Furthermore, the FBS treated groups showed a lower 
expression of T and KRT8 than the basic medium groups, regardless of the cell-
cell contact and osmolarity (Figure 2). The expression of KRT19 and VIM remained 
statistically unchanged over time in all groups (Figure 2). 
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Figure 4: Relative gene expression of matrix-related proteins
Expression of aggrecan (ACAN), collagen type II (COL2A1), collagen type I (COL1A1) on day 
28, relative to GAPDH and day 1. Mean ± standard deviations (N = 6). * = significant (p<0.05) 
difference compared to day 1. a, b, c = significant (p<0.05) difference between groups with the 
same letter. Only relevant comparisons (between same supplements, cell contact or osmolarity) 
are displayed.

H&E staining on day 28 showed that the sizes of the vesicles in the clustered / ITS-
treated groups, decreased least of all groups, whereas the vesicles sizes decreased most 
in the clustered + FBS + 330 mOsm/kg group (Figure 3). When NCs were dispersed, 
vesicles were observed for all supplements, but FBS. 

Medium supplements affect the proteoglycan production and distribution 
ACAN expression decreased in the FBS + 400 mOsm/kg groups during the culture 
period (Figure 4). On the protein level a significant increase in GAG/DNA compared 
to day 1 and basic medium was observed for stripped FBS + 400 mOsm/kg (Figure 
1). Additionally, medium composition had an effect on the distribution of the 
proteoglycans produced by clustered NCs, as observed in safranin-O/fast green 
staining: in the ITS + 400 mOsm/kg group, and to a less extent in the ITS + 330 
mOsm/kg group, both territorial and interterritorial proteoglycans were found, 
whereas the NCs cultured in other conditions showed territorial proteoglycans only 
(Figure 5). 
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In the stripped FBS groups COL2A1 expression at day 28 was significantly higher 
than on day 1 and in the basic medium groups (Figure 4). Indeed, weak collagen type 
II immunostaining was observed in the stripped FBS + 400 mOsm/kg group, but also 
in the ITS groups at both osmolarities (Figure 5,6). The expression of COL1A1 was 
markedly upregulated in all groups by day 28 (Figure 4), without significant differences 
between the groups. This was not reflected on the protein level, as only very weak 
collagen type I immunostaining was observed in the ITS-treated groups and basic + 
330 mOsm/kg (Figure 5). Finally, all HYP contents were below the detection limits 
(data not shown).

Discussion 
The supplements in the culture medium have a large effect on the morphology, gene 
expression and viability of NCs. In both basic and ITS-supplemented media the DNA 
content and the gene expression of NC markers remained unchanged. Additionally, 
in medium supplemented with ITS the NC-specific morphology was best maintained. 

Figure 5: Extracellular matrix production of clustered NCs at 400 mOsm/kg
Histopathological slides (safranin-O/fast green) and immunohistochemistry (collagen type 
I and II) of clustered notochordal cells (NC) at 400 mOsm/kg on day 28. Proteoglycans are 
stained red (safranin-O) and collagen green (fast green) in the upper row. Scale bar = 50 μm.
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Surprisingly, FBS-treated groups showed a decreased DNA content in the current 
study and were inferior to supplementation with stripped FBS. As FBS contains a 
multitude of growth factors and stripped FBS is relatively poor in growth factors due 
to charcoal treatment, it appears that unidentified growth factors in FBS can have a 
deteriorating effect on NC morphology and phenotype. Contrary to NCs previously 
cultured in normoxia and other basal media, medium osmolarity in hypoxic conditions 
did not seem to affect the NCs as much as medium supplements17. NC conformation, 
clustered or dispersed, also did not play a significant role, although vesicles seemed to 
be slightly better maintained within clustered NCs7.
In the current study, the gene expression profiles were compared to those of freshly 
isolated NCs in alginate (day 1). However, it has been shown that the expression 
of T, KRT8, KRT18, ACAN and COL2A1 by freshly isolated NCs17 was decreased 
compared to the gene expression of native NCs. In these studies, the gene expression 
returned to native levels after 21 days of culture17,32. Although these studies were 
both performed in normoxia and with 10% FBS supplementation, this may indicate 
that the gene expression at day 28 in the current study was overestimated as gene 

Figure 6: Extracellular matrix production of clustered NCs at 330 mOsm/kg
Histopathological slides (safranin-O/fast green) and immunohistochemistry (collagen type 
I and II) of clustered notochordal cells (NC) at 330 mOsm/kg on day 28. Proteoglycans are 
stained red (safranin-O) and collagen green (fast green) in the upper row. Scale bar = 50 μm.
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expression was compared to day 1 samples and not native tissue. Still, this would 
not change the observed differences between the culture groups a day 28. The gene 
expression of NC markers was highest in the basic and ITS groups, which shows that 
these cells can thrive with low amounts of supplements. This could be explained 
by the physiological NC environment, in which the amounts of available nutrients 
are limited33. The COL2A1 expression was highest in the FBS group, which was not 
corroborated by immunohistochemistry. CLCs previously showed a higher COL2A1 
gene expression than NCs in 3D-culture34, which may indicate that the cells in the FBS 
group differentiated to a CLC-like phenotype. However, it is unclear why the COL1A1 
expression increased in all the culture groups. The native COL1A1 expression in NCs 
is very low and the current changes in expression were not reflected in the collagen 
production, as observed in the hydroxyproline assay and the (immuno-)histological 
stainings, but may indicate a change in phenotype. 
The drop in cell viability in the FBS group has not been observed in previous 
studies13,17,35. Some of these studies showed an increased DNA content after 28 
days of culture13,14, whereas a stable or slightly decreased DNA content has also 
been observed17. Surprisingly, it has been suggested that NCs need certain serum 
components for survival18,36,37, while the cells in the current study thrived even in 
basic medium. This discrepancy may be explained by a higher glucose concentration 
in the currently used basal medium. Similar to our observations, supplementing basal 
media with only 2% of FBS showed better maintenance of the NC phenotype than 10% 
FBS38. The results from the current study may again be an argument against the use 
of FBS: FBS is an ill-defined cocktail22 and cells may respond differently to each batch, 
decreasing the reproducibility of these culture conditions.
The choice of basal culture medium affects the NC phenotype17. α-MEM is better able 
to maintain the NC phenotype than DMEM/F12, which is explained by the presence 
of ascorbic acid in these media38 and the glucose concentration. Ascorbic acid is 
naturally present in FBS22 and was added to the ITS culture group in the current study, 
but even without ascorbic acid cell survival and NC phenotype were maintained in 
the basic medium group. However, repeating the current study to compare different 
basal media may be of interest, especially regarding their glucose concentrations. 
The discrepancy between the previously observed beneficial effects of an increased 
osmolarity17,39 and the negligible effect of osmolarity in the current study, may have to 
do with differences between the culture conditions (hypoxia, basal culture medium). 
Hypoxia has on one hand been shown to result in a higher proteoglycan production by 
canine NCs20, but on the other hand no difference between hypoxia and normoxia was 
observed when comparing two other studies with canine NCs13,17. However, hypoxia 
has additionally been shown to protect NCs from apoptosis36,37 and to decrease the 
rate of vesicle shrinkage34. Since hypoxia is physiological for NCs, we recommend to 
culture in hypoxic conditions. 
Additionally, the medium osmolarity did not have a clear effect on the maintenance 
of the NC phenotype in the current study. Albeit it has previously been shown that a 



65

Se
ru

m
-f

re
e 

m
ed

iu
m

 m
ai

nt
ai

ns
 t

he
 p

he
no

ty
pe

 o
f N

C
s

3

6565

high osmolarity is beneficial for maintaining the NC phenotype17, a high osmolarity 
also results in decreased proteoglycan-related gene expressions39. Finally, it has been 
shown that clustered NCs survive better than when dispersed7,9, which is in contrast 
with the results of the current study. 

Conclusions
Both osmolarity and cell-cell contact (clustered vs. dispersed) had little effect on NC 
morphology, DNA content and gene expression compared to the different medium 
nutrients under hypoxic conditions. Therefore, clustered or dispersed NCs could be 
best cultured long term in serum-free medium with normal or high osmolarity.
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Abstract
Study design
In vitro disc explant culture.

Objective
Notochordal cells (NCs) have been shown to upregulate matrix production by nucleus 
pulposus (NP) cells in co-culture. To examine the translation of these in vitro results 
to a native-like setting, the regenerative potential of NCs injected into NP tissue was 
assessed in this study.

Methods
Nucleus pulposus explants were cultured after injection with NCs in PBS or with PBS 
alone (sham). At day 0 and 42, cell viability and morphology, water, DNA, sulfated 
glycosaminoglycans and hydroxyproline contents and gene expression of anabolic 
markers were analyzed.

Results
NCs remained viable during culture, but their morphology changed. The biochemical 
content remained unchanged, except for the DNA content in the NC group. Overall 
ACAN expression remained unchanged, whereas COL2A1 decreased during culture. 

Conclusions
No overall anabolic response was observed when NCs were injected into NP explants. 
NCs were found to survive but did not display the typical NC morphology by the end 
of the culture period. 
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Introduction
The nucleus pulposus (NP) is a highly hydrated tissue, due to large amounts of 
proteoglycans (mainly aggrecan) incorporated in a loose collagen type II meshwork. 
Early in human life, this tissue is populated by two cell types: notochordal cells (NCs) 
and chondrocyte-like cells (CLCs). NCs naturally exist in clusters and contain large 
vesicles, whereas CLCs are small and non-clustered1. Despite these morphological 
differences, NCs and CLCs show similar gene expression profiles2. NCs can, however, 
be distinguished from CLCs by elevated brachyury (T) and cytokeratin 8, 18 & 19 
expression2,3. In humans, NCs disappear before adolescence and thereafter the onset 
of intervertebral disc degeneration, starting in the NP, has been observed4,5. Certain 
species keep their NCs throughout adulthood and are known to experience the 
incidence and onset of disc degeneration much later in life6. Consequently, it has been 
proposed that NCs might be involved in the maintenance and regeneration of healthy 
NP tissue7. 
It has been shown that NCs can, indeed, increase the proteoglycan production by 
CLCs in alginate co-culture for up to 14 days8,9. When CLCs were cultured in medium 
conditioned by NCs (for 4 days) increased proteoglycan production9–13 and aggrecan 
gene expression levels13,14 were observed as well.
However, it is yet unknown if NCs can have a direct regenerative potential on CLCs in 
their native environment. This environment is characterized by low pH, oxygen and 
glucose levels, as well as a high osmolarity. These factors, but also the composition of 
the extracellular matrix (proteoglycans, collagens), can affect the cell response to an 
exogenous stimulation. The aim of this study was to investigate the effects of direct 
NC therapy in CLC populated bovine NP explants, using a NP culture model that 
was previously developed in our group15. We hypothesized that NCs could stimulate 
extracellular matrix production in bovine NP tissue. 

Methods
Porcine notochordal cell (NC) isolation
Porcine spines (4 donors; 8 weeks old) were obtained from the slaughterhouse, in 
accordance with local regulations (no approval from an ethical board required), 
and stored overnight at 4 °C. The thoracic and lumbar intervertebral discs were 
transversally opened to harvest the NP tissue under sterile conditions. The tissue was 
pooled per donor and digested in 0.1% pronase protease (Calbiochem, Darmstadt - 
Germany) in high glucose (4.5 g/L) Dulbecco’s modified Eagle’s medium (hgDMEM, 
Invitrogen, Bleiswijk – the Netherlands) + 1% penicillin/streptomycin (pen/strep, 
Lonza, Basel - Switzerland) for 1 hour at 37 °C and in 0.025% collagenase P (Roche, 
Basel - Switzerland) in hgDMEM + 10% fetal bovine serum (FBS, Invitrogen) + 1% 
pen/strep overnight at 37 °C. After filtration on a 40 µm cell strainer (BD Biosciences, 
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Breda – the Netherlands), cells and cell clusters ≥ 40 µm were stained with 5 µM 
of CFDA-SE according to the manufacturer’s protocol (Vybrant, Invitrogen) for cell 
tracking for the duration of the experiment.

