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Summary

The influence of nutrient deprivation on nucleus

pulposus cells in vivo and in vitro

Intervertebral disc degeneration is one of the causes of low back pain with a multi-
factorial etiology of which lack of nutrition for the nucleus pulposus cells has been
proposed as one of the causes. During ageing, the cartilaginous endplates of the disc
calcify and become less permeable to nutrients. Since the disc is a large avascular struc-
ture the cells inside the disc depend on diffusion for solute transport. For the nucleus
pulposus the most important route is the route through the endplate. In this research
project we want to see if partial blockage of this endplate route (mimicking endplate
calcification in humans) results in nutrient deprivation, and if this nutrient deprivation
could cause disc degeneration. This study has an in vivo and an in vitro part. In the
in vivo part we test the endplate perfusion inhibition, and how the cells respond in
a short term to the nutrient deprivation caused by this perfusion inhibition. In the
in vitro part we test the sensitivity of isolated nucleus pulposus cells to low glucose
conditions with or without serum and with or without cyclic hydrostatic loading. Also
we test the capability of bone marrow derived stromal cells (BMSCs) to survive in
hydrogels which is no problem to nucleus pulposus cells and articular chondrocytes,
this with respect to their potential for disc and cartilage repair for future development
of biological treatments.

In vivo : Under general anesthesia cuts were made in sheep vertebrae, close and par-
allel to the endplate to disrupt the blood supply to the disc. Immediately or 4 weeks
later, diffusion of N2O into the disc was measured amperometrically. Post-mortem a
fluorescent dye (procion red) was infused into the lumbar vasculature to visualize the
vascular buds in histological section. In the 4 week study gene expression, DNA quan-
tification and cell viability assessment were added as outcome measures. The results
of the acute study confirmed that disrupting the blood supply decreased the perfusion
of the endplate and inhibited diffusion of N2O into the disc. There was a significant
correlation between the amount of perfused vascular buds and the amount of diffused
N2O inside the disc. In the 4 week study there were problems with the diffusion mea-
surements, but the cell viability was lower and Collagen I and MMP13 gene expression
were significantly up-regulated in the experimental discs compared to the control discs.
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In vitro : Isolated nucleus pulposus cells were cultured in 3D cell pellets under high
(4.5 g/l, only serum group) low (1.0 g/l) and ultra low (0.1 g/l) glucose conditions
with and without cyclic hydrostatic load (sine wave, 0.5 - 1.5 MPa, 1Hz, 4 hours per
day) and with or without serum. At days 0, 7 and 14 pellets were harvested for DNA,
GAG, gene expression analysis and histology (only d14). In all serum groups DNA
content per pellet increased over the 14 day culture period. In the serum groups, GAG
increased over time in the ultra low glucose group. In the low and high glucose groups
GAG content increased till d7, but had dropped again at d14. A similar trend was
found in aggrecan and collagen II gene expression. In the serum free groups GAG
content was low at d7, but had increased at d14. Histology also showed more GAG
in the ultra low glucose groups and the serum free groups than in the low and high
glucose groups when pellets were cultured with serum. In none of the groups an effect
of load on any of the outcome measures was found.

BMSCs, articular chondrocytes and nucleus pulposus cells cast in 1.2% alginate or
2% agarose were cultured for 21 days in serum containing media or (only BMSCs) in
medium with 1% ITS+ and 10ng/ml TGFβ1. By day 21, nucleus pulposus cells and
articular chondrocytes proliferated, maintained up-regulation of aggrecan and collagen
type II, produced GAGs and stained positively for collagen type II in both scaffolds.
In contrast, number of living BMSCs and DNA content of their constructs decreased in
both scaffolds. Addition of TGFβ1 resulted in cell survival and behavior more similar
(gene expression, GAG production and collagen type II synthesis) to articular chon-
drocytes and nucleus pulposus cells.

In conclusion: Nucleus pulposus cells are very tough cells that survived very low glucose
conditions. But when perfusion has been inhibited in vivo, they have problems surviv-
ing and maintaining their gene expression. When considering BMSCs as a strategy for
disc (or cartilage) repair, chondrogenic differentiation is advised in order to maintain
their viability. This research shows that glucose deprivation alone or combined with
load does not result in degenerative changes in nucleus pulposus cells and that in order
to study disc de- and regeneration in vitro oxygen concentration and pH should also
be included.
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General Introduction



2 General Introduction

1.1 Clinical relevance and background

Low back pain is a disorder that affects many people, the direct and indirect costs
are very high and there is no cure. Low back pain is often related to intervertebral
disc degeneration. The intervertebral discs are the large avascular structures situated
between the vertebrae transmitting the loads through the spine and giving the spine
its flexibility. When a disc degenerates the space between the vertebrae narrows which
causes the nerves exiting the spinal cord to become compressed which causes pain.
Also disc herniation could irritate the spinal nerves causing radiating pain, and even
the disc itself could become painful, in severe cases of intervertebral disc degeneration
nerve ingrowth has been identified [1]

The etiology of intervertebral disc degeneration is multi-factorial. From twin studies
we know that genetics play a major role in developing intervertebral disc degeneration
[2], but this does not explain the pathogenic mechanism through which the discs degen-
erate. Mechanical loading, ageing and nutrition also influence disc health. Mechanical
load within a certain range has a positive effect on disc health, but overloading or
non-loading may accelerate the intervertebral disc degeneration. Furthermore, initial
damage to a disc from trauma usually does not heal and accumulation of micro damage
can grow into major damage and intervertebral disc degeneration [3] especially since
the cells of the disc have low regenerative capacity. Because the disc is avascular, the
cells inside of the disc depend on diffusion from the nearest blood supply for their
nutrients and removal of waist products. Through life the endplate route for diffusion
to and from the cells in the nucleus pulposus becomes less permeable resulting in very
harsh conditions with low glucose and oxygen concentrations combined with acidic pH
levels for these cells. In vitro studies have shown that these harsh conditions can lead
to less matrix production by the nucleus pulposus cells or even cell death which could
cascade into intervertebral disc degeneration [4, 5, 6]. This pathogenic mechanism has
however never been proven to be true in vivo.

The most common treatment options of discogenic back pain (pain related to inter-
vertebral disc degeneration or herniation) are conservative treatment, total disc re-
placement, nucleotomy, or spinal fusion. In conservative treatment a patient will be
given pain relieve, physiotherapy, or sometimes put into traction to unload the spine
in order to restore the herniation and disc height. In total disc replacement, the disc
is removed from the spinal column and replaced by an artificial disc also restoring disc
height and preserving motion in the spine, which should prevent degenerative changes
in the adjacent levels. In nucleotomy, the protruding part of the nucleus pulposus is
being removed from the disc to relieve the pressure on the spinal nerves and the pain it
caused. In case of spinal fusion the aim is not to restore mobility, but to bring stability
to the spine and to remove the disc in cases where the disc is suspected to be the source
of pain and in this way relieve the patient from pain. These treatment all have fairly
good outcomes in terms of pain relieve in many but not all patients. Furthermore, the
long term effects of spinal fusion on the adjacent levels are not completely clear yet
as studies are contradicting [7, 8]. However, it has been suggested that fusion alters
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the biomechanics of the spine in such matter that it accelerates disc degeneration in
the adjacent levels. Therefore, treatments which aim to maintain or restore the disc
function and biomechanics have become of high interest.

Biological treatments are such treatments which aim to functionally restore a degen-
erated disc and are directed to the cells of the disc which build and maintain the
extracellular matrix. Theoretically this can be done by removing the stress factor that
caused the degeneration, by stimulating the native cells, or by replacing the native
cells which have only low cellular activity with highly active bone marrow stromal cells
which are multi-potent and can differentiate into the desired phenotype. Before one can
remove the stress factor it has to be identified first, and even then, the cells of the disc
are not very active and it is questionable if they can restore the damage. Stimulation
of the native cells can be done by growth factors, mechanical stimuli or by isolating
the native cells, expanding them in vitro and re-implanting them. The drawbacks of
the latter are that native nucleus pulposus cells are not very active and have poor pro-
liferative capabilities, the cells will de-differentiate in monolayer expansion and there
is high donor site morbidity, in addition, this technique would require two surgeries if
being used in medical practice. Of all these option bone marrow derived stromal cells
seem to have the highest potential as they are highly active and multi-potent, they can
differentiate into adipocytes, chondrocytes, and osteoblasts under the right conditions
and are easily available with only minor donor site morbidity. Furthermore, treatment
of experimentally induced intervertebral disc degeneration in small animals seems very
promising [9], but it is not clear how these highly active cells would respond to the
harsh environment in the ageing larger intervertebral disc.

1.2 Objectives of the thesis

In the previous section it was suggested that nutrition plays a major role in interver-
tebral disc degeneration, but that the pathogenic mechanism behind this has not been
proven in vivo . The general aim of this thesis is to investigate the role of nutrition
in intervertebral disc degeneration, and to prove that diffusion inhibition from and to
the endplate vasculature can cause degenerative changes in the nucleus pulposus of the
intervertebral disc. This aim will be addressed in in vivo (part 1) and in vitro studies
(part 2). Furthermore, biological treatments with bone marrow stromal cells for in-
tervertebral disc degeneration look very promising for the future, but the behavior of
these bone marrow stromal cells under the harsh conditions in a degenerated disc is
unknown. It would be very useful to investigate their response to the harsh condition
under highly controlled in vitro conditions. Therefore, a first step towards developing
a culture system in which the behavior of bone marrow stromal cells under in vivo-like
harsh conditions has become a second aim of this thesis.

The first part of this thesis focuses on the in vivo approach to investigate the effect of
glucose on intervertebral disc degeneration. In order to study this effect an ovine model
in which diffusion to and from the endplates can be surgically manipulated was intro-
duced. The assumed relation between endplate perfusion and solute diffusion needed to
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be demonstrated before the effect of perfusion inhibition on the behavior of the nucleus
pulposus cells could be investigated.

Hence,

⇒ The first objective of this thesis is to show a causal relation between endplate
perfusion and diffusion in vivo (chapter 3).

and

⇒ The second objective of this thesis is to is show that perfusion inhibition can
initiate degenerative changes in the cells of the nucleus pulposus of the intervertebral
disc (chapter 4).

The second part of this thesis focuses on the in vitro approach to investigate the
effect of glucose on intervertebral disc degeneration. But also on the second general
aim of this thesis which is to investigate in vitro culture conditions of bone marrow
stromal cells. In vitro studies are conducted as they give more control over the testing
conditions, especially when the effects of isolated parameters singly or in combination
are under investigation. In the in vivo studies exact values of loading and nutrients will
remain unknown and could vary considerably between animals. In the in vitro studies,
loading and nutrient conditions can be controlled much better and the effects of glucose
and loading can be investigated separately.

In a whole organ culture Jünger et al. [10] have found a synergistic effect between
high frequency mechanical load and low nutrition. But since in this whole culture sys-
tem nutrients diffused from the medium surrounding the intervertebral discs into the
nucleus pulposus it is not clear at what glucose concentration this happened. Therefore,
in this in vitro part of the thesis the effect of glucose on intervertebral disc degeneration
was investigated in isolated nucleus pulposus cells.

⇒ The third objective is to show a synergistic effect of low nutrition and physio-
logical levels of hydrostatic pressure on matrix production in isolated nucleus pulposus
cells in vitro (chapter 5).

Furthermore, bone marrow stromal cells have been identified as candidate cells to repair
disc damage. These cells are multi-potent and can differentiate into chondrocyte-like
cells under the right stimuli. In vivo and in vitro studies have shown promising re-
generative capabilities of these bone marrow stromal cells, but none of these studies
were conducted under the harsh environment found in a degenerated human disc. For
these biological treatments to be successful, it is advisable to test the capabilities of
these cells in vitro also under harsh nutrient conditions. It is known that these cells
are not used to a 3D environment unlike the nucleus pulposus cells and that before in

vitro studies can be conducted the culture conditions under which these cells do survive
and can produce extracellular matrix have to be determined.
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Therefore,

⇒ The fourth objective is to investigate the fate of bovine bone marrow derived
stromal cells when cultured in a hydrogel in comparison to differentiated nucleus pul-
posus cells and articular chondrocytes (chapter 6).
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Figure 1.1: Outline of this thesis
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Overview of relevant literature
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2.1 Anatomy of the Spine

The human spine consists of 7 cervical, 12 thoracic, 5 lumbar, 5 fused sacral and 3–5
fused coccygeal vertebrae. The intervertebral discs are situated between the vertebrae.
The 23 intervertebral discs account for 20–30% of the length of the human spine [11].
These discs are the largest avascular structures in the body. They provide flexibil-
ity to the spinal structure but also resist compression as well as tension [12, 11]. A
vertebrae-disc-vertebrae segment is called a motion segment [11]. Spinal nerves exit
the spinal cord through the space between the vertebrae. When an intervertebral disc
becomes degenerated, the space between the vertebrae is decreased, which can lead to
a compressed spinal nerve and low back pain and sciatica.

2.2 Anatomy and Biochemistry of the Disc

Figure 2.1: Schematic overview of an intervertebral disc with the gelatinous nu-
cleus pulposus in the center distinguishable from the fibrous annulus fibrosus and
the endplates. This figure also shows the lamellar structure annulus fibrosus.
reprinted from Kurtz and Edidin [13], with permission from Elsevier.

2.2.1 Gross Morphology

Three different regions within the disc can be distinguished (Figure 2.1). The nucleus
pulposus in the center of the disc is very gelatinous, rich in proteoglycans and has a
very high water content [14]. Because of its gelatinous structure and high water content
it can distribute compressive strains to the annulus fibrosus in the form of a biaxial
circumferential tensile strain.
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Surrounding the nucleus pulposus is the fibrocartilaginous annulus fibrosus. The inner
part of this region (inner annulus) is more fibrous than the nucleus pulposus but still
rich in proteoglycans with the appearance of lamellae and has also been called the
transition zone as it bridges the gelatinous nucleus pulposus and the ligamentous–like
outer part of the annulus fibrosus (outer annulus) [15, 16, 17, 18]. This highly fibrous
region of the disc consists of highly organized collagen fibers. The collagen fibers form
lamellae in which the collagen fibers are arranged in a parallel order. The fibers have
an angle of about 30◦ with respect to the vertebral endplates and the layers alternate
directions with respect to one another (Figure 2.1).