Bovine nucleus pulposus (NP) culture
Bovine tails (12 donors; 24 months old) were obtained from the slaughterhouse in 
accordance with local regulations (no approval from an ethical board required). 36 
NP samples (Cd2-Cd5) were harvested, as described previously by van Dijk et al.15. 
Samples of different levels were equally distributed among the native and culture 
groups (N = 12 per group). The NP samples from the culture groups were individually 
put in dialysis tubing (15 kDa MWCO, Spectra-Por, Rancho Dominquez – CA - USA) 
and subsequently injected into the center of the tissue with a 23G needle (Hamilton, 
Bonaduz - Switzerland). The injection groups were: 
• Sham, 10 μl injection of phosphate buffered saline (PBS), and 
• NC, 10 μl injection of 250,000 CFDA-SE stained porcine NCs in PBS
After the injection, the dialysis tubing was replaced and closed with a custom-made 
clip. The NP samples were cultured in hypertonic polyethylene glycol (PEG) medium 
(13.3% w/v 20 kDa PEG [Sigma, Zwijndrecht – the Netherlands]; 8.3 g/L DMEM + 3.7 
g/L sodium bicarbonate + 50 mg/L ascorbic acid + 15.9 mg/L phenol red [all Sigma] 
+ 1 g/L glucose + 10% FBS [both Invitrogen] + 2% L-glutamine + 1% sodium pyruvate 
+ 1% pen/strep [all Lonza]; pH 7.4) under hypoxic conditions (37 °C, 5% O2, 5% CO2).  
Samples were cultured for 42 days and medium was changed three times a week.

Analysis
Native samples (N = 12 donors) were harvested at day 0 and each injection group was 
analyzed after 42 days of culture (N = 12 donors for each group). Samples were cut in 
half and for each of the four following assays six half samples were used (corresponding 
to 6 donors for each assay): cell viability, biochemical assays and water content, gene 
expression and histology. 
Cell viability: NP samples were incubated in 10 µM Calcein Blue-AM and 10 µM 
Propidium Iodide (both Molecular Probes, Invitrogen) in PBS for 2 hours. The viable 
cells (λ = 730 nm), dead cells (λ = 535 nm) and the porcine NC location and morphology 
(λ = 488 nm; CFDA-SE staining) were imaged with a confocal microscope (CLSM 510 
Meta, Zeiss, München - Germany). The viability was assessed both near the center 
and the outer regions of the explant. 
Biochemistry: The NP samples were weighed (wet weight) and stored at -30 °C until 
further use. After overnight lyophilization (Freezone 2.5, Labconco, Kansas City – 
MO - USA), the sample weights were measured (dry weight). The water content was 
calculated as (wet weight - dry weight)/wet weight. The lyophilized samples were 
digested overnight at 60 °C in a papain solution (100 mM phosphate buffer, 5 mM 
L-cystein, 5 mM ethylene diamine tetraacetic acid and 140 μg/ml papain, all from 
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Sigma). The DNA, sulfated glycosaminogclyans (GAG) and hydroxyproline (HYP) 
contents were measured in each sample. The amount of DNA per sample was measured 
with a Hoechst 33528 assay as described by Cesarone et al.16, using a standard curve 
of double-stranded calf thymus DNA (Sigma). The amount of GAG per sample 
relates to the proteoglycan content and was measured with a 1,9-dimethylmethylene 
blue (DMMB) assay as described by Farndale et al.17, based on a standard curve of 
chondroitin-sulfate from shark cartilage (Sigma). The amount of hydroxproline 
(HYP) relates to the collagen content and was measured with a chloramin-T assay 
as described by Huszar et al.18, based on a standard curve of trans-4-hydroxyproline 
(Sigma).
Gene expression: Bovine NP samples were snap-frozen in liquid N2 and stored at -80 
°C for RNA isolation. RNA was isolated as described by van Dijk et al.15. Briefly, 
samples were disrupted with a Mikro-Dismembrator (Sartorius, Goettingen - Germany). 
RNA was isolated from the disrupted samples using TRIzol (Invitrogen) and purified 
on a spin column (RNeasy mini kit, Qiagen, Venlo – the Netherlands). The RNA 
concentration and purity were measured on a spectrophotometer (ND-1000, Isogen, de 
Meern – the Netherlands). Of each sample, 75 ng mRNA was reverse transcribed to 
cDNA (SuperScript VILO kit, Invitrogen) and gene expression was determined by qPCR 
(CFX384, Biorad, Veenendaal – the Netherlands). 18s was selected as the endogenous 
reference gene, for it was found to be more stable than GAPDH and RPL13a in all groups. 
The genes of interest were collagen type I (COL1A1), collagen type II (COL2A1) and 
aggrecan (ACAN) (Table 1). All primer pairs could amplify both porcine and bovine 
cDNA. Relative quantification was determined with the comparative 2-∆Ct method, with 
the expression of the gene of interest relative to the expression of the reference gene 18s. 

Table 1: List of primers for real-time qPCR

Genes of interest GenBank™ 
accession number

Oligonucleotide sequence (5’ —› 3’) Product 
size (bp)

18sa Not available Not available Not available

ACANb NM_173981 F: CCAACGAAACCTATGACGTGTACT 107

R: GCACTCGTTGGCTGCCTC

COL1A1b NM_001034039 F: TGAGAGAGGGGTTGTTGGAC 142

R: GGGAGACCATTGAGTCCATC

COL2A1 b NM_001001135 F: CCAGCGTCCCCAAGAAGA 114

R: CCAGGTTGTCATCTCCATGC 

ACAN = aggrecan; COL1A1 = collagen type I α1; COL2A1 = collagen type II α1
a Primer Design Ltd, Southampton, UK; 
b Designed with Beacon designer software (Premier Biosoft, Palo Alto, CA, USA) and ordered 
from Sigma 



757575

T
he

 r
eg

en
er

at
iv

e 
po

te
nt

ia
l o

f N
C

s 
in

 a
 N

P 
ex

pl
an

t

4

Histology. Bovine NP samples were embedded in Tissue-Tek O.C.T. compound 
(SakuraTek, Zoeterwoude – the Netherlands), slash frozen in isopentane at -80˚ C, and 
stored at -30 °C until further use. From each sample 10 µm thick cryosections were cut 
(Microm HM 550, Thermo Fisher Scientific, Kalamazoo - UK) and mounted on polysine 
adhesion slides (Thermo Scientific). Slides were stained with Weigerts Hematoxylin, 
for cell nuclei, and eosin, for eosinophilic matrix. Images were taken with a bright-field 
microscope (Observer, Zeiss).

Statistics
With R-project software (version 3.0.2)19 Levene’s and Shapiro-Wilk’s tests were used 
to test for homogeneity of variance and normality, respectively. The biochemical data, 
both homogeneous and normally distributed, were analyzed with one-way analysis 
of variance (ANOVA) followed by a Bonferroni adjusted post-hoc independent-test. 
The gene expression data was found to be non-normally distributed and was analyzed 
with Kruskal-Wallis test followed by a Bonferroni corrected post-hoc Mann-Whitney 
U test. Statistical significance was assumed for p < 0.05. 

Results
Changes in the NC morphology
After 42 days of culture, the distribution and morphology of the CLCs in both culture 
groups were similar to native tissue (Figure 1). Viable NCs were observed after culture 
(Figure 1 and 2B), but the vesicles were much smaller than before injection (Figure 
2A). 

Figure 1: Histology of NP tissue
Staining of NP tissue on A) day 0 and day 42 in the B) sham or C) notochordal cell (NC) injected 
group. Cytoplasm and matrix are stained pink (eosin), cell nuclei black (hematoxylin). Scale bars 
= 100 μm. Representative of N = 6.

A B C
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NP tissue is maintained during culture, but not gene expression
As expected, DNA content in the NC group was larger than in the native samples 
at day 0 due to the injection of NCs (p = 0.016), but that of the sham injected group 
was not significantly different (Figure 3). For both culture groups, the water and 
proteoglycan contents remained statistically unchanged over time (Figure 3), which 
was corroborated by the ACAN expression (Figure 4). The collagen content remained 
unchanged, but gene expression data indicate that there was a shift in the type of 
collagen: COL2A1 decreased in both groups (p = 0.003 NC, p = 0.004 sham), whereas 
COL1A1 increased statistically only in the sham group (p = 0.01) (Figure 4). 

Figure 3: The biochemical content of the NP tissue
The water content per wet weight and sulfated glycosaminoglycans (GAG), DNA and 
hydroxyproline (HYP) content per dry weight. Day 0 (native) = white bars, day 42 - sham = light 
grey bars, day 42 - notochordal cells = grey bars.  Values are mean ± standard deviation; N = 6 
(sham group: N = 5); a = p < 0.05.

Figure 2: Viability in the NP tissue
Notochordal cells (NCs) A) prior to injection and B) in NP tissue after 42 days of culture. 
Cytoplasm of NCs is stained in green (cell tracker CFDA-SE), cytoplasm of all cells in blue 
(calcein blue-AM; only in B) and nuclei of dead cells in red (propidium iodide). Scale bars = 100 
μm. Representative of N = 6.
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Figure 4: Gene expression in the NP tissue 
Gene expression of aggrecan (ACAN), collagen type II (COL2A1), and collagen type I (COL1A1)  
relative to 18s. Day 0 (native) = white bars, day 42 - sham = light grey bars, day 42 - notochordal 
cells = grey bars. Values are mean ± standard deviation; N = 6; a, b = p < 0.05. Please note the 
logarithmic y-axes and error bars.

Discussion
This is the first study to show that translating the results of in vitro NC/CLC co-
cultures of only cells to in situ repair in tissue is not straightforward. Whereas previous 
studies have shown that NCs were able to stimulate extracellular matrix production 
and related gene expression by isolated CLCs9–13, this effect was not observed when 
NCs were injected in NP explants. 
This discrepancy may be explained by two mechanisms: the different ratio of NC:CLC 
used or the initial presence of a proteoglycan-rich extracellular matrix. Firstly, the 
NC:CLC ratio in the current study was circa 20:80, whereas this ratio was 50:50 in 
previous direct cell co-cultures8,9. In a therapeutic perspective, however, a ratio of 
50:50 is not realistic: due to the nutrient limitations of the intervertebral disc in vivo, 
multiplying the local cell density by two may lead to the death of both endogenous 
and exogenous cell populations. Moreover, a ratio of 30:70, close to what was used 
here, was also reported to have a positive, even if milder, on CLCs8. Secondly, in 
the in vitro studies, the CLCs were isolated from their extracellular matrix prior 
to co-culture in alginate. As the matrix produced during culture is compared to 
the initial amount, which is small (or even non-existent) in alginate cultures after 
cell isolation, production of proteoglycans will appear as large increases in matrix 
production. Contrarily, the initial amount of matrix in the explants is high and 
the matrix production per cell has to increase to a great extent to change the total 
matrix content. Because of this difference, it is unclear how the matrix production 
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rates by CLCs in alginate co-cultures relate to those in tissue. However, it has been 
observed that the expression of ACAN and COL2A1 decreased significantly after CLC 
isolation, but gradually increased in 3D culture (agarose) until reaching native gene 
expression levels by day 25 of culture20. This indicates that the isolation procedure 
and 3D-culture of CLCs have an effect on their phenotype and metabolism. The 
proteoglycan production by CLCs in 3D-culture (alginate and agarose) also increased 
in a time-dependent manner20,21, but was not compared to the native proteoglycan 
production rate. 
Similarly, the isolation of NCs from their native environment affects the cell phenotype. 
The native expression of brachyury (T), cytokeratin 8 & 18, ACAN and COL2A1 by NCs 
decreased significantly after 1 day of culture in alginate beads22. In addition, NCs are 
sensitive to the culture conditions: ascorbic acid23, physiological osmolarity, medium 
type22, and hypoxia24,25 contribute to maintenance of their phenotype, whereas a pH 
< 7.224, both very low24 and high26,27 glucose concentrations or FBS in the culture 
medium23 (and unpublished data from our group) are detrimental to the phenotype. 
The presence of FBS in the medium during the 42 days of culture could explain the 
disappearance of NC vesicles by the end of the culture. However, the morphological 
changes can also be attributed to the isolation of NCs from their natural environment 
and culture in a mature NP. 
The change in morphology is probably coupled to a change in functionality of the 
NCs. If the morphology and gene expression profiles of NCs change gradually during 
culture, this could explain that the regulatory effect of NCs is stronger in short-
term (3 days)9 than in long-term (> 14 days)8,12 co-culture. In this respect, the use of 
NC-conditioned medium may be a solution for long-term in situ cultures. Medium 
conditioned by NCs for 4 days has indeed been shown to increase proteoglycan 
production by CLCs in in vitro cultures9,11, in levels even higher than in co-cultures 
with direct cell-cell contact9. These results indicate that the NCs are stimulating CLCs 
via soluble molecular factors. Administration of soluble factors could, in fact, be more 
attractive than exogenous cell injection as smaller gauge needles can be used. Needle 
punctures of 25G, required for cell injection, have been shown to have a detrimental 
effect on disc biomechanics28. This effect may be diminished by the use of smaller 
needles. 
The NP explants were cultured in hypertonic PEG, as described by van Dijk et al.15. 
This culture system previously showed stable biochemical content and COL2A1 
gene expression during long-term culture (42 days), but native ACAN and COL1A1 
expression were not maintained29. In the current study the expression of the latter 
genes did not decrease, which may be due to two differences in culture conditions: 
(1) injection of PBS prior to culture, or (2) the pH of the culture medium, which was 
not adjusted to 7.1 in the current study. It is possible that the injection of PBS in the 
tissue triggered a change in gene expression, but an anabolic response would not be 
expected. Furthermore, it has been described that the proteoglycan synthesis by CLCs 
is higher at pH 7.1 than at 7.430, which is not reflected in the proteoglycan content and 
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related ACAN gene expression in the current study compared to the previous one15. 
Improved NP culture systems are currently available for future experiments29,31.
Although the results from this study show that direct injections of NCs are not effective 
for NP regeneration, this finding should be interpreted with care for translation to the 
human situation. First of all, the NP tissue used in this study corresponded to human 
grade II on the Thompson grading scale32. Although the mechanical loading of bovine 
caudal tissue may be more similar to that in the human cervical rather than lumbar 
spine, the biochemical composition and cell population of bovine and human grade II 
NP tissue have been shown to be similar33. Although early stage regeneration would 
theoretically be ideal, the regenerative potential of these cells may be less than for 
cells of a higher grade of degeneration34. Therefore, human tissues of more advanced 
degeneration may be more physiologically relevant. Secondly, although the issue of 
interspecies size differences35 was avoided by using an NP explant culture, such a 
system also introduced drawbacks. Interplay with the surrounding tissues was not 
possible and certain physiological factors (e.g. dynamic loading, limited nutrient 
supply) could not be simulated in the current system36. 
Molecular-based regenerative therapies are aimed for treatment of NPs with moderate 
degeneration. In this stage, the resident cells are still chondrocytic in nature, able to 
produce matrix and the degenerative changes are not yet insurmountable. Cell-based 
regenerative therapies are considered applicable for more advanced degeneration, 
where the depleted, senescent or de-differentiated resident cell population would 
need additional help to replenish the extracellular matrix37. However, the sensitivity of 
detection methods for moderate disc degeneration is currently insufficient and, more 
importantly, our inability to provide accurate prognosis for aggressive symptomatic 
disc degeneration is actually a challenge to introduce early preventive treatments. 
Certainly, as more sensitive diagnostic tools will be developed, the selection of 
patients for disc regeneration will become clearer. 