Above and below the disc, the endplates form the border of the intervertebral disc
with the adjacent vertebrae (Figure 2.1). The endplates consist of a vascularized os-
seus part covered with a thin layer of avascular hyaline cartilage with an impermeable
calcified zone, the cartilaginous endplate. In the bony endplate the capillaries form vas-
cular buds which can protrude into the marrow contact channels of the calcified zone
[19, 20] making it possible for nutrients to diffuse through the cartilaginous endplate
into the disc which is mostly avascular. The vascular buds have a different structure
in the center than at the outer parts of the endplates. The coils are more complex
and larger at the center of the endplates covering the nucleus pulposus than in the
outer rim covering the outer annulus. This is probably why the endplates are more
permeable in the center than on the outsides [21]. The endplates play an important
role is disc health and nutrition which is confirmed by a correlation between endplate
permeability [22] and amount of endplate openings (marrow contact channels) the size
of vascular buds [20] with disc degeneration

2.2.2 Biochemistry of the Disc

Composition and function are inherently interrelated to each other. As mentioned
above, the intervertebral disc has three regions: the nucleus pulposus, annulus fibrosus
and the endplates, where the composition of the nucleus pulposus can be compared to
that of articular cartilage and the composition of the outer annulus to that of ligaments
[14]. These tissue differences are reflected in the composition of the extracellular matri-
ces. Collagens and proteoglycans are the most abundant components of the matrix and
determine the mechanical behavior of the matrix [23]. To date, 17 types of collagens
have been identified, with 7 localized to the disc (Table 2.1).

Proteoglycans are very large glycosylated proteins with a molecular weight of about
1 × 106 daltons that have glycosaminoglycans covalently attached [25, 11]. They are
negatively charged and very hydrophilic which is why they can retain water 50 times
their weight [25]. The concentration of proteoglycans in the intervertebral disc is high-
est in the nucleus pulposus and decreases toward the outer annulus [26]. Aggrecan is
the predominant proteoglycan out of five types found in the intervertebral disc [27].
It has the glycosaminoglycans keratan sulphate and chondroitin sulphate attached to
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Table 2.1: Overview of collagen types present in the human intervertebral disc

Region Collagen type % of total collagen

Nucleus Pulposus II 75–80
VI 15–20
IX 1–2
XI 3

Inner Annulus II 80
III possible traces
VI 10
IX 1–2
XI 1

Outer Annulus I 80
III possible traces
V 3
VI 10

Data from Oegema [11]

Table 2.2: Overview of the distribution of proteoglycans present in young and
adult ovine intervertebral disc

Proteoglycan Region

Aggrecan highest in NP and IA
Versican highest in IA and OA, in between lamellae
Decorin highest in IA and OA
Biglycan equally distributed
Fibromodulin highest in IA and OA
Data from Melrose et al. [24]
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its core protein, giving it its “bottle brush”–like structure. The other proteoglycans of
the intervertebral disc are decorin, which can bind to collagen types I and II, biglycan,
which can bind fibronectin, fibromodulin, which can also bind to collagen [11] and ver-
sican which was found to be an important proteoglycan in the interlamellar space of
the ovine disc [24] (table 2.2).

2.2.3 Cell Population

The different regions of the intervertebral disc are populated by unique cell popula-
tions [14]. In the fetus, notochord cells populate the nucleus pulposus, but in infancy,
in humans, these cells disappear and are replaced by chondrocyte-like cells [16], though
the cell population is not homogeneous. There are some large cells with big vacuoles
that have not been identified, and smaller cells that are similar to chondrocytes [28]
and occur either singly or in groups. The cells of the inner annulus are also described
as chondrocytes [11], chondrocyte-like [29, 14, 30, 16] or fibrocartilaginous [14]. In the
outer annulus, the cells are elongated, spindle shaped [31] with a visible pericellular
capsule [32, 33]. They have been characterized as fibrocartilagenous, chondrocyte-like
[14, 16], fibrocytes [30] or fibrochondrocytes [11, 16]. It is believed that the notochordal
cells play an important role in the development of the intervertebral disc. They may
have regenerating capabilities as animals which retain their notochordal cells through
life do not naturally develop intervertebral disc degeneration.

Bruehlman et al. [34] have identified a gradual change in cell shape from the inner
annulus to the outer annulus in bovine discs. In the inner annulus the cells are rounded
but show some short and thick processes while toward the outer annulus a middle an-
nulus was identified in which the cells are elongated but do not show processes. In the
outer annulus the cells are thin and elongated and have long processes. These cells
are aligned with the direction of the collagen network. In the outer rim the cells are
thinner and show extensive long processes. Which is also consistent with the biochem-
istry of their surrounding extracellular matrix. The rounded cells in the inner annulus
are surrounded by a matrix predominantly consisting of collagen II and aggrecan and
the more fibroblastic cells in the outer annulus in a matrix consisting predominantly
of collagen I Furthermore, cells were found located between the lamellae which form a
mesh work with no distinct direction.

2.3 Disc Mechanics

Because of the hydrophilic property of the nucleus pulposus it is subjected to a hy-
drostatic pressure. The proteoglycans attract the water into the nucleus pulposus
(and inner annulus) which causes it to swell, while the collagenous outer annulus, the
endplates and the ligaments of the spinal column restrain the swelling resulting in a
pressure. Nachemson et al. [35] have measured this pressure along all three axis and
it was the same in all directions confirming that the pressure is indeed hydrostatic.
When an external load is applied to a healthy motion segment the hydrostatic pres-
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sure in the nucleus increases 1.3 to 1.6 times [35]. Adams et al. [36] have done these
measurements also in the annulus fibrosus and found that the “functional annulus fi-
brosus” has the same width anterior and posterior. Even though the anterior inner
annulus fibrosus had distinct lamellae, it behaved as the nucleus pulposus, showing a
hydrostatic pressure. From in vivo measurements it is clear that posture has a big
influence on the disc pressure, indicating that muscles impose a larger load on the disc
than direct gravity does. Rotation of the spine can result in high disc pressures and
when rotation is added to a given posture the pressure in the disc can double (table 2.3).

Table 2.3: Approximate load on the L3 disc in a person of 70 kg

Position Load (N)∗ Pressure (MPa)†

Supine, awake 250 0.1
Standing at ease 500 0.5
Forward bend 20◦ 600 1.1
Forward bend 40◦ 1000 n.a.
Forward bend 20◦ with 20 kg 1200 2.3
Forward bend 20◦ and rotated 20◦ with 10 kg 2100 n.a.
Lifting 20 kg as taught in back school n.a. 1.7
∗ Data from Nachemson [35]
† Data from Wilke et al. [37]
n.a. = not available

2.4 Ageing of the Disc

In early embryonic life, the spine develops from the notochord and mesenchyme. The
notochord cells form the center of the spine and in early human life these cells can still
be found in the nucleus pulposus of the disc [38]. The mesenchymal cells surround the
notochord cells, and these will later form the annulus fibrosus of the discs. In humans,
the notochordal cells disappear during childhood and are replaced by chondrocyte-like
cells. It is not clear if the notochordal cells differentiate into chondrocytes or whether
cells from the annulus fibrosus migrate into the nucleus pulposus [14].