Conclusions
Contrary to alginate co-culture, no anabolic response was observed when NCs were 
injected into NP explants. This may be due to the observed changed morphology of 
the NCs during the 42 days of culture where they became more similar in appearance 
to resident CLCs. Therefore, considering the results with NC-conditioned medium, it 
may be a more promising alternative for in situ stimulation of CLCs. 
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Abstract
Study design 
In vitro nucleus pulposus (NP) tissue culture. 

Objective 
To assess the inflammatory response of NP tissue explants in constrained or 
unconstrained hypotonic culture conditions. 

Summary of Background data 
Low back pain shows a strong correlation with intervertebral disc degeneration (DD). 
DD is characterized by a loss of proteoglycans in the NP, causing reduction in tissue 
tonicity, but also by local inflammation. Long-term in vitro culture of unconstrained, 
hypotonic NP tissue (similar to disc herniation) showed a sustained inflammatory 
response. However, the inflammatory effects of hypotonicity in constrained NP tissue 
(similar to DD) are yet unknown. We hypothesize that a decrease in NP tonicity, as 
observed during DD, can initiate an inflammatory response 

Methods
Bovine NP explants were cultured for 3, 7 or 21 days in hypoxia (a) after equilibration 
to a range of tonicities and subsequent volumetric constraint, or (b) unconstrained to 
swell freely. On day 3, 7 and 21, the DNA, proteoglycan and hydroxyproline content 
in the tissue was measured. Culture medium and tissue were collected to determine 
the concentrations of interleukin (IL)-1β, -6 and -8, tumor necrosis factor (TNF)-α, 
prostaglandin E2 (PGE2) and nitric oxide (NO). 

Results
On day 3 and 7 differential tonicities were achieved in the constrained NPs. However, 
the differential tonicities could not be maintained till day 21, due to proteoglycan 
loss. Nevertheless, short-term inflammatory responses (IL-8, NO, PGE2) with small 
differences between tonicities, as well as decreased DNA contents in constrained 
tissue by day 21, at the most hypotonic conditions, were observed. In contrast, 
unconstrained hypotonic NPs showed a sustained inflammatory response (IL-6, 
PGE2).

Conclusions 
Constrained NP culture resulted in short-term inflammatory response, with slight 
differences between isotonic and hypotonic conditions, while unconstrained NP 
culture resulted in sustained productions of inflammatory markers.
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Introduction
In the aging western world, low back pain is the most common cause of chronic 
pain1,2, and the total number of years lived with disability due to low back pain is 
still increasing2. The incidence of low back pain shows a strong correlation with 
intervertebral disc degeneration (DD)3. However, current therapies for discogenic 
back pain have success rates of only 50% on the long term4. 
During DD, the nucleus pulposus (NP) loses proteoglycans and becomes fibrous, 
resulting in decreased disc height. Simultaneously, the annulus fibrosus (AF) 
becomes disorganized and develops tears due to stress concentrations5–7. Dense 
neural networks and inflammation can develop in DD with disrupted AF, resulting 
in discogenic pain8,9. However, discogenic pain and inflammatory markers have also 
been observed in DD with intact AF10. Changed mechanical properties of the disc, 
as a result of minor defects in the AF, have resulted in inflammation in (constrained) 
bovine and rabbit NP tissue in vivo11,12. Furthermore, NP cells are capable of producing 
inflammatory cytokines in vitro13–15. An inflammatory response in NP tissue could 
lead to accelerated DD by progressive autocrine and paracrine signaling. Therefore, 
the identification of triggers of NP inflammation could provide insights in the 
mechanism of DD and could be used to design better treatment modalities for early 
degeneration. 
In the healthy NP, the tonicity is high due to the abundance of negatively charged 
chondroitin and keratan sulfate groups. During DD, the tonicity of the NP decreases, 
as a result of decreased proteoglycan production, increased enzymatic breakdown of 
the matrix and possible damage to the AF allowing transport of ECM fragments out 
of the disc. In vivo the NP is constrained and increasingly hypotonic during DD with 
intact AF. The NP also becomes hypotonic in unconstrained state during extrusion 
in herniations. Previous work from our group showed a sustained inflammatory 
response when NP tissue was cultured in vitro under free swelling (FS), i.e. 
unconstrained, conditions16. While unconstrained NP tissue culture can be regarded 
as a model of disc herniation, it is unclear to date whether and how NP cells alter 
their inflammatory response in a model of degeneration-related hypotonicity. In this 
study, we hypothesize that a decrease in the tonicity of constrained NP tissue, without 
immune system interactions, initiates an inflammatory response. 

Methods

Tissue culture
Bovine caudal discs (cd1-cd5; 24 months old) were obtained from the local abattoir in 
accordance with local regulations. The discs were transversally opened at the cartilage 
endplate/NP interface, and NPs were harvested from the central part of the disc with 
an 8-mm biopsy punch (Kruuse, Sherburn, UK). From each tail, one NP was weighed 
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and snap frozen after harvesting (day 0). The other NPs were weighed and equally 
distributed (disc level per donor) over the culture groups (Table 1): on day 0, NPs were 
volumetrically constrained in an artificial annulus (AA)17 after equilibrating to four 
different tonicities (4 groups) or unconstrained (FS, 1 group). 
The AA has been shown to maintain NP tissue in long-term culture by physical 
constraint with custom knitted jackets (Varodem, Saint-Leger, Belgium) of Dyneema 
Purity fibers (DSM, Heerlen, The Netherlands)17. Prior to placing the NPs in the jackets, 
they were placed in dialysis tubing (15 kDa MWCO, Spectra-Por, Rancho Dominguez, 
CA, USA) and pre-shrunk in 30% w/v polyethylene glycol (PEG, 20 kDa) in PBS for 
100 minutes to reach approximately 80% of their initial weight. Thereafter, dialysis 
tubing was removed, NPs were wrapped tightly in a 0.2 μm MWCO regenerated 
cellulose membrane (Whatman, Sigma), placed in the AA and closed with needle and 
thread. Samples were weighed after harvesting, pre-shrinkage and culture (Table 2). 
30% PEG-shrunk samples were shown to return to native water content in the AA. 
In addition to 30% PEG, samples were pre-shrunk for 100 minutes with 20%, 10% 
and 0% PEG solutions to create a range of weight changes (water contents) between 
the groups (Table 2). FS samples were harvested, weighed and immediately placed in 

Table 1: Independent samples per group and time point

Group Day (tissue) Day (medium)

0 3 7 21 3 7 21

30% PEG 19 4 5 6 15 11 6

20% PEG 19 3 4 5 12 9 5

10% PEG 19 4 4 6 14 10 6

0% PEG 19 3 5 6 14 11 6

FS 19 3 4 4 11 8 4

PEG = polyethylene glycol, FS = free swelling

Table 2: Pre-shrinkage, constraint and weight change per group

Group [PEG] in pre-shrinkage step Constraint Weight change* during 

(100 minutes) (3, 7 or 21 days) PEG-shrinkage (%) Culture (%)

30% PEG 30% AA -40,3 ± 7,1 -12,5 ± 7,9

20% PEG 20% AA -24,9 ± 7,2 11,4 ± 9,0

10% PEG 10% AA 13,1 ± 10,1 39,8 ± 15,2

0% PEG 0% AA 70,4 ± 25,2 68,7 ± 17,0

FS N.A. None N.A. 199,7 ± 80,4

PEG = polyethylene glycol, * = versus weight after tissue harvest, AA = artificial annulus17, FS 
= free swelling, means ± standard deviations



88

T
he

 d
ev

el
op

m
en

t 
of

 t
is

su
e 

cu
ltu

re
 m

od
el

s 
to

 s
tu

dy
 N

P 
re

ge
ne

ra
tio

n

culture medium (unconstrained) for the duration of the culture16. After culture, FS 
samples were weighed again (Table 2). 
Samples were cultured for 3, 7 or 21 days in physiological conditions (37 °C, 5% O2 
and 10% CO2, i.e. pH=7.2). Samples were placed in deep, non-coated 12-wells plates 
(PS-Thinsert Plate, Greiner Bio-One Gmbh, Alphen a/d Rijn, the Netherlands) in 6 ml 
of culture medium. Culture medium consisted of Glutamax DMEM (21885, Gibco, 
Invitrogen, Bleiswijk, the Netherlands) + 3% fetal bovine serum (FBS; 758073, Greiner 
Bio-One) + 50 µg/ml ascorbic acid (l-ascorbic acid 2-phosphate, A8960, Sigma) 
+ 1% penicillin/streptomycin (DE17-602E, Lonza, Basel, Switzerland). Medium 
was changed twice a week, collected and stored at -80 °C until further use. After 
harvesting, samples were weighed (Table 2), snap frozen and stored at -80 °C until 
further use. 

Biochemical content in tissue and medium
To assess the biochemical content in the tissue, ¼ of each sample was weighed (wet 
weight), lyophilized (Freezone 2.4, Labconco, Kansas City, MO, USA) overnight 
and weighed again (dry weight). The water content was calculated by dividing the 
difference between wet and dry weight by the wet weight. Subsequently, the samples 
were digested overnight in papain digestion buffer (100 mM phosphate buffer, 5 mM 
L-cystein, 5 mM ethylenediaminetetra-acetic acid and 140 μg/mL papain, all from 
Sigma) at 60 °C. The DNA content of the digested sample was measured with the 
Qubit Fluorometric Quantitation method (ThermoFisher). The glycosaminoglycan 
(GAG) content, as a measure for the amount of proteoglycans, was determined with a 
DMMB assay18 using shark cartilage chondroitin sulfate (C4384, Sigma) as reference. 
The tonicity was calculated from the fixed charge density, which is a measure of the 
GAG per wet weight, as described by Narmoneva et al.19 and Huyghe et al.20. The 
hydroxyproline (HYP) content was measured with a chloramin-T assay21 using trans-
4-hydroxyproline (H5534, Sigma) as reference. To assess the proteoglycan content in 
the medium, samples were digested overnight in 50% v/v papain digestion buffer at 60 
°C. The GAG content was determined with the DMMB assay18 with a standard curve 
made of 50% v/v culture medium. 