During ageing the proteoglycan production decreases and the release rate significantly
increases, resulting in a lower proteoglycan content in older discs [30, 27]. With this
loss of proteoglycans the water content also decreases during ageing. In humans there
is even a linear relationship between water content and age [39] with in the infant a
water content in the nucleus pulposus of about 90%, in a young adult about 80%, and
with old age as low as 70% [11]. In the annulus fibrosus on the other hand, the water
content remains relatively constant with ageing [11]. Because of the loss of water the
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nucleus pulposus becomes more fibrous, which changes the mechanical properties of
the disc. The area of the “functional nucleus” in which the pressure is hydrostatic
decreases about 50% while the pressure decreases with about 30%. Furthermore, the
“functional annulus” increased about 80% in thickness and peak stresses increase with
160% [40]. The changes in the intervertebral disc during ageing and degeneration hap-
pen in a generally recognized pattern described in a grading scheme with five grades of
intervertebral disc morphology by Thompsen et al. [41] (table 2.4)
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Table 2.4: A grading scheme for intervertebral disc morphology developed by Thompson et al. [41]

Grade Nucleus Annulus Endplate Vertebral body

I A bulging gel Discrete fibrous lamellas Hyaline, uniformly thick Margins rounded
II White fibrous tissue pe-

ripherally
Mucinous material be-
tween lamellas

Thickness irregular Margins pointed

III Consolidated fibrous tis-
sue

Extensive mucinous infil-
tration; loss of annular-
nuclear demarcation

Focal defects in cartilage Early chondrophytes or
osteophytes at margins

IV Horizontal clefts parallel
to endplate

Focaldisruptions Fibrocartilage extending
from subchondral bone;
irregularity and focal scle-
rosis in subchondral bone

Osteophytes less than 2
mm

V Clefts extend through nucleus and annulus Diffuse sclerosis Osteophytes greater than
2 mm
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2.5 Disc degeneration

It is very difficult to distinguish between intervertebral dis degeneration and normal
ageing process described above in (Table 2.4). As intervertebral disc degeneration is
strongly correlated with age one could consider disc degeneration as premature age-
ing. Intervertebral disc degeneration starts in the nucleus pulposus which becomes less
gelatinous and more fibrous [42]. Consequence of this is that the compressive loads in
the nucleus pulposus are no longer translated into a tensile load on the annulus fibrosus;
the original tensile load in the annulus fibrosus becomes a compressive load. The cells
inside the disc cannot restore the original situation but adapt to the new mechanical
environment.

In an extensive literature study, including data from 16 reports with 600 interver-
tebral disc gradings of varied age, sex and disc level, lumbar disc degeneration first
appears in males between 11 and 19 years of age, and between 20 and 29 years of age
in females. When degeneration occurred it was most pronounced in the L3-L4 and the
L4-L5 discs. In most age groups, the male discs were more degenerated than the female
discs [43]

2.5.1 Genetics

The etiology of intervertebral disc degeneration is multi-factorial, mechanical stimuli,
age, nutrition and genetics are all believed to play a role in disc degeneration but the
role of genetics is much greater than believed before [2, 44, 45]. Twin studies have
shown that genetics explain a much greater part of the variability in disc degeneration
than physical loading, age and smoking, but still a great part is unexplained, more so
in the lower part of the lumbar spine than in the T12–L2 discs [44]. Recent studies
focus on identifying the genes associated with intervertebral disc degeneration. Some
genes of interest are vitamin D receptor, Collagen 9α1-3, Aggregan and matrix metal-
loproteinase 3. For a complete list of studies on the correlation of specific genes and
intervertebral disc degeneration see Battié et al., 2009 [45]. The identification of ge-
netics as a major player in intervertebral disc degeneration does however not explain
the pathogenic mechanism through which disc degeneration develops.

2.5.2 Mechanics

Animal and in vitro studies have been conducted to show that excessive load causes
disc degeneration in mouse tails [46, 47]. Also depressurizing the nucleus pulposus by
stabbing the annulus fibrosus or damaging the endplates causing pressurization of the
annulus fibrosus results in intervertebral disc degeneration [48, 49, 50, 51] showing that
even though there was no strong correlation between physical load in vivo and inter-
vertebral disc degeneration [45], altered disc mechanics can cascade into intervertebral
disc degeneration. In humans, the mechanism though which mechanical load can result
in intervertebral disc degeneration is through micro damage. In daily activity the discs
are loaded which causes normal wear and tear. However, when the cells are older and
suffering from cell senescence, the cells are less active and may not be able to repair
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these small cracks in the extracellular matrix which then can propagate into significant
matrix damage altering disc mechanics. Altered disc mechanics then leads to altered
loading which could lead to more damage, and through this mechanism small changes
can cascade into intervertebral disc degeneration [3].

2.5.3 Disc nutrition

As mentioned before the disc is a large avascular structure. Therefore the cells inside
the disc depend on diffusion. Nutrients diffuse from the vascular buds in endplates
through the cartilaginous endplate into the nucleus pulposus of the disc and from the
small blood vessels in the outer rim of the outer annulus [52] into the annulus. The dis-
tance over which the nutrients have to diffuse can be as much as 8 mm. For the nucleus
pulposus the endplate route is the most important [53, 54]. Through numerical studies
we know that the glucose and oxygen concentrations inside the disc are very low, and
that the pH can also drop to acidic values as a result of lactate acid build up [55, 56, 57].

The endplates play an important role in disc nutrition since they are the closest source
of nutrition for the cells in the nucleus pulposus. The osseous part of the endplate has
marrow contact channels in which the vascular buds lay. These vascular buds are about
20–50 µm in diameter and differ in shape between the center and the periphery of the
endplate [21, 21]. From these vascular buds nutrients diffuse through the cartilaginous
endplates into the nucleus pulposus and inner annulus of the disc. Unfortunately, in
ageing the endplates calcify and become less permeable and diffusion becomes inhib-
ited. In a cadaver study Benneker et al. [20] have found a correlation between the
number of endplate cavities of the size of vascular buds communicated with the car-
tilage endplates and disc degeneration. With the nutritional environment already at
critical levels, an inhibition of diffusion from the endplate could cause cell death in the
nucleus pulposus resulting in a decreased in cell density with age.
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3.1 Summary

Impaired nutrition of the intervertebral disc has been hypothesized to be one of the
causes of disc degeneration. However, no causal relationship between decreased end-
plate perfusion and limited nutrient transport has been demonstrated to support this
pathogenic mechanism. To determine the importance of endplate perfusion on solute
diffusion into the nucleus pulposus and to show causality of endplate perfusion on
intranuclear diffusion in large animal lumbar intervertebral discs, diffusive transport
into ovine lumbar intervertebral discs was evaluated after inhibiting adjacent vertebral
endplate perfusion. Partial perfusion blocks were created in vertebrae close and par-
allel to both endplates of lumbar discs of anesthetized sheep. To assess diffusivity of
small molecules through the endplate, N2O was introduced into the inhalation gas mix-
ture and concentrations of intranuclear N2O were measured for 35 minutes thereafter.
Post mortem, procion red was infused through the spinal vasculature and perfusion
through the endplate was assessed by quantifying the density of dye perfused endplate
vascular buds in histology sections. Perfusion of the endplates overlying the nucleus
pulposus was inhibited by almost 50% in the partially blocked discs relative to the
control discs. There was also a 9-fold decreased transport rate of intranuclear N2O in
partially blocked discs compared to control discs. The density of perfused endplate
vascular buds correlated significantly to amount of transported intranuclear N2O (R2

= 0.52, p = 0.008). The vertebral endplate was demonstrated to be the main route
of intravascular solute transport into the nucleus pulposus of intervertebral discs and
that inhibition of endplate perfusion can cause inhibited solute transport into the disc
intranuclear tissue.

3.2 Introduction

Low back pain is one of the major health problems in western society. About 85% of
people at the age of 50 recall an episode of low back pain [58]. The costs are estimated
to be $20 billion yearly in the United States alone ([59]. In the Netherlands the direct
and indirect costs in 1991 were estimated to be 1.7% of the GNP ([60]. Low back pain
is a multi-factorial problem, intervertebral disc degeneration being one of them (Adams
2004). Beside other factors like loading [3], heredity [2] and ageing, it is believed that
limited nutrition of the disc can be an etiological factor in intervertebral disc degener-
ation.

The intervertebral disc is the largest avascular structure in the human body. Be-
cause of its avascularity, the cells inside the disc depend on diffusion for the transport
of nutrients and waste products. Small capillary buds with a diameter of about 20–
50 µm run through the pores of the bony endplate [19]. Nutrients diffuse from these
vascular buds and the small blood vessels in the outer part of the outer annulus to all
cells inside the disc. Less permeable endplates could thus result in nutrient deficiency
and very likely in cell death and intervertebral disc degeneration.

In 1970, Nachemson et al. [22] found a significant association between permeabil-
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ity of the endplate and intervertebral disc degeneration. In addition, Benneker et al.
[20] found a significant correlation between the amount of pores in the endplate and
disc degeneration in a human cadaver study. Discs of grade 4 degeneration on the
Thompson scale [41] had about 50% less pores of 20–50 µm (corresponding in size to
the capillary bud openings [19]) than discs of grade 1.

MRI has been used extensively to study diffusion into the disc. With help of a con-
trast fluid, diffusion into the disc can be imaged and quantified. Most of these studies
focused on the effect of maturation [61] and degeneration [62, 63] on diffusion. But
one study focused on the diffusion pathway and shows that diffusion of the contrast
fluid into the nucleus pulposus derives mostly from the subchondral bone through the
endplate [64].

Ogata and Whiteside [53] showed that blockage of this endplate route had great ef-
fects on the diffusion in a dog model. They disrupted the blood supply to the endplate
by osteomization of the adjacent vertebrae close to the bone-disc interface, and putting
a metal plate into this slot. They found that this endplate blockage had a greater effect
on the diffusion than disrupting the blood vessels over the annulus fibrosus, indicating
that the endplate route is the most important.

So far, it is clear that nutrients reach the nucleus pulposus of the disc through dif-
fusion, and that the endplate route is the most important route. Blockage of this route
results into an inhibition of the diffusion in an acute study. However, the mechanistic
relationship between endplate perfusion and diffusion remains unclear. Therefore, the
goal of this study is to demonstrate relation between a decrease in functional capillary
buds in the endplate and diffusion inhibition into the nucleus pulposus of intervertebral
discs.

3.3 Methods

Animals

The animal experiments were approved by the Animal Experimentation Commission of
the Veterinary Office of the Canton of Grison, Switzerland, and followed the guidelines
of the Swiss Federal Veterinary Office for the use and care of laboratory animals. Four
Swiss Alpine sheep between 5 and 7 years old and approximately 50 kg body weight were
sedated and anesthetized with an inhalation mixture of oxygen and 2–3% isoflurane
(Baxter, Volketswil, Switzerland). At the end of the experiment they were euthanized
with an overdose of pentobarbital (100 mg/kg, i.v. Pentobarbitalum natricum, Streuli
& Co. AG, Uznach, Switzerland).
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Surgical preparation

After the L1 through L6 vertebrae were identified with a fluoroscope, the lateral aspect
of the L2 through L5 discs were exposed through a retro-peritoneal approach. A slot,
approximately 2 cm deep and 1 cm wide and 0.6 mm thick was sawn in the vertebrae
close and parallel to both endplates of the L2-L3 and L4-L5 intervertebral discs with
fluoroscopic guidance (Figure 3.1a). The slot was started on the antero-lateral aspect
of the vertebral body approximately 1 mm from the edge of the endplate. The slot
was oriented toward the opposite postero-lateral quadrant of the endplate to cover the
central portion of the nucleus pulposus (Figure 3.1b). A cp-titanium-foil (Allegheny
Rodney Metals, Sprockhövel, Germany), approximately 25 mm long and 0.050 mm
thick, (Figure 3.1b) was inserted into the slot and the part extending from the slot was
folded toward the bone and secured to the vertebrae with a cortical screw (1.5 x 6 mm,
Synthes Inc., Oberdorf, Switzerland).

Figure 3.1: a. fluoroscope image during the surgery. The defects at the L2-L3
level have already been made. The saw blade is cutting the defect in the L5
vertebrae. b. A schematic of the titanium foil overlaying the nucleus pulposus.
Ti = titanium foil, CS = cortical screw, SB = saw blade, OA = outer annulus,
IA = inner annulus, NP = nucleus pulposus.

Diffusion

Custom made electrodes [65] were inserted into the center of the nucleus pulposus of
the L1-L2, L2-L3, L4-L5 and L5-L6 discs with fluoroscope guidance. In some occasions
the L5-L6 disc could not be approached because of the length of the needle did not al-
low clearance of the iliac crest, in which case diffusion measurements were taken in the
L3-L4 disc. A reference electrode was inserted into the paraspinal musculature. Anes-
thesia gas was then switched from O2 with 23% isoflurane to a mixture of 30%/70%
O2/N2O with isoflurane, and amperometrical measurement of intranuclear concentra-
tions of N2O [66] were started (t0). The measurements were acquired in triplicate and
made every 5 minutes for 35 minutes.

The working electrodes used for the diffusion measurements were constructed with
two silver wires (diameter = 0.125 mm with a 0.0125 mm coating) inserted into stain-
less steel tubes (outer diameter = 1.1 mm) separated by an insulating polymer. A
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silver/silver chloride electrode saturated with potassium chloride was used as com-
bined reference and counter electrode. A multi-channel potentiostat (Perkin Elmer
Instruments VMP, Ametek, Illingen, Germany) connected to a laptop computer with
complementary software was used for measurements. A potential from 0 to -1.5V (at
a rate of -40 mV/s) was applied and the current was measured at a frequency of 50
Hz. At -0.6V and -1.2V a plateau in the current-potential curve was observed. The
first plateau was caused by the presence of O2 , and the second by the presence of
N2O [66]. At these plateaus the current was averaged over 5 measured points. The
calibration curves for each electrode were constructed afterward by measuring the cur-
rents in phosphate buffered saline saturated with known gas concentrations (N2/O2 or
N2O/O2 mixtures). For each disc, the average N2O concentrations per time point were
normalized to the t0 point.

Perfusion

25,000 IU of heparin (Fresenius Medical Care, Stans, Switzerland) were injected intra-
venously and 5 minutes later the animal was euthanized. Post-mortem, femoral arteries
were ligated and the abdominal aorta was cannulated as close to the diaphragm as pos-
sible in the abdominal cavity. The renal arteries as well as the thoracic aorta were
ligated. 50,000 IU of heparin in 1 l of normal saline was injected through the cannu-
lated abdominal aorta at 100 mmHg to evacuate vasculature in the lumbar vertebrae.
The vertebral vasculature was then infused with 800–1000 ml of 5% (w/w) procion red
(BASF, H8BN) in water at 100 mmHg.