Cytokine concentrations in tissue and medium
To assess the cytokine concentration in the tissue, ½ of each tissue sample was 
pulverized with a Mikro-Dismembrator (Sartorius, Goettingen, Germany), as 
described by van Dijk et al.17. To each sample 1 ml of EDTA-free cOmplete Lysis-M 
buffer (Roche, Almere, the Netherlands) was added, samples were incubated 
overnight at 4 °C and stored at -80 °C. The cytokine concentrations in the tissue were 
measured with bovine specific ELISA kits for IL-1β (ThermoFisher, Landsmeer, the 
Netherland and MyBioSource, Uithoorn, the Netherlands), IL-6 (ThermoFisher) and 
IL-8 (Mabtech, Nacka Strand, Sweden), and TNF-α (R&D Systems, Abingdon, UK).
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Medium samples were collected at each medium change and stored at -80 °C. The 
concentrations of PGE2 (Enzo Life Sciences, Raamdonksveer, the Netherlands) and 
IL-1β, TNF-α, IL-6 and IL-8 were measured in the medium by ELISA (N = Table 1). 
The concentrations were normalized to the initial sample (wet) weights. If possible, 
standard curves were prepared in culture medium to account for medium effects. If 
this was not possible, the cytokine concentration in the medium was determined as 
control on the plate.

Figure 1: Tonicity and water content
A) Tissue tonicity and B) water content per wet weight. X-axis: 30%, 20% 10% and 0% refer to 
the [PEG] used to pre-shrink the NP samples, before constraint in the artificial annulus. FS = free 
swelling, unconstrained NP tissue. Hatched bars = day 0, white bars = day 3, light grey bars = day 
7, grey bars = day 21. See table 1 for n per group. * = significantly different (p< 0.05) from day 0. 
a,b,c,d,e,.. = significantly different (p<0.05) from bars with the same letter.
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Nitric oxide concentrations in medium
The nitric oxide (NO) concentration in the medium (N = Table 1) was measured as 
described by Miranda et al.22. Briefly, vanadium chloride (Sigma) and Griess reagent 
(Sigma) were added to the medium, followed by incubation at 37 °C for 30 minutes. 
Nitrite and nitrate (both Sigma) standards were read on the same plate.

Statistics
Statistical analysis was performed using R-project software (version 3.0.2)23. Due to 
unbalanced and low number of independent samples per group and time point (Table 
1), non-parametric statistical analysis was performed. Although the experimental 
design is two-way (tonicity condition and time), no two-way non-parametric analysis 
was available. Hence, Kruskal-Wallis tests and Mann-Whitney U post-hoc testing 
with Bonferonni correction were used to analyze the differences between groups 
(@time point) or the time-dependent effects within a group (@group). Statistical 
significance was assumed for p < 0.05.

Results
Tissue tonicity and water content 
On day 3 and 7, the tonicity was different from day 0 in the 10% and 0% groups, but not 
in the 30% and 20% groups (Figure 1A). Thus, differential tonicities were observed on 
day 3 and 7 in constrained culture. However, the tonicity dropped with time for each 
group and was lower on day 21 in all cultured groups than on day 0 (Figure 1A), as a 
result of proteoglycan loss into the medium. The water content remained unchanged 
relative to day 0 in the 30% PEG group at all time points (Figure 1B). In the other 
groups the water content increased with significant differences between the groups 
at all time points. In summary, although decreasing steps of tonicity were established 
between groups at day 3 (and sometimes at day 7), the range of tonicities decreased 
over the culture period.

Matrix proteins
The proteoglycan content decreased in the 30% PEG-group between day 0 and 21 
and no differences between the constrained cultured groups were observed on day 21 
(Figure 2A). However, the proteoglycan content in the FS group was lower than in the 
30% group at all time points (Figure 2A). Proteoglycan release in the medium (Figure 
2B) corroborated the finding that proteoglycan loss was most dramatic (± 90%) in the 
FS group (Figure 2A). By day 21, the collagen content was higher than on day 0 in all 
groups (Figure 2C). 
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Figure 2: Extracellular matrix
A) Proteoglycan content per dry weight, B) proteoglycans in the medium per 3 days, normalized 
to the initial tissue weight, C) collagen content per dry weight. X-axis: 30%, 20% 10% and 0% refer 
to the [PEG] used to pre-shrink the NP samples, before constraint in the artificial annulus. FS = 
free swelling, unconstrained NP tissue. Hatched bars = day 0, white bars = day 3, light grey bars 
= day 7, grey bars = day 21. See table 1 for n per group. * = significantly different (p< 0.05) from 
day 0. a,b,c,d,e,.. = significantly different (p<0.05) from bars with the same letter.
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Figure 3: DNA content 
 DNA content per dry weight. X-axis: 30%, 20% 10% and 0% refer to the [PEG] used to pre-shrink 
the NP samples, before constraint in the artificial annulus. FS = free swelling, unconstrained NP 
tissue. Hatched bars = day 0, white bars = day 3, light grey bars = day 7, grey bars = day 21. See 
table 1 for n per group. * = significantly different (p< 0.05) from day 0. a,b,c,d,e,.. = significantly 
different (p<0.05) from bars with the same letter.
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The DNA content changed in the 0% PEG and FS groups compared to day 0. By day 
21 the DNA content in the 0% constrained group (±310 mOsm) was decreased to 
approximately 50%, while the DNA content in the FS group (±310 mOsm) increased 
to almost 600% (Figure 3). The DNA content in the 10% PEG group decreased as well 
between day 21 and 0. A layer of cells was observed on the periphery of the FS tissues 
(data not shown). 

Inflammatory markers 
The concentration of IL-6 increased between day 0 and 21 in the FS group, while 
IL-6 was not detected in any of the constrained groups (Figure 4A). IL-8 increased 
significantly from day 3 to day 21 in all the PEG-treated groups, from below the level 
measured in the culture medium alone at day 3 to above that at day 21 for the 10% 
and 0% group. For the FS group IL-8 did not differ over time and from that in the 
medium. Furthermore, IL-8 was lower on day 3 in the 30% and 20% group than for 
FS (Figure 4B). The concentration of PGE2 in the constrained groups decreased from 
day 3 to day 21, while it increased from day 3 to 21 in the FS group (Figure 5A). The 
concentration of NO was higher on day 3 in the PEG-treated groups than for FS and 
still higher on day 7 in the 0% and 10% groups (Figure 5B). The NO concentrations 
decreased from day 3 to day 21 in all the constrained groups (Figure 5B). Finally, 
IL-6 and IL-8 were not detected in the tissue. IL-1β and TNF-α concentrations were 
below detection limits in all groups in both medium and tissue (positive control: IL-1β 
stimulated NP tissue).
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Figure 4: The concentration of interleukin-6 and 8 in the medium
The concentration of A) interleukin (IL)-6, and B) IL-8, normalized to the initial tissue weight. 
X-axis: 30%, 20% 10% and 0% refer to the [PEG] used to pre-shrink the NP samples, before 
constraint in the artificial annulus. FS = free swelling, unconstrained NP tissue. White bars = day 
3, light grey bars = day 7, grey bars = day 21. See table 1 for n per group. a,b,c,d,e,.. = significantly 
different (p<0.05) from bars with the same letter.
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Discussion
Constrained culture of NP tissue
We assessed if a drop in the tonicity of constrained NP tissue, mimicking DD with 
intact AF, would initiate an inflammatory response. Therefore, a range of tonicities 
(isotonic to hypotonic) was created in NPs in constrained culture. A range of tonicities 
was observed on day 3 (430 – 320 mOsm), but had decreased in all groups by day 
21 (350 – 310 mOsm) to similar levels and lower than on day 0 (420 mOsm). Since 
the range of water contents was maintained over 21 days, this time-related drop in 
tonicity, calculated from the proteoglycans per wet weight, was due proteoglycan loss 
from the tissue. 
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Previously, the proteoglycan content in the (isotonic) 30% PEG-treated group could 
be maintained in long-term culture17. However, these NPs were previously wrapped 
in membranes with smaller pore sizes (100 kDa molecular weight cut-off), prior to 
constraint in the AA. In the current study, larger pore sizes membranes were used (0.2 
μm molecular weight cut-off) to allow exchange of (large) growth factors between the 
medium and the tissue. Unfortunately, it seems that this allowed small proteoglycans 
to diffuse from the tissue to the medium during long-term culture, which could 
explain the observed proteoglycan loss. 
Despite the time-related changes in the range of tonicities, differences in response 
were still observed between the constrained culture groups. Only in the most 
hypotonic groups, treated with 0% and 10% PEG, a drop in DNA content was observed. 

Figure 5: The concentration of prostaglandin E2 and nitric oxide in the medium
The concentration of A) prostagladin E2, and B) nitric oxide, normalized to the initial tissue 
weight. X-axis: 30%, 20% 10% and 0% refer to the [PEG] used to pre-shrink the NP samples, 
before constraint in the artificial annulus. FS = free swelling, unconstrained NP tissue. White 
bars = day 3, light grey bars = day 7, grey bars = day 21. See table 1 for n per group. a,b,c,d,e,.. = 
significantly different (p<0.05) from bars with the same letter.
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Prolonged elevation of NO production has been associated with apoptosis, which was 
observed in the 0% and 10% groups, both hypotonic throughout the whole culture 
period. In addition, elevated NO levels are associated with reduced proteoglycan 
synthesis and increased matrix breakdown24. However, it is yet uncertain if the 
hypotonicity throughout culture itself or the procedure to create a hypotonic milieu 
induced apoptosis in the constrained culture groups. 
In isolated chondrocytes the process of regulatory volume decrease (RVD), activated 
by sudden hypotonic stress, was shown to take 60 minutes25. Interruption of RVD was 
shown to result in apoptosis and chromatin condensation25. Prior to culture, the NPs 
in the 0% and 10% PEG-treated groups were subjected to sudden hypotonic stress, to 
change the tissue’s tonicity, and constrained after 100 minutes. After 100 minutes 
RVD may have not been completed, as the chondrocyte-like NP cells resided in their 
native, proteoglycan-rich and swelling environment. Interruption of RVD may have 
resulted in decreased cell numbers within the 0% and 10% PEG tissues by day 21.
The constrained NPs showed only a short-term and tonicity-independent inflammatory 
response (IL-8 and PGE2). The increase of PGE2 and NO were pronounced at day 3, but 
the donor-donor variations were high. Importantly, no clear dose-response between 
the different conditions could be observed, indicating that this immediate response 
may be due to handling (i.e. pre-shrinkage and constraint procedures on day 0) rather 
than exposure to hypotonicity. 

Hypotonic NP tissue in constrained versus unconstrained culture
The FS (unconstrained) and 0% (constrained) groups had similar water and 
proteoglycan contents during the culture period, resulting in similar tonicities 
(300 mOsm and 310 mOsm respectively). Despite the similar tonicities, the DNA 
content increased to 600% in unconstrained NP culture, while it decreased to 50% 
in constrained culture. The inflammatory reactions were also different between 
unconstrained and constrained hypotonic culture: like in previous studies16, culture 
of free swelling tissue resulted in sustained production of inflammatory markers IL-6 
and PGE2, whereas culture of constrained NP tissue resulted in a transient production 
of inflammatory markers PGE2 and NO. Additionally, temporal variations in IL-8 
presence were observed in constrained culture. 
Cell layers were observed on the periphery of the unconstrained, hypotonic FS 
samples. These spindle-shaped cells were previously identified as dedifferentiated NP 
cells16,26. Differentiation of NP cells at the tissue’s periphery may have occurred due 
to the small amounts of extracellular matrix at the tissue’s periphery in FS culture27. 
The aggrecan production by these spindle-shaped cells decreased, and the collagen 
production shifted from type II to type I26. A decreased aggrecan and collagen type 
II expression, combined with increased collagen type I expression and production 
have also been observed in herniations in canine NP tissue27. The production of IL-6, 
as observed unconstrained culture, has been associated with herniations as well27,28. 
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Reduced cell numbers, as observed in hypotonic constrained culture, have been 
observed in degenerative discs6. Furthermore, the combined presence of NO and 
IL-8 has previously been observed in osteoarthritic cartilage29, which shares several 
characteristics with the degenerative intervertebral disc30. 
The unconstrained and constrained hypotonic cultured tissues showed differential 
DNA contents and inflammatory marker production during long-term culture, which 
is corroborated by the finding that herniations are often not preceded by degenerative 
changes31.