The lumbar spines were dissected into bone-disc-bone segments, snap frozen in liq-
uid N2 , freeze substituted in acetone to retain the water soluble procion red in the
specimens [67]), and embedded in methylmethacrylate. Freeze substitution was done
in four steps of minimal 2 days each at −80 ◦C, −20 ◦C, 4 ◦C and room temperature,
before embedding in methylmethacrylate. 200 µm sections were cut with a rotat-
ing blade diamond saw (Leitz 1600, Leica AG, Glattbrugg, Switzerland). From each
bone-disc-bone segment the 3 most mid-sagittal sections overlying the nucleus pulpo-
sus were ground and polished on a micro grinding system (Typ AW-10, Exakt Appa-
ratebau, Norderstedt, Germany) to approximately 100µm thickness. Images, centered
over the nucleus pulposus, were recorded on a fluorescent microscope (Zeiss Axioplan
2, Carl Zeiss AG, Feldbach, Switzerland) with three band excitation (Zeiss filter set
#25: exciter filter TBP 400/495/570, beam splitter FT 410/505/584, barrier filter
TBP 460/530/610). Quantification of the density of patent endplate capillary buds
was done semi-automatically with an image analysis program (Axiovision, Carl Zeiss
AG) and custom macro (Microsoft Excel). Because of autofluorescence of the bone,
the boundary between the bony and avascular cartilaginous endplates could be traced
by hand. The area within 60 µm of the traced line over the bony endplate, extending
between the inner annulus/nucleus pulposus borders, was set as the region of interest
(ROI). Within this ROI the pixels were threshold for red values such that capillary
buds were distinguished from variable amount of dye leakage from the vessel (thresh-
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old based initially on histogram and adjusted manually on each image). Based on the
findings of Benneker et al. [20] islands of threshold pixels larger than 15 µm2 were
counted automatically.

Statistics

For each disc, the N2O concentrations per time point were normalized to the t0 point.
This was done because not all measurements could be taken simultaneously resulting
in delay from change in anesthesia gas mixture to initial measurement for some probes.
The intervals between measurements were the same for all probes. Per time point, the
triplicate values were averaged and then pooled into control and blocked discs.

The number of perfused vascular buds per mm of endplate was averaged per section
(proximal and distal adjacent endplate) and pooled into control or blocked discs. Dif-
ferences in diffusion between the control and blocked discs were tested with ANOVA
for repeated measures. Differences in perfusion between control and blocked discs were
tested for significance using the independent Student t-test (SPSS v 13, SPSS AG,
Zürich, Switzerland). A p-value lower than 0.05 was considered significant.

3.4 Results

Surgical Procedure

No major complications occurred during the operations. In one animal, a caudal lumbar
segmental artery was damaged during the approach. In this sheep, the L4-L5 disc was
excluded from the analysis (n = 7 partially blocked discs and n = 8 control discs for
diffusion data analysis). In two sheep the procion red infusion did not reach the most
cranial vertebra of the lumbar spine, and in these levels no perfusion analysis could be
performed (n = 21 partially blocked sections and n = 18 control sections for perfusion
data analysis).

Diffusion

A steady increase in N2O concentration was measured in the control discs over time,
whereas in the blocked discs this increase was less pronounced. The increase of N2O con-
centration in 35 minutes was on average 360% compared to the time zero point for
control discs. In the experimental discs this increase was only 41%. The difference in
increase between the control and blocked discs was significant (p=0.005, Figure 3.2),
but there were no significant differences between the disc levels.

Perfusion

The histological sections clearly exhibited the procion red infused capillary buds in
the bony endplates (white arrows Figure 3.3). The difference between the blocked and
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Figure 3.2: The increase in nuclear nitrous oxide concentration over time after
the inhalation gas has been changed from 98% oxygen to 30% oxygen and 70%
nitrous oxide (t0). In the blocked discs this increase is significantly lower than in
the control discs. The values have been normalized to t0, a * denotes a significant
difference between control and blocked at that time point (p<0.05).

normal discs was very clear. The perfusion block left many vascular buds unperfused
(red arrows Figure 3.3). Over the nuclear region, in the control discs, 1.52 ± 0.99
vascular buds per mm were perfused, whereas in the blocked discs, this was only 0.78
± 0.58 (p=0.006). There was a weak (R2 = 0.52) but significant (p = 0.008) correlation
between the amount of perfused vascular buds and the [N2O] diffused into the disc at
35 minutes (Figure 3.4).
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Figure 3.3: Procion red filled endplate vascular buds (white arrows) and non-filled
buds (red arrows). (AAF=anterior annulus fibrosus, PAF=posterior annulus
fibrosus, NP=nucleus Pulposus, Ti=titanium foil.) a. Control, b. Experimental.
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Figure 3.4: Correlation between perfusion and diffusion measurements. The more
vascular buds were perfused the more N2O diffused into the disc at 35 min. after
changing the inhalation gas mixture, r2=0.5229, p=0.008.
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3.5 Discussion

In this study the foil only covers about 30% of the disc surface, overlying the nucleus
pulposus. Despite this small area of coverage, but because of its central location, end-
plate perfusion adjacent to the nucleus was decreased by almost 50% on average. The
central part of the endplate is more permeable than the edge [22, 21]. Oki et al. [21]
suggest that this difference in permeability lays in the different structure of the vascular
buds in the nucleus region of the endplate where they are complex coils compared to
the region over the inner annulus where they are single loops.

N2O was used as a tracer for small solutes instead of measuring glucose directly. Be-
cause N2O can be measured amperometrically and does not occur in the body naturally,
efficacy of the perfusion block could be measured. This would not be possible with glu-
cose as all discs would have been saturated before the block would have been created.
It is assumed that the inhibition of diffusion for N2O (mw 44) would be similar for other
small nutrients such as glucose (mw 180) and oxygen (mw 32) as all three molecules
are similar in size, and have no charge. The technique used in this study for post
mortem infusion of procion red may seem cumbersome, but it enabled us to infuse a
large amount of the dye which would not be possible in vivo , hereby increasing the
signal to noise ratio in the images.

For diffusion the distance from the nearest blood supply to the cells is of great impor-
tance. For this reason a sheep model was chosen. The geometry of the sheep lumbar
spine is comparable to that of humans and the discs are sufficiently large [68, 69]. Fur-
thermore, the sheep has been generally accepted as a model in spinal research.

Diffusion was only measured in a very short term (35 min), therefore the measurements
do not necessarily comply with steady state conditions. As can be seen in Figure 3.3
the procion red stains the outer annulus quite intensively. This was also seen in a
study by Brodin [70] and is probably because of the small arteries in the outer part
of the annulus fibrosus. One could argue that diffusion through the annulus could
play a much bigger role under steady state conditions than in such a short term study.
However, literature on normal discs does not support this. Rajasekaran etal. [64] have
shown that after 24 hours after injection of contrast fluid the diffusion followed the
pattern of the endplates, no clear diffusion though the annulus was observed. Also an
analytical study by Ferguson etal. [55] shows that after 24 hours small nutrients do
not diffuse though the annulus fibrosus into the nucleus pulposus. Furthermore, an
in vitro study in which sheep intervertebral discs were cultured with endplates under
static or diurnal loading showed that even after 4 days of culture with TMR-dextran (a
fluorescent dye), the dye intensity dropped off steeply from the outer annulus into the
inner annulus [71]. So, even with a blockage of the endplate the gradient from the inner
annulus to the center of the disc would be very small which is not favorable for diffusion.

In case of endplate blockage, fewer nutrients can diffuse from the capillary buds to
the cells inside the disc [72]. Vice versa, waste products cannot be disposed of re-
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sulting in a build up of lactic acid, thus lowering the pH in the center of the disc. In

vitro studies by Horner and Urban [6] and Bibby et al. [5] showed that cell viability and
metabolism depend on the cell density, glucose, oxygen concentrations and pH. At high
cell densities the viable distance (distance from diffusion source and cell viability level
of 95%) was much lower than under low cell densities. Under low oxygen conditions
the cells survive up to 12 days but do not produce much proteoglycans, for that oxygen
is required [6]. Under low glucose conditions or at a pH of 6 the cells do not survive for
longer periods [5]. This supports the hypothesis that nutrient deficiency could result
in intervertebral disc degeneration, however, in vivo studies should be done to test this.

This animal model is being developed to be used in investigating the effect of nu-
trient deprivation on cellular responses. To be able to exclude the effect of changes in
the mechanics of the disc by creating such defects this was tested. In previously frozen
cadaver sheep lumbar motion segments the intranuclear pressure was measured before
and after defect creation. Measurements were done with a needle pressure transducer
described by Adams etal. [36]. There was no significant effect on intranuclear pressure.

Like the study by Ogata and Whiteside [53] this study shows that a blockage of the
endplates results in an inhibition of diffusion of small solutes into the nucleus pulposus.
This indicates that this is the most important route for solute transport to the nucleus
of the disc. The mechanism through which this happens is demonstrated by the cor-
relation between the functional capillary buds and the diffusion. By creating such a
partial perfusion block of the endplate, cellular responses to nutrient insufficiency can
be investigated in vivo in longer term studies.
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4.1 Summary

The etiology of IVD degeneration is multi factorial. A lack of nutrition has been
proposed as one of these factors. The disc is avascular, cells inside the disc depend on
diffusion for solute transport to and from the capillary buds in the adjacent osseous
vertebral endplate. During ageing, the cartilaginous endplates of the disc calcify and
become less permeable to nutrients. In this research project, the effect of inhibiting
this route of solute transport on disc cell behavior was investigated. In living sheep,
the blood supply to the disc was disrupted by partially sawing the vertebrae, close
and parallel to the adjacent endplates. After four weeks, post-mortem fluorescent dye
infused into the lumbar vasculature to visualize the vascular buds in histological section
demonstrated that the amount of perfused capillary buds was only 32% of that of the
control group. This resulted in lower cell viability and up-regulated Collagen I and
MMP13 gene expression in the experimental discs compared to the control discs. Even
though the changes in the nucleus pulposus of the experimental discs observed with
inhibited solute transport were modest, they were consistent with disc degeneration.
In a long term study, these changes may cascade into macroscopically manifested IVD
degeneration.

4.2 Introduction

Low back pain is a widely spread problem in our society with high personal and financial
burdens [60]. Low back pain is often related to intervertebral disc (IVD) degeneration.
Besides genetic and mechanical factors, nutrition plays an important role in the devel-
opment of IVD degeneration [73]. The IVD is the largest avascular structure in the
human body and cells inside the disc depend on diffusion for the transport of small
nutrients (i.e. glucose and oxygen) and waste products (i.e. lactic acid). Inhibition of
the diffusion could result in nutrient deprivation and a built up of waste products as
predicted in the numerical studies of Sélard et al. and Soukane et al. [57, 74], which
can imbalance the matrix turn-over [75]. Eventually, a lack of nutrition could lead to
cell death and most likely also to IVD degeneration.

There is however no direct evidence of this process in vivo, but indirect evidence can
be found in literature. During ageing the endplates become less permeable due to end-
plate calcification [20, 76]. Benneker et al. [20] found a correlation between ageing,
endplate permeability and disc degeneration. Older people had higher grades of disc
degeneration and less pores in the size range of the vascular buds indicating a decrease
in diffusion sources. MRI studies have also shown that aged and degenerated discs had
inhibited diffusion into the IVD [63, 64] compared to normal discs. Furthermore, in

vitro studies have already shown that the nutritional environment has great influence
on cell viability and metabolism [4, 5, 6]. A lack of glucose alone can be detrimental
to the cell population of the disc. Half the cell population had died within two days of
culture [6] when cultured without glucose and low oxygen levels alone inhibited pro-
teoglycan production by isolated Nucleus Pulposus (NP) cells [6]. This indicates that
nutrition could be the mechanism through which IVD degeneration develops in ageing
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people.

The endplate route has been shown to be the most important route for nutrients [77].
Two in vivo studies have shown that diffusion in-[54] and outflow [53] is inhibited when
the endplate route had been partially blocked. This inhibition was much more severe
than would be expected if diffusion through endplate and annulus would be equal.
Also numerical studies have shown the importance of the endplate route for the solute
transport into and out of the NP [55, 56]. The endplate is most permeable in the center
covering the nucleus pulposus becoming almost impermeable towards the edge covering
the annulus fibrosus [21, 78]. Changes in endplate permeability have also been shown
to affect solute concentrations and cellular behavior in the nucleus pulposus [57, 74].

Even though there is strong indirect evidence that an inhibition of solute transport
through the endplate due to perfusion inhibition could cause IVD degeneration, this
has never been shown in vivo. In this study the direct effects of inhibited endplates
perfusion (decrease in diffusive area) on nucleus pulposus cells of the ovine lumbar
spine was investigated in vivo. We hypothesize that short term inhibition of endplate
perfusion will impair cell viability, shift gene expression in favor of catabolism and
will show initial minor degenerative changes to the extracellular matrix of the nucleus
pulposus.

4.3 Materials and Methods

Surgical procedure and sample collection

Six 4-year-old Swiss alpine sheep were used in this study. The sheep were sedated and
then anesthetized and surgery was performed as described previously [54]. Briefly, the
lateral lumbar spine was exposed and a thin slot was sawn into the vertebrae parallel
and adjacent to both endplates overlying the NP of the L2-L3 and L4-L5 discs. The
L1-L2 and L5-L6 served as controls. After cp-Ti-foils were inserted into the slots, the
wounds were closed and the sheep were allowed to recover for four weeks before a second
surgery took place. During the second surgery, again the lumbar spine was exposed and
electrodes were placed in the NP of the L1-L2, L2-L3, L4-L5 and L5-L6 discs. Then
the inhalation gas mixture was changed to a mixture containing about 65% N2O in
O2 with 1.5 – 2.5% isoflurane (Baxter AG, Volketswil, Switzerland) and intranuclear
N2O concentrations were measured amperometrically to assess diffusion of N2O into
the NP. The electrodes were calibrated afterwards in phosphate buffered saline (PBS)
of 37 ◦C saturated with known concentrations of N2O with O2 and O2 with N2. A linear
relation between concentrations of N2O and O2 and the current made it possible to
calculate back the concentrations measured in vivo. After these measurements, 25,000
IU of heparin (Fresenius Medical Care, Stans, Switzerland) were given intravenously
five minutes before euthanasia after which the femoral and renal arteries were ligated
and the abdominal aorta was cannulated. 50,000 IU of heparin in 1 l of physiological
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saline were infused through the cannulated abdominal aorta to evacuate the lumbar
vasculature followed by an infusion of 800-1000 ml 5% Procion red (BASF SE, H8BN,
Ludwigshafen, Germany) in dH2O. Bone-disc-bone segments were dissected and the
mid-sagittal slice of about 4 mm thick was freeze substituted in acetone [67] followed
by methylmethacrylate embedding for histology. From the rest of the bone-disc-bone
segments, nuclear tissue under the perfusion blockage was collected for the assessment
of cell viability, gene expression, DNA and GAG content (Figure 4.1).