Limitations
IL-1β and TNF-α have been described as the major inflammatory cytokines of (intact) 
disc degeneration and herniation8,10,32, but were not detected in the current study. This 
indicates that the IL-1β and TNF-α pathways were not activated by the hypotonic 
environment or that changes were undetectable at the protein level. Additional stimuli 
to induce degeneration, like adverse loading conditions33, or a longer culture period 
may be required to activate these pathways in the NP explant model. Furthermore, 
the gene expression profiles may show changes which are undetectable at the protein 
level. 
FBS contains low concentrations of interleukins34,35. Therefore, IL-8 was detected in the 
culture medium. Surprisingly, the IL-8 concentration was lower in the constrained NP 
groups on day 3 than in fresh culture medium. This may indicate that receptors were 
activated and IL-8 was consumed by the cells. However, later on significant increases 
in IL-8 concentrations compared to day 3 (but not to fresh culture medium) were 
observed, which may be a result of slightly increased IL-8 production or reduction in 
the IL-8 receptors. In this respect, charcoal-stripped FBS would a good replacement 
for FBS, as all interleukins are removed by the charcoal treatment. 
In the current study, the inflammatory response of bovine caudal NP tissue in response 
to hypotonic challenges was assessed in vitro. Human lumbar and bovine caudal NPs 
of grade II (as used in this study) are biochemically similar36,37, but variations between 
gene expression profiles of non-degenerate human and bovine NP cells have been 
shown. Therefore, translations of the current results to the human situation have to 
be made with care. 

Conclusions
A short-term inflammatory response was observed in constrained NPs, with 
only small differences in the range from isotonic to hypotonic tissues. However, 
constrained hypotonicity did result in less viable cells. The unconstrained FS samples 
showed sustained production of inflammatory markers. The response of NP cells in 
their native ECM to a drop in tissue tonicity in vitro was influenced most by their 
constraint condition. 
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Abstract
In vitro evaluation of nucleus pulposus (NP) tissue regeneration would be useful, but 
current systems for NP culture are not ideal for injections. The aim of this study was to 
develop a long-term culture system for NP tissue that allows injections of regenerative 
agents. Bovine caudal NPs were harvested and placed in the newly designed culture 
system. After equilibration of the tissue to 0.3 MPa the volume was fixed and the 
tissue was cultured for 28 days. The cell viability and extracellular matrix composition 
remained unchanged during the culture period and gene expression profiles were 
similar to those obtained in earlier studies. Furthermore, to test the responsiveness of 
bovine caudal NPs in the system, samples were cultured for 4 days and injected twice 
(day 1 & 3) with (1) PBS, (2) Link-N, for regeneration, and (3) TNF-α, for degeneration. 
It was shown that TNF-α increased COX2 gene expression, whereas no effect of 
Link-N was detected. In conclusion, the newly designed system allows long-term 
culture of NP tissue, wherein tissue reactions to injected stimulants can be observed.
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Introduction
Intervertebral discs (IVD) support high magnitude loads and allow multi-directional 
flexibility in the spine, due to an ingenious interplay of the tissues within the disc. 
The highly hydrated nucleus pulposus (NP) evenly distributes compressive stresses 
to the organized annulus fibrosus (AF), which balances these with internal tensile 
stresses1. The human NP starts to degenerate early in adulthood, resulting in a non-
uniform stress distribution, subsequent disorganization and disruption of the AF, and 
potentially pain2. It has been suggested that early stage NP regeneration could halt 
this degenerative cascade3. Biological therapies for NP regeneration aim at restoring 
the water and proteoglycan content of the tissue. For this purpose exogenous cells, 
to produce extracellular matrix, and molecular agents or gene therapy, to increase 
the matrix production by resident cells, can be introduced into the tissue3. However 
promising, these methods still face challenges and require more extensive testing. 
Currently, the most widely used model to test regenerative therapies is the in vivo 
animal model. Its main advantage is the presence of all natural interactions of the 
organism. However in most test cases, rodents or other small animals are used in 
which degeneration is artificially induced. First of all, such small animals have a mature 
nuclear cell type, which is different than that of humans4. Second, the artificially 
induced degeneration is different from the human pathophysiological degenerative 
cascade. Thus, translation of results obtained in studies with artificial degeneration 
to naturally degenerated human NPs is difficult5. Testing regenerative therapies on 
in vitro cultured cells is another standard method. However, cell metabolism and 
phenotype outside of the native matrix and environment change6. Hence, tissue 
culture models are of great interest. 
Although both organ and NP tissue culture models are available, long-term organ 
cultures are still under development7,8. As the evaluation of regenerative therapies 
often requires long-term studies, we focused on optimizing currently available NP 
culture systems. The advantage of the NP culture system is the presence of cell-matrix 
interactions in a controlled culture environment. In standard culture conditions NP 
tissue does not thrive in the long term, because it swells tremendously. Previously 
designed culture systems for NP explants have demonstrated that the tissue matrix 
can be maintained when it is physically constrained9,10. Furthermore, when explants 
were cultured at physiological oxygen, pH and glucose levels for 42 days, matrix 
protein gene expression was nearly preserved10. However, our existing system has 
two major drawbacks: the swelling pressure cannot be standardized, limiting the 
reproducibility, and repeated administration of injections is not feasible, as these 
damage the culture system. 
Therefore, the aim of this study is to design and develop a novel NP culture system, 
which allows prevention of tissue swelling in a controlled manner and repeated 
injections of regenerative agents. It was hypothesized that bovine NP tissue, when first 
equilibrated to a physiological pressure of 0.3 MPa11 in this new system, is responsive 
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to injected stimuli. In a first experiment, NP tissue was long-term cultured to test 
the maintenance of the extracellular matrix and gene expression in the system. Then, 
the response to injections of regenerative peptide Link-N or inflammatory cytokine 
TNF-α or was evaluated in a short-term experiment. 

Figure 1: Culture system design
A culture system for physical constraint of NP tissue. The porous plates allow for molecular 
transport and the injection port can be re-closed. 
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Methods
Culture system design
To limit tissue swelling, a system was designed to physically constrain NP tissue 
in a custom-made hollow cylinder (polyether ether ketone; PEEK) with two porous 
stainless steel plates (sintered 316L stainless steel; pores 0.5 μm) that allow for 
molecular transport (Figure 1). Prior to culture, the position of the upper porous plate, 
and herewith the tissue’s volume, was set by applying an axial load until equilibrium 
was reached (Figure 2). In these experiments, a pressure of 0.3 MPa was applied, and 
after equilibration (24 hours), the position of the upper porous plate was locked. 
Furthermore, the cylindrical container has an injection port on the side, which can 
be (re-)closed with a screw. 

Figure 2: Axial load system design
The axial load system consists of the following components: a (replaceable) load, a rod for load 
transmission to the upper porous plate, the culture system (as described in Figure 1), and a 
reservoir for culture medium. 

Load

Culture
system

Reservoir

Rod
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Culture system validation
Fresh bovine tails (24 months old) were obtained from the abattoir according to local 
regulations. Adjacent to the endplates, the discs (Cy1-Cy5) were opened transversally, 
and a biopsy punch (ø 8 mm; 273693, Kruuse, Sherburn, UK) was used to harvest 
tissue from the center of the disc (180-220 mg). NP tissue biopsies were placed in the 
culture system and equilibrated. After equilibration and subsequent fixation of the 
tissue volume, the system was placed in a plastic container (60 ml medium) with a 
lid made of a gas permeable silicone membrane (MED82-5010-10, NuSil, Carpinteria, 
USA) and cultured at 37 °C, 5% O2 and 5% CO2. Culture medium consisted of advanced 
DMEM (12491-015, Invitrogen, Bleiswijk, the Netherlands) supplemented with 10% 
fetal bovine serum (758093, Greiner Bio-one, Alphen a/d Rijn, the Netherlands) and 
1% penicillin/streptomycin (DE17-602E, Lonza, Basel, Switzerland) and was changed 
twice a week. 
Long-term culture: To assess the long-term culture potential, bovine tails of eight 
donors were used to obtain eighteen NP samples, which were randomly distributed 
(disc level and donor) over the following groups: 

• Day 0, collected immediately after harvesting 
• Day 1, collected after equilibration
• Day 28, collected after 28 days of culture

For each group, 6 samples (corresponding to 6 donors) were used. The biochemical and 
water content (¼ sample), histology and cell viability (½ sample) and gene expression 
(¼ sample) were analyzed. 

Picrosirius injections: To visualize injections, bovine tails of three donors were used to 
obtain six NP samples, which were injected with 10 µl 0.1% Picrosirius red (36.554-8, 
Sigma, Zwijndrecht, the Netherlands) with a 32 gauge needle (7635-01/00, Hamilton, 
Bonaduz, Switzerland). Samples were collected 1, 5 or 17 hours after injection (n = 2/
group) to assess diffusion of the dye throughout the tissue. 

Response to injected stimuli: To assess tissue responsiveness to injected agents bovine 
tails of nine donors were used to obtain fourteen NP samples, which were randomly 
distributed (disc level and donor) over the following groups: 

• Sham, injected with 10 μl of phosphate buffered saline (PBS; n = 4)
• Link-N, injected with 10 μl of 20 µg/µl Link-N peptide 
(DHLSDNYTLDHDRAIH; CanPeptide Inc; Pointe Claire, QC, Canada; n = 5)
• TNF-α, injected with 10 μl of 0.5 ng/µl recombinant human tumor necrosis 
factor-α (TNF-α; PHC3016, Invitrogen; n = 5)

Injections were administered on day 1, after equilibration, and on day 3. Samples were 
harvested on day 4. As injections were administered in the center of the samples, the 
core of each sample was obtained with a 5 mm biopsy punch (Kruuse), and analyzed 
for gene expression (½ sample).
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Analysis
Biochemistry: Samples were weighed (wet weight), lyophilized (Freezone 2.4, Labconco, 
Kansas City, MO, USA) overnight and then the dry weight was determined. The water 
content was calculated by dividing the difference between wet and dry weight by the 
wet weight. Subsequently, the samples were digested overnight in a papain digestion 
buffer (100 mM phosphate buffer, 5 mM L-cystein, 5 mM ethylenediaminetetraacetic 
acid and 140 µg/ml papain, all from Sigma) at 60 °C. The DNA content of the digested 
sample was measured with a Hoechst dye assay12 and calf thymus DNA as reference 
(D3664, Sigma). The glycosaminoglycan (GAG) content was used as a measure for 
the amount of proteoglycans. The GAG content was determined with a DMMB 
assay13, using shark cartilage chondroitin sulfate (C4384, Sigma) as reference. The 
fixed charge density (FCD) was calculated from the GAG per wet weight, as described 
by Narmoneva et al14. The hydroxyproline (HYP) content was measured with a 
chloramin-T assay15 using trans-4-hydroxyproline (H5534, Sigma) as reference. 

Table 1: List of primers for gene expression analysis

Gene Accession number Oligonucleotide sequence (5’ —› 3’)

ACAN NM_173981 F: CCAACGAAACCTATGACGTGTACT

R: GCACTCGTTGGCTGCCTC

COL1A1 NM_001034039 F: TGAGAGAGGGGTTGTTGGAC 

R: GGGAGACCATTGAGTCCATC

COL2A1 NM_001113224 F: TGGCTGACCTGACCTGAC

R: GGGCGTTTGACTCACTCC

MMP13 NM_174389 F: CCTTGATGCCATAACCAGTCTCC 

R: ATCAATACGGTTGGGAAGTTCTGG

TIMP1 NM_174471 F: GTCAATGAAACTGCCTTATACC

R: TTCTGGGACCTGTGGAAG

TIMP2 NM_174412 F: GCAACGACATCTACGGCAACC

R: CCCACACACGGCAGAGGAG

COX2 NM_174445 F: TCCACCAACTTATAATGTGCAC

R: GGCAGTCATCAGGCACAGGA

GAPDH* NM_001034034 F: GGCGTGAACCACGAGAAGTATAA

R: CCCTCCACGATGCCAAAGT 

18s* (Primer Design Ltd)

*Reference gene
ACAN = aggrecan; COL1A1 = collagen type I α1; COL2A1 = collagen type II α1; MMP13 = 
matrix metalloprotease 13; TIMP1/TIMP2 = tissue inhibitor of metalloproteinase 1/2; COX2 
= cyclooxygenase 2; GAPDH =glyceraldehydes-3-phosphate dehydrogenase
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Gene expression: Samples were snap-frozen and stored at -80 °C until further use. 
Messenger RNA (mRNA) extraction was done as described by van Dijk et al.10. The 
concentration of RNA was determined with a spectrophotometer (ND-1000, Isogen, 
de Meern, the Netherlands). In total, 63 ng of mRNA was used for cDNA synthesis 
(VILO kit, Invitrogen). Gene expression was analyzed in a real time polymerase chain 
reaction (qPCR, CFX384, Bio-Rad, Veenendaal, the Netherlands) using the SYBR 
Green Supermix (Bio-Rad). Three reference genes (18s (PrimerDesign, Southampton, 
UK), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and RPL13a) were 
evaluated in each experiment, and the most stable one was selected as reference gene. 
For the long-term culture 18s was selected and for the short-term tissue response 
experiment GAPDH. The genes of interest were aggrecan (ACAN), collagen type I 
(COL1A1), collagen type II (COL2A1), matrix metalloprotease 13 (MMP13), tissue 
inhibitor of metalloproteinase 1 and 2 (TIMP1, TIMP2) for both experiments. 
Additionally, cyclooxygenase 2 (COX2) was tested in the short-term tissue response 
experiment. Primer sequences are provided in Table 1. Levels of expression were 
determined using the ΔCt method17 and Ct values were normalized to the selected 
reference gene. 
Histology: Samples were snap-frozen in Tissue-Tek O.C.T. compound (4583, Sakura 
Finetek, Zoeterwoude, the Netherlands) in isopentane in liquid N2 and stored at -30 
°C until further use. 10 µm thick sections were cut (Microm, Thermo Fisher Scientific, 
Kalamazoo, MI, USA) to assess cell viability and histology. Lactate dehydrogenase 
(LDH) staining (N5514, Sigma) to stain living cells dark, as described by Stoddart et 
al.16, was used in combination with propidium iodide staining (P3566, Invitrogen) to 
mark all DNA red-fluorescent to assess the cell viability and distribution. Extracellular 
matrix was stained with Weigert’s hematoxylin for nuclei, Safranin-O (84120, 
Fluka, Sigma) for proteoglycans and Fast Green (1.00056.2500, Merck, Darmstadt, 
Germany) for collagen. Bright field images were made of Safranin-O/Fast Green and 
LDH sections, while fluorescent images were taken for the LDH staining (Observer, 
Zeiss, Sliedrecht, the Netherlands). 
Visualization picrosirius injections: Samples were entirely snap-frozen in Tissue-Tek 
(Sakura) after culture. 100 μm- thick transversal slices were cut at different heights 
(top, middle and bottom) of the sample to visualize (Observer, Zeiss) the distribution 
of the staining inside the sample.

Statistics
Statistical analysis was performed using R-project software (version 3.0.2)18. At first, 
all data sets were tested for group homogeneity and normal distribution with Levene’s 
and Shapiro-Wilks’ tests respectively. When homogeneous and normally distributed, 
a one-way ANOVA was performed with Bonferroni’s corrected post-hoc independent 
t-test. If data were not normal, a Kruskal-Wallis test was done with Bonferroni’s 
corrected post-hoc Mann-Whitney test. Statistical significance was assumed for p < 
0.05.
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Results
NP tissue is maintained in long-term culture
The water content decreased between day 0 and day 1 (p = 0.003), which indicates that 
water was removed from the tissue during the equilibration phase. By tracking the 
change in sample height, it could be seen that the equilibrium was reached within 15 
hours (data not shown). Related to the change in water content, the FCD was higher 
on day 1 than on day 0 (p = 0.02, Figure 3). However, by day 28 of culture, the water 
content and FCD were not significantly different from day 0 (p = 0.30 and p = 0.95 
respectively, Figure 3). The total GAG content did not change (p = 0.27, Figure 3), which 
was corroborated with the Safranin-O/Fast Green staining (Figure 4). The collagen 
content, DNA content (p = 0.55 and p = 0.15 respectively, Figure 3D,E), and cell 
viability (Figure 4) were not different between days of culture. The mRNA expression 
of ACAN, the main extracellular matrix protein, and TIMP2 decreased between day 
0 and 28 (p = 0.005 and p = 0.009 respectively, Figure 5), whereas MMP13 expression 
increased in the same time frame (p = 0.03, Figure 5). COL2A1 and TIMP1 expression 

Figure 3: Water and biochemical content after long-term culture
Water content per wet weight, fixed charged density (FCD) and the glycosaminoglycan (GAG), 
DNA and hydroxyproline (HYP) content per dry weight. Values are mean ± standard deviation; 
n = 6 for each group. X-axis = number of days in culture. a = p < 0.005 and b,c = p<0.05.
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Figure 4: Extracellular matrix and viability staining after long-term culture
Safranin-O/Fast green and LDH staining on day 0 (left) and day 28 (right). Proteoglycans are 
stained red, collagen green and cell nuclei black in the upper images. Living cells are stained 
black and their nucleic acids red in the lower images. Scale bars are 200 μm. 

Figure 5: Gene expression after long-term culture
The expression of aggrecan (ACAN), collagen type II (COL2A1), matrix metalloprotease 13 
(MMP13), tissue inhibitor of metalloprotease 1 (TIMP1) and TIMP2 relative to reference gene 
18s. Please note the logarithmic y-axis and error bars. Values are mean ± standard deviation; n = 
5 for day 0 (white bars); n=5 for day 1 (light grey bars); n=3 for day 28 (grey bars). a,b,c = p < 0.05. 
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did not change significantly (p = 0.08 and p = 0.21 respectively) during the culture 
period (Figure 5), while the expression of COL1A1 was beyond detection limits for all 
samples. 

Injections can be targeted
Picrosirius red staining showed that targeting an injection in the core of the NP tissue 
is feasible. Time dependent picrosirius diffusion was observed, as the intensity of the 
color decreased in the core and increased in the surrounding areas (Figure 6). 

Figure 6: Targeting injections
Diffusion was observed 1, 5 or 17 hours after injection of picrosirius red in the upper, middle or 
lower part of the sample.

NP tissue is responsive to TNF-α
COX2 expression was significantly higher in the samples injected with TNF-α than 
in the sham and Link-N groups (p = 0.02 and p=0.04 respectively, Figure 7), which 
shows that NP tissue is responsive in this system. Injections of Link-N did not result 
in a change in gene expression when compared to the sham group (all genes, p > 0.40; 
Figure 7). The expression of COL1 was beyond detection limits for all samples.
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6Figure 7: Gene expression after injections of Link-N and TNF-α
The expression of aggrecan (ACAN), collagen type II (COL2A1), matrix metalloprotease 13 
(MMP13), tissue inhibitor of metalloprotease 1 (TIMP1), TIMP2, and cyclooxygenase 2 (COX2) 
relative to reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Please note 
the logarithmic y-axis and error bars. Values are mean ± standard deviation; n = 3 for sham 
(white bars); n=4 for Link-N (light grey bars); n=5 for TNF-α (grey bars). a = p < 0.05.

Discussion
It was previously shown that constraint of NP tissue maintains the extracellular 
matrix and mostly preserves native gene expression profiles in long-term culture10. 
However, constraint of the tissue was done manually and reproducibility was less than 
desired. Furthermore, the actual osmolarity and hydraulic pressure in the NP were 
unknown10. By controlling the initial osmotic pressure, a novel and very reproducible 
NP culture system was designed where a fixed tissue volume could be created as a 
function of the initial osmotic pressure. 
Previous studies have shown adverse effects on gene expression and matrix composition 
if static compression of 0.4 MPa or higher was applied19,20. Therefore, the axial load for 
equilibration in this study was chosen to reach an osmotic pressure of approximately 
0.3 MPa, as the osmotic pressure range at rest in humans is 0.1-0.3 MPa in vitro11. 
Equilibration with 0.3 MPa caused some water loss initially, resulting in an increased 
FCD and osmotic pressure at day 1. Nevertheless, after 28 days of culture the water 
content and FCD returned to that in freshly harvested tissue. While no statistically 
significant changes in the GAG content and histology were observed compared to 
day 1, it is possible that a small (quantitatively insignificant) amount of GAG was lost.
As aggrecan is partly fragmented, even in healthy IVD tissue21, fragments could have 
diffused out of the tissue between day 0 and 28. This GAG loss could have caused a 
decrease in FCD and osmotic pressure. Without a change in hydraulic pressure this 
would have resulted in a loss of water, but with a reduction of the tissue’s volume 
accompanying the loss of GAGs, the drop in hydraulic pressure could have been equal 
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or greater than the drop in osmotic pressure. This caused either no exchange of water 
or a slight influx into the tissue until osmotic and hydraulic pressure were again equal. 
Therefore, in hindsight 0.3 MPa may have been a suboptimal equilibrium load, as 
self-regulation was necessary to maintain the tissue. Nevertheless, the extracellular 
matrix composition and cell viability remained statistically unchanged in long-term 
culture, thus the decrease in osmotic pressure was small and changes in tissue content 
were statistically insignificant. 
However, the expression of some genes did change. The expression of main matrix 
component ACAN decreased, like in some previous long-term NP cultures10. Also 
in this respect, the 0.3 MPa during equilibration may have been suboptimal, and 
an optimal pressure, at which both extracellular matrix and gene expression are 
maintained, may exist and should be explored. Additional influential factors may 
also be considered. Previously, it has been shown that anabolic gene expression of 
isolated NP cells in hydrogels increases after dynamic hydrostatic loading22,23, that 
mildly degenerated rat NPs show increased ACAN expression after dynamic axial 
compression24, and that unloaded caprine discs show a significantly lower ACAN 
expression in their NPs than the NPs of loaded discs25, if the applied forces are 
within the physiological range. Since both dynamic hydrostatic loading and dynamic 
compression can be applied on the NP in this culture system, by transmission 
through or displacement of the sintered stainless steel plates, loading regimens can 
be used to mimic the physiological conditions and herewith possibly maintain ACAN 
gene expression at native levels. Finally, gene expression profiles may be improved 
by lowering the pH to 7.1-7.2, as it has been shown that at this physiological pH the 
proteoglycan synthesis rate is highest in vitro26, and by culturing in serum-free 
medium27. Based on previous studies10,28,29 the oxygen concentration was chosen at 5% 
to create a physiological gradient towards the center of the NP30. 
Needles with gauges of a wide range can be used to inject into the tissue through the 
injection port. Therefore, it is possible to inject controlled release hydrogels, large cells 
(e.g. notochordal cells) and therapeutics. In the current study sample heights were 
very similar, so that the deposition of the injected material was easily centralized in 
the core of the samples. In case that sample heights differ, some more care regarding 
the needle depth and skewedness is required to inject in the core. 
In this study, PBS, Link-N and TNF-α were injected in bovine NP tissue to test if 
the tissue is able to respond in the culture system. Synthetic peptide Link-N has 
been shown to be a promising therapeutic agent for NP regeneration, as it increases 
proteoglycan synthesis31, ACAN expression, and simultaneously decreases the 
expression of catabolic markers in isolated NP cells32. Similarly, Link-N was able 
to increase proteoglycan synthesis in vitro in intact human IVDs32. However, in 
the current study no increase in ACAN expression was observed after two Link-N 
injections. The discrepancy between the results of the current study and that of Gawri 
et al. may be explained by the culture method. Link-N molecules are very small (1.9 
kDa) and therefore they can freely diffuse through the tissue. Unlike the study of 
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Gawri et al. where Link-N, injected into the NP of a whole disc, is kept inside the 
disc by the rather impermeable AF and endplates, our system was not able to prevent 
Link-N diffusion out of the system. Furthermore, in the current study, the injected 
amount of Link-N was not corrected for the (very large) volume of culture medium, 
in which Link-N diffused. Picrosirius red, used for testing the injection port, has a 
similar molecular weight as Link-N and diffused throughout the whole tissue within 
17 hours. In this respect, it is likely that the final tissue concentration of Link-N in the 
current study was below the effectiveness level. For future studies, it is recommended 
to inject a controlled release hydrogel containing Link-N, in order to keep Link-N 
available to the cells during the full period of culture. Alternatively, a larger growth 
factor like osteogenic protein-1 (OP-1; a.k.a. BMP-7) may be used. Due to their size, 
the diffusion of these molecules is expected to be slower. 
TNF-α (17.5 kDa) is one of the major inflammatory cytokines measured during 
herniation and degeneration of the NP33,34. In this study, TNF-α injections resulted in an 
increased COX2 expression compared to the sham and Link-N groups. Up regulation 
of COX2 expression in response to TNF-α stimulation is in accordance with literature 
that describes the effect of TNF-α on isolated NP cells35 or in tissue engineered NPs36. 
In addition to COX2 up regulation, the latter study showed down regulation of ACAN 
expression after TNF-α supplementation, which was not observed in the current 
study36. This discrepancy could be explained by the difference in experimental set-
up between the studies: cells isolated from their native environment may not fully 
maintain their phenotype during the isolation procedure and/or they may behave 
differently when no native extracellular matrix is present6. The differences between 
the studies emphasize the added value of culturing NP tissue compared to isolated 
NP cell culture only. In these culture systems the NP tissue can be maintained and 
is responsive under physiological conditions. IVD organ culture systems additionally 
include interactions with the other tissues of the IVD, but maintaining the tissue for 
longer periods is difficult7,8. The in vivo testing of therapeutics is most attractive, but 
expensive and not ethical in early stages of research4.