Figure 4.1: Schematic of tissue distribution over the used assays

Histological analysis

From the mid-sagittal slices about 200 µm thick sections were cut in the sagittal direc-
tion with a rotating blade diamond saw (Leitz 1600, Leica AG, Glattbrugg, Switzer-
land) which were then ground and polished to about 100 µm thickness on a micro grind-
ing system (Typ AW-10, Exakt Apparatebau, Norderstedt, Germany) before examina-
tion with a fluorescent microscope (Zeiss Axioplan 2, Carl Zeiss AG, Feldbach, Switzer-
land) with three band excitation (Zeiss filter set ♯25: exciter filter TBP 400/495/570,
beam splitter FT 410/505/584, barrier filter TBP 460/530/610). Because of the differ-
ence in autofluorescence of the bone and the cartilage, the edge of the bony endplate
was easily identified making counter stains unnecessary. Quantification of the amount
of perfused vascular buds per endplate (buds/EP) overlying the NP was done by hand
count.
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Cell viability

NP tissue was incubated in 1 mM ethidium homodimer and 5 mM Calcein AM (both
Fluka, Buchs, Switzerland) in high glucose DMEM for three hours at 4 ◦C to diffuse into
the tissue followed by one hour at 37 ◦C to activate the metabolism of the non fluores-
cent calcein AM to form the fluorescent calcein due to the intracellular esterase activity.
Stacks of images were scanned on a confocal laser scanning microscope (LSM510, Carl
Zeiss, Feldbach, Switzerland) with complementary software from the first image in
which cells were detected to the last images with detectable cells. Number of living
(green) and dead (red) cells were counted on each separate image of the stack by an
automated macro written in imageJ which has been described elsewhere [79]. Cell vi-
ability was calculated from a subset of ten consecutive images which was determined
in a Matlab (Matlab 2007; The MathWorks GmbH, Bern, Switzerland) routine based
on the amount of cells per image starting at 5th image after the image with 5% of the
maximum amount of cells per image (considered to be the edge of the tissue). Viability
was calculated as the amount of living cells as a proportion of the total amount of cells.

Gene expression

For RNA isolation the tissue was snap frozen in liquid N2 and stored at −80 ◦C be-
fore pulverization in a tissue lyser (Qiagen AG, Hombrechtikon, Switzerland) at 20 Hz
for 3 x 10s with cooling in liquid N2 in between. 1 ml of TRI reagent supplemented
with 5 µl of polyacryl carrier (both from Molecular Research Center, Cincinnati, USA)
was added to the pulverized tissue. 1-bromo-3-chloropropane (Sigma-Aldrich, Buchs,
Switzerland; 0.1ml per 1 ml TRI reagent) was added and the mixture was vigorously
shaken by vortex for ten seconds before an incubation for twenty minutes at room
temperature under gentle agitation. After centrifugation the aqueous phase was trans-
ferred onto a fresh column of the GenElute� Mammalian Total RNA Miniprep Kit
(Sigma Aldrich) and from there the manufacturer’s instructions were followed from
step 2. RNA was reverse transcribed to cDNA with Taqman Reverse Transcription
Reagents (Applied Biosystems, Foster City, CA, USA) and gene expression was as-
sessed by real time RT-PCR on the 7500 Real Time PCR system (Applied Biosystems)
under standard thermal conditions using TaqMan Universal PCR Master Mix (Applied
Biosystems) and gene specific primers and probes for collagen type I, collagen type II
and aggrecan, MMP13 and ADAMTS-4 [71] (Microsynth, Balgach Switzerland). To
exclude amplification of genomic DNA, the probe or one of the primers were selected
to overlap an exon-exon junction. 18S ribosomal RNA was used as endogenous control.
Relative quantification of target mRNA was performed according to the comparative
∆∆CT method [80] with 18S ribosomal RNA as endogenous control. All gene expres-
sions are presented as experimental disc expression normalized to the nearest control
disc.
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DNA and GAG content

Tissue was lyophilized (to determine dry weight and water content) and digested in
0.5 ml of 0.5 mg/ml of protease K in buffer at 56 ◦C for 15 hours. Quantification
of DNA was performed using the PicoGreen Kit (Invitrogen, LuBioScience GmbH,
Lucerne, Switzerland) following its instructions. In short: Tissue digest was diluted
fifty times in 10 mM Tris-HCl, 1 mM EDTA (TE) buffer provided with the kit. The
high range standard curve was prepared following instructions of the kit and the rel-
ative fluorescence was read in a white 96 well-plate on a Perkin-Elmer plate reader
(HTS 7000 Bio Assay Reader, Perkin-Elmer AG, Schwerzenbach, Switzerland). Values
were calculated back from the fluorescence of the standard curves. Total sulphated
glycosaminoglycan (GAG) content was determined using the dimethylmethylene blue
method (DMMB). Tissue digest was diluted 200 times in TE buffer (same as for DNA
quantification) and a standard curve of bovine chondroitin sulfate as standard [81] was
prepared. Samples and standard were read for absorbance in a clear 96 well plate on
the same Perkin-Elmer plate reader. GAG content of the tissue samples was calculated
back from the standard curves.

All animal experiments were approved by the veterinary authority of Canton Grison,
Switzerland.

Statistics

Results are presented as median (with the interquartile range between parentheses).
Significance between control and experimental discs was tested by Wilcoxon Signed
Rank for related samples at a level of p<0.05 (n=8 pairs, see results section) using
SPSS 16.0 (SPSS Inc. Chicago, IL, USA). In case of gene expression the data were
normalized to their nearest control and significance was tested by Wilcoxon Signed
Rank test against value 1 (control = experimental).

4.4 Results

Surgical procedure

The sheep recovered well from the surgery and they were able to ambulate freely during
the duration of the study. In two of the six sheep the placing of the perfusion block
was not successful; the slots were not positioned over the NP and these sheep were
excluded from further analysis leaving four sheep with each two control-experimental
pairs (n=8).

Perfusion

The processing of the MMA block resulted in high quality images with high contrast
between the Procion red filled vascular buds and the surrounding tissue. In the ex-
perimental disc only 3.9 (0.6–9.6) perfused vascular buds per endplate were observed
which was only 32 % of the 12.3 (11.8–13.2) in the untreated control discs. This was



4.4 Results 37

significant (p=0.025, Figure 4.2).

Figure 4.2: boxplots of perfusion in the control and experimental discs. Perfu-
sion was significantly lower in the experimental discs (p = 0.02.) a ∗ denotes a
significant difference (p<0.05)

Diffusion

The raw data of the diffusion measurements did not conform to the theory of elec-
trochemical measurements. Normally, plateaus in the CV curves (current- potential
curves) where the current is linearly related to the concentration would be at -0.6V for
O2 and at -1.2V for N2O [66]. During these in vivo measurements however, the plateaus
did not form consistently indicating interference with the measurements. Sources of in-
terference could be temperature, pH, presence of other electrochemical agents, surface
damage or oxidation of the electrodes. But, since CV curves during the calibrations
before and after the inter-surgical measurements were normal, the latter was probably
not the case. Unfortunately the data were too unreliable to be analyzed.

Cell viability

There was a large spread in the data of cell viability. In half of the disc pairs the cell
viability was much lower in the experimental disc (Figure 4.3b) than in the control disc
(Figure 4.3a), but in other disc pairs there was not much of a difference (Figure 4.3a
and c). Nonetheless, the overall trend was that with 38% (10%–77%) viability in the ex-
perimental discs was lower than the 73% (56%–83%) in the control discs (Figure 4.3d).
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This was however not statistically significant (p=0.2).

Figure 4.3: Cell viability in the experimental and control sheep disc at d28. a.
control disc with high cell viability, b. experimental disc with low cell viability,
c. experimental disc with high cell viability. d. Boxplot of viability data

Gene expression

Gene expression results are presented in Figure 4.4. Collagen I and MMP13 gene ex-
pressions were respectively 18 and 13 times up-regulated with respect to the control
discs (p=0.017 and 0.036). Aggrecan, showed a trend towards down-regulation but this
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was not significant and collagen II did not show any difference with respect