Conclusions
The native biochemical content and cell viability of NP tissue were maintained when 
cultured at a fixed tissue volume after equilibration with an osmotic pressure of 0.3 
MPa for 28 days. In addition, injections of cytokine TNF-α showed that the tissue is 
responsive. This novel culture system can be used to culture NP explants in a very 
reproducible manner and to test potential regenerative therapies. 
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It has often been suggested that back pain is human’s curse for bipedalism. However, 
certain quadrupeds experience similar back-related problems1–3. This indicates that 
back pain is not merely a human condition. With aging, distinct changes in the cell 
population, biochemistry and function of the intervertebral discs have been observed 
in humans and animals prone to experience back pain. However, the exact mechanism 
of the degenerative cascade of the intervertebral disc and its contribution to back pain 
is not fully understood. 
Regenerative treatment strategies aim at reversing the degenerative process of the 
intervertebral disc and functional repair. In this thesis, we focused on the use of 
notochordal cells (NCs) for regeneration of the nucleus pulposus (NP), as NCs play a 
pivotal role in delaying the onset of disc degeneration1. Additionally, we focused on 
the modification of explants models for NP culture, in order to have an appropriate 
platform for regenerative therapy-testing ex vivo. 

The role of NCs in the NP
The first paper referring to NCs originates from 19824. However, the exact role of the 
NCs in post-natal life remains unresolved even to this day. The avascular NP is a very 
harsh environment for cells to thrive, as the concentrations of oxygen, nutrients and 
the pH are low5. The fact that cell populations diminish with aging and degeneration in 
human NP tissue may therefore not be surprising. However, it is surprising that there 
are large differences between species in the age at which NCs disappear relative to 
the age at skeletal maturity. Early NC loss is correlated to early onset of intervertebral 
disc degeneration1,6 and susceptibility to back pain, which indicates that NCs may 
play a vital role in maintaining the biochemical composition of a biomechanically 
functional NP. In this thesis, a step towards understanding the role of NCs in the 
healthy NP was made, by assessment of the in vitro stimulatory effect of NCs on the 
chondrocyte-like cells (CLCs) of the NP. 

Main findings
In chapter 2, CLCs failed to increase extracellular matrix gene expression or 
production in the presence of NCs. This was attributed to changes in the morphology 
of NCs during long-term culture. Supplementation of the culture medium with fetal 
bovine serum (FBS) significantly decreased NC viability and the expression of NC-
specific genes in chapter 3, while extracellular matrix production increased. Notably, 
in basic (no supplements) or insulin-transferrin-selenium (ITS)-supplemented media, 
more closely simulating the NP environment in terms of nutrients, NCs remained 
viable, maintained the expression of NC-specific markers and produced little matrix 
during 28 days of culture. However, even in these groups, the size of the vesicles, the 
large cytoplasmic structures in NCs, was not completely maintained indicating that 
culture conditions for the NCs should be further improved. Even during culture in 
NP tissue in chapter 4, while NCs remained viable, the size of their vesicles decreased 
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significantly. Furthermore, NCs failed to exert stimulatory effects on the extracellular 
matrix gene expression and production of bovine NP tissue. Interestingly, while NCs 
lost their phenotype in long term culture under suboptimal conditions in chapter 2, 
in the presence of MSCs an increased proteoglycan gene expression and production 
were observed, while MSCs hardly differentiated to the chondrogenic phenotype. 
This altogether implies that the small population of resident NP progenitor cells, as 
identified in the young and healthy NP7,8, may play a role in the preservation of the 
NC population8,9. 
In this thesis, we focused on the stimulatory effect of NCs and the culture conditions 
to support this effect. However, NCs may serve as a pool of progenitor cells or 
have a biomechanical role in the NP, in addition to or other than, a regulatory role. 
These possible roles of the NCs in NP health and function are discussed in the next 
paragraphs. 

The fate of NCs
NCs are metabolically more active than CLCs and more sensitive to (changes in) 
the available nutrition10, which may explain their disappearance as a result of very 
early degenerative changes in the NP. At first, the concentrations of oxygen and 
nutrients  in the NP decrease following endplate calcification5,11. Due to AF and 
endplate disorganization in a later stage of degeneration, the concentrations of oxygen 
and nutrients increase, while the osmolarity of the NP decreases12–14. As a result of 
these external stimuli, it has been described that NCs become apoptotic and are 
replenished with other cells14–16 or that they differentiate into CLCs17–19. Considering 
the similarities between the gene expression profiles of NCs and CLCs17, these cells 
seem to be derived from the same lineage. The presence of FBS in in vitro models may 
provide an external stimulus that affects the fate of NCs in culture: NC apoptosis was 
observed in the FBS-supplemented groups in chapter 3 of this thesis. Interestingly, 
culture in FBS from other batches did not result in decreased DNA contents (chapter 
2,4)20–22. NCs remained viable throughout the culture period in the other groups from 
chapter 2-4, but their morphologies changed towards that of the CLC, which could 
indicate that indeed NCs differentiated to CLCs17–19. 
Defining factors involved in in vitro NC differentiation may be valuable to identify 
what initiates in vivo differentiation of NCs into CLCs14,23. We have shown that NCs 
are indeed sensitive to culture conditions in vitro, as also described previously10,22,24. 
Thus far, the following parameters seem to be essential to maintain the NC 
phenotype: hypoxia21, the pH (≥7.2)10, the basal culture medium composition (e.g. 
glucose concentration)10,22 and medium supplementation, such as ascorbic acid and 
ITS (chapter 3). Although physiological, dynamic hydrostatic pressure for 2 hours/
day induced NC differentiation23, a physiological diurnal loading regimen has been 
suggested to activate the vesicles in the NCs25 and herewith prevent shrinkage of the 
vesicles. 
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The regulatory effect of NCs
NCs can produce proteoglycans at a higher rate than CLCs and the proteoglycans 
are evenly distributed between the pericellular and intercellular domains, contrary 
to those produced by CLCs26. As such, the proteoglycan turnover in the CLC-rich 
degenerated NP is low and the proteoglycan distribution is poor. Improvement of the 
quality and quantity of the matrix may not be achieved without replenishment of the 
cell population in the degenerative NP and/or a significant stimulation of the CLCs to 
produce pericellular proteoglycans. 
In this thesis no long-term in vitro stimulatory effect of NCs on CLCs was observed. 
It has previously been shown that NC-conditioned media27–29 and NCs in short-
term co-culture (3-14 days)20,30, when the NC phenotype was maintained, were 
able to stimulate matrix production by CLCs. Therefore, it seems that, when their 
phenotype is maintained, NCs secrete anabolic bioactive factors which stimulate 
matrix production by CLCs. In this respect, the use of NC-conditioned media, which 
is produced from NC-rich tissue in 4 days of culture28,29,31, is an attractive method to 
stimulate CLC matrix production during long-term culture. 
The bioactive factors secreted by NCs have not yet been identified, but several 
candidates have been proposed to exert regenerative effects. The administration of 
connective tissue growth factor (CTGF)27,32,33, osteogenic protein-1 (OP-1)34, Link-N35 
and growth and differentiation factor-5 (GDF-5)36,37 stimulate CLCs and resulted 
in increased matrix production. Proteoglycans or their fragments (e.g. chondroitin 
sulfate) are able to inhibit ingrowth of nerves and blood vessels38,39. Next to growth 
factors and proteoglycan fragments, cells secrete exosomes, small membrane vesicles 
containing intercellular signaling molecules and miRNA40, which could have a 
regenerative effect29,40. Although these factors show potential for regeneration, it is 
likely that the secretome of the NCs contains an effective combination of a multitude 
of bioactive (anabolic, anti-catabolic, anti-inflammatory) factors. Therefore, a more 
thorough analysis of the NCs secretome is of interest.

The biomechanical function of NCs 
In this thesis, the sizes of the vesicles in NCs were regarded as a phenotypic marker 
for the NCs. However, vesicles may have a distinct function in the biomechanics 
of the NP, rather than being merely a phenotypic marker. From week 3 of human 
embryonic development, the notochord develops and secretes key signaling factors for 
mapping of the surrounding tissues41. Additionally, the NCs in the notochord produce 
proteoglycans to increase the osmotic pressure in their vesicles. As a result, these 
intracellular vesicles swell and the internal pressure increases to enable elongation of 
the notochord42. Herewith, the notochord acts as a hydrostatic skeleton before bone 
formation43. By week 12 of embryonic development the notochord is segmented to 
form the premature intervertebral discs, when the NCs are enclosed in the NPs. 
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NCs, which are important for embryonic development, may also have a mechanical 
function in post-natal life. It has been suggested that NCs actively regulate their 
volume in response to large daily osmotic changes in the post-natal NP25,44. The 
vesicles are highly organized and filled with a hypotonic solution, which is released 
when the NP environment becomes hypotonic, to prevent excessive cell swelling25. 
Additionally, porcine NCs are significantly stiffer and more viscous than annulus 
fibrosus (AF) cells and stiffer than the extracellular matrix45. Herewith, NCs seem 
to be better equipped than other cells to withstand large mechanical loads. In this 
respect the presence of NCs may be equally or more important than the specific 
composition of the extracellular matrix. As such, the presence of the biomechanically 
active NCs may explain the differences in mechanical properties between discs rich 
and poor in NCs46–48. Maintaining the osmoregulatory vesicles in vitro is challenging, 
even when static osmotic stimuli22 (chapter 3) or dynamic physiological loading (2 
hours/day)23 were applied. It is possible that the vesicles disappear when they are 
(temporary) inactive, as in static hyperosmotic culture or short-term dynamic loading. 
However, dynamic and physiological osmotic changes or loading for 24 hours/day 
may be employed to challenge the vesicles to remain active. This may provide further 
understanding of the in vivo triggers of vesicle loss and their biomechanical role in the 
onset of intervertebral disc degeneration.

Future perspectives 
Triggers for the in vivo differentiation of NCs should be explored as no satisfactory 
explanation, other than genetic predisposition, for the species differences in the age 
at disappearance of NCs is currently available. For this purpose, further optimization 
of the culture conditions of NCs (in 3D culture or in tissue) may be of interest. 
As NCs seem to differentiate into CLCs, the question arises if this differentiation 
would be reversible in the right culture conditions. Few MSCs differentiated to the 
chondrogenic phenotype in co-culture with NCs in chapter 2, but the MSCs had 
a trophic effect on NCs. Therefore, the potential of MSC-conditioned media to 
maintain the NC-phenotype should be explored. MSC-conditioned media contain 
anti-inflammatory and anti-catabolic bioactive factors49,50. In addition, to assess if 
the progenitor cells from the NP have a similar trophic effect on NCs, the effects 
of progenitor-conditioned media and MSC-conditioned media from the same donor 
should be compared. 
Human autologous NCs are not available for NP regeneration, as NCs are present in 
NPs at a young age only1 and the harvesting of cells from the NP has been shown to 
induce degeneration51. The option of xenotransplantation of NCs to human NPs is also 
limited, due to immunogenic and ethical issues. Furthermore, NC-conditioned media 
have shown more potential for NP regeneration28,52,53 than direct transplantation 
of NCs into the NP (chapter 4). Regenerative therapies based on the injection of 
bioactive factors (like NC-conditioned medium) aim at the treatment of moderate 
NP degeneration, when the resident cells are still capable of matrix production and 
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degeneration is still reversible. Cell-based regenerative therapies are applicable for 
advanced degeneration, when additional cells are needed to replenish the matrix54. The 
identification of the key bioactive factors in NC-conditioned medium in combination 
with human recombinant technology offers great potential. 
Finally, the role of the vesicles in the biomechanics of the disc should be further 
investigated. With this knowledge, artificial osmoregulatory mechanisms for the NP 
may be designed. The contribution of NCs (with vesicles) and CLCs to the mechanical 
properties of the NP should be compared, as well as the contribution of the matrix 
alone. Herewith, the optimal properties of a NC-poor NP could be identified, which is 
an important outcome parameter for the design of regenerative therapies

The relevance of NP explant systems 
Before therapeutics (cell-based or drugs) can be tested in clinical trials, strict 
regulations have to be followed. In order to maximize the chances of success, while 
minimizing the risks coupled with translation towards human, several steps are 
commonly followed55: 
1. Selection of therapeutic agents 
2. In vitro cell culture and in vivo trials in small animal trials to screen for efficient 

therapeutics
3. Safety studies (e.g. toxicity) 
4. In vivo trials in large animals 
5. Human clinical trials 
6. Cost and effectiveness analyses
In an early stage, in vivo animal models are used to screen for effective therapeutics. 
However, small animal models have certain limitations. Since most small animals 
maintain NCs after skeletal maturity and experience the onset of disc degeneration 
later than humans1, in vivo intervertebral disc degeneration is often induced in 
small animal models, such as rats13,56. Due to the induction of degeneration and the 
differences in cell populations, biochemistry and biomechanics between humans and 
small animals, in vivo small animal models are a suboptimal representation of the 
human disc1,57. In this respect, in vitro culture of human cells is a better alternative for 
screening therapeutics. While CLCs lose their phenotype during isolation from the 
tissue, they do redifferentiate to their original phenotype in long-term 3D-culture58. 
However, CLCs in vitro do not reside in their highly specific native environment, 
which may alter their behavior and sensitivity for certain therapeutics. In order to 
overcome this, several NP explant models have been designed59–61. In these models, 
CLCs reside in their native environment and the extracellular matrix integrity can 
be maintained during long-term culture59–61. Therefore, NP explants may be used as 
a screening tool for therapeutics in a biologically more relevant setting than in vitro 
cell culture. However, the most advanced NP explant system available, the artificial 
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annulus60 (AA), has two major drawbacks: the osmotic pressure in the tissue cannot be 
standardized, limiting the reproducibility, and repeated administration of injections 
is not feasible, as these damage the culture system. In addition, the platform for 
regenerative therapies would be improved with induced pathological degeneration in 
NP explants. 
Therefore, the second aim of this thesis was to modify the available NP explant 
models, to optimize them for the testing of regenerative therapies and to study the 
degenerative cascade. Degenerated human NP tissue is not readily available and 
donor variations are large due to differences in e.g. lifestyle and pathology. Since the 
biochemistry of bovine caudal NP tissue of grade II mimics that of the human lumbar 
NP57,62, this tissue was used in this thesis to optimize the NP explant models and to 
study the degenerative cascade of the isolated NP. 

Main findings
During the degenerative process, the high tonicity of healthy NP tissue61,63 decreases 
due to proteoglycan loss and/or disorganization of the AF. Additionally, inflammatory 
markers have been found in degenerated and herniated NP tissue64,65. Notably, a 
short-term inflammatory reaction (nitric oxide, interleukin-8, prostaglandin E2) was 
observed in constrained NPs in chapter 5, with only small differences between tissue 
tonicities. Unconstrained NP samples showed a sustained inflammatory reaction, 
characterized by interleukin-6 and prostaglandin E2. However, the NP explant 
system needs to be improved to maintain the tonicity in long-term culture and hereby 
study the role of tonicity in the inflammatory component of disc degeneration. To 
enhance the reproducibility and to allow for serial injections, a new bioreactor was 
designed in chapter 6. Both cell viability and matrix composition of bovine NP tissue 
remained unchanged during 28 days of culture with limited variance. However, the 
native gene expression was not completely maintained. The NP tissue was responsive 
to injections of TNF-α in short-term culture (4 days) in the new bioreactor. Link-N 
injections did not exert regenerative effects, likely due to diffusion of Link-N into the 
medium andtherefore reduced local concentrations. Altogether, the new bioreactor 
provides a platform to assess ex vivo degeneration of NP tissue and to test injectable 
regenerative therapies.

Regulation of hypo-osmotic shocks in the NP
The tonicity of the healthy NP is high, which is favorable for proteoglycan synthesis63,66. 
As a result of osmotic stress in the NP, cell volumes change and active volume 
regulation is initiated67,68. Simultaneously, the gene expression of osmolyte transport 
and cytoskeletal remodeling change69. During the process of disc degeneration, the 
tonicity in the NP decreases. In chapter 5, NP tissues were allowed to free swell in 
hypo-osmotic media for 100 minutes, after which the change in tissue volume was 
halted with the AA (physical constraint). Culture of these hypotonic NPs resulted in 
a decreased DNA content on the long term, but no sustained inflammatory response 
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was observed. This decreased DNA content in hypotonic NP culture may be a result 
of poor long-term adaptation to the hypo-osmotic environment70. Indeed, hypo-
osmotic challenges result in chromatin decondensation and a significant reduction 
of cortical actin, which regulates ion and transient receptor potential vanilloid 4 
channels (TRPV4)71. However, the decreased DNA content may also be a response 
to the initial procedure of arresting the NP swelling with the AA. Chondrocytes 
have been shown to respond differently to sudden or gradual hypo-osmotic stimuli71. 
Sudden hypo-osmotic shocks cause passively swelling of chondrocytes, after which 
their volume is slowly decreased due to the adaptive mechanism of regulatory volume 
decrease (RVD). However, certain cells do not exhibit RVD or burst before RVD, 
which indicates that adaptation to sudden hypo-osmotic shocks is suboptimal. Based 
on these findings and the gradual hypo-osmotic challenges during disc degeneration, 
it is recommended to apply gradual instead of sudden hypo-osmotic shocks to NP 
tissue explants to mimic degeneration. This could be done by perfusion of alternating 
hypotonic and hypertonic media in the culture environment. Additionally, allowing 
the NP tissue to free swell for more than 100 minutes before constraining the volume, 
may allow better RVD adaptation and a more stable actin cytoskeleton. The presence 
of aquaporin 1 &572 (water channels) and myo-inositol73,74 (osmolytes), and TRPV475 
have been shown to decrease in the degenerating NP and may therefore be interesting 
targets to monitor NP explant degeneration. 

Hypo-osmotic shocks and inflammation
The absence of a sustained inflammatory response in the physically constrained AA 
groups in chapter 5 may be attributed to suboptimal culture conditions, insensitive 
outcome parameters or to an invalid hypothesis. Culture conditions may have been 
suboptimal regarding the supplementation of the culture medium with FBS, which 
contains anti-inflammatory agents76. Furthermore, hyaluronic acid fragments can 
initiate an inflammatory response in NP cells in vitro and it was hypothesized that 
these fragments play a role in disc degeneration via Toll-like receptor 2 (TLR2) 
signaling77. In the current set-up proteoglycans could hydrolyze due to NP swelling, 
but the proteoglycan fragments did not remain in the tissue as they were able to 
diffuse into the culture medium. Furthermore, the inflammatory response was 
assessed by cytokine production, as measured by ELISA. ELISA’s show the actual 
cytokine production of the tissue. Taking the low cellularity of NP tissue and the 
relatively large culture medium volumes employed in the bioreactor system into 
consideration, small changes in the cytokine profile may be undetectable. Therefore, 
gene expression profiles could serve as a screening method for a wide variety of 
cytokines, but also enzymes for matrix degradation. In addition, it may be of interest 
to monitor TLR2 and TPRV4. Currently, the RNA isolation techniques for NP tissue 
are under development in our lab. 
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Simulated degeneration in NP explants
The induction of pathological degeneration in NP explants could provide insights in 
the degenerative cascade of the NP and could provide a model to test regenerative 
therapies in a controlled manner. The degenerative mechanism of the intervertebral 
disc is multifactorial and it is currently still difficult to distinguish between cause 
and effect. The versatile bioreactor, designed in chapter 6, allows induction of 
degeneration with different methods. For example, non-physiological loading 
regimens have been shown to induce apoptosis in cells in vitro78 and in NP explants79. 
Similarly, proteoglycan loss can be simulated by enzymatic breakdown with 
injections of chondroitinases80, although it has to be taken into account that this does 
not fully mimic pathological degeneration57. NP tissue could also be degenerated 
by injections with pro-inflammatory cytokines81,82 or hyaluronic acid fragments77. 
Finally, degeneration as a result of decreased nutrition supplies could be assessed, 
by culture in nutrient-deprived media83–85. As an alternative to induced degeneration 
in NP tissue, already degenerated NP tissue could be cultured in the bioreactor 
from chapter 6. Although this doesn’t provide information about the causes of 
degeneration, regenerative therapies can be tested in a native setting. 

Future perspectives
The newly designed NP explant bioreactor shows many improvements compared 
to the previous systems59–61, with increased reproducibility rates, an injection port 
and an easy to use and standardized culture set-up. However, in general the culture 
conditions for NP tissue need to be optimized, to resemble the physiological 
conditions (nutrients, loading) for complete disc homeostasis. Additionally, controlled 
degeneration of NP tissue is of interest, as described in the previous paragraph. 
Logically, the use of human surgical or cadaveric NP samples would be ideal for explant 
cultures, as no interspecies translation would have to be made. However, human NP 
samples are not readily available, donor variations are large due different life styles and 
grades of degeneration. In this respect, animal models should be chosen carefully. As 
described, the disc composition of small animals is different from that of the human57, 
but it has been shown that grade II bovine caudal discs are biochemically similar 
to grade II human discs57,62. Alternatively to bovine NP explants, canine NP tissue, 
sampled from canine patients suffering from IVD disease or from chondrosystrophic 
experimental dogs euthanized for unrelated experiments, could be used. In this 
respect, the bioreactor system can be modified in order to study the smaller canine 
NP explants or smaller NP explants isolated from the same human disc.
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Samenvatting
Lage rugpijn is een veelvoorkomende aandoening met verstrekkende gevolgen op 
sociaal en financieel gebied. De huidige behandelmethoden richten zich op de 
symptomen van rugpijn en zijn maar beperkt effectief op de lange termijn. Er bestaat 
een duidelijk verband tussen rugpijn en degeneratie van de tussenwervelschijven. De 
eerste tekenen van degeneratie zijn te zien in de kern van de tussenwervelschijf, de 
nucleus pulposus (NP). Regeneratie van de NP, met functioneel herstel als doel, is de 
focus van deze dissertatie. 
In de NP zijn bij de geboorte zowel clusters van notochordale cellen (NC) als kleine, 
kraakbeenachtige cellen (KAC) te vinden. Na de geboorte begint de hoeveelheid 
NC af te nemen, wat bij volwassenen resulteert in NPs met alleen KAC. Zowel in 
mensen als diersoorten die ontvankelijk zijn voor chronische rugpijn bestaat er een 
correlatie tussen het verdwijnen van NC en het begin van NP degeneratie. Daarom 
wordt gedacht dat NC een belangrijke rol spelen in de homeostase van NP-weefsel. 
Op dit moment is de functie van NC in de gezonde NP niet volledig bekend, maar er 
wordt verondersteld dat ze KAC kunnen stimuleren om meer extracellulaire matrix 
te produceren of dat ze differentiëren tot KAC. 
In deze dissertatie werd de stimulerende rol van NC op KAC onderzocht. In 
tegenstelling tot de resultaten van eerdere, kortdurende studies, bleken NC in 
langdurige 3D-kweek geen trofisch effect op KAC te hebben. Hoewel NC bleven leven 
in de natuurlijke NP omgeving, oftewel in explantaten van NPs, resulteerde ook dit 
niet in een toegenomen hoeveelheid extracellulaire matrix in het weefsel. Gedurende 
beide langdurige studies veranderde de kenmerkende morfologie van de NC, wat de 
afwezigheid van een trofisch effect zou kunnen verklaren. Daarom werd onderzocht 
welke kweekcondities het NC-fenotype beïnvloeden. Het fenotype van NC werd 
nauwelijks beïnvloed door de osmolariteit van het medium of de isolatiemethode 
voor NC, terwijl de supplementen in het medium duidelijk verschillende effecten 
op het fenotype hadden. Serumvrij kweken wordt aangeraden voor NC. In deze 
dissertatie werden KAC, geïsoleerd of in hun natuurlijke omgeving, niet gestimuleerd 
door NC. Recente studies hebben uitgewezen dat NC-geconditioneerde media een 
veelbelovende aanpak voor NP-regeneratie vormen. 
Door het gebruik van ongedegenereerd weefsel en het gebrek aan mogelijkheden 
voor herhaalde injecties zijn de beschikbare explantaatmodellen voor NP-
weefsel suboptimaal voor het testen van regeneratieve therapieën. Om deze reden 
was het tweede doel van deze dissertatie het ontwikkelen van kweekmodellen 
voor onderzoek naar NP regeneratie. Hypotonisch NP-weefsel werd op twee 
manieren gekweekt: na volumeregulatie, waarmee het verlies van toniciteit tijdens 
tussenwervelschijfdegeneratie wordt gesimuleerd, en zonder regulatie, als model 
van een hernia in de tussenwervelschijf. De volumeregulatie van hypotonisch NP-
weefsel resulteerde zowel in een kortdurende ontstekingsreactie als celdood op de 
lange termijn, terwijl ongereguleerde weefsels langdurige ontstekingsreacties en een 
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toename in het aantal cellen lieten zien. In deze studie was de reproduceerbaarheid 
van de kweekcondities suboptimaal en de belangrijkste ontstekingsfactoren m.b.t. 
rugpijn werden niet gemeten. Daarom werd een nieuwe bioreactor ontworpen om een 
meer gecontroleerde omgeving voor het kweken van NP-weefsel en seriële injecties 
mogelijk te maken. In dit systeem kon NP-weefsel langdurig en reproduceerbaar 
gekweekt worden. Verder reageerde het NP-weefsel in de nieuwe bioreactor op 
geïnjecteerde stimuli. De nieuwe bioreactor vormt een platform om de degeneratie 
van NP-weefsel en injecteerbare therapieën ex vivo te onderzoeken. 
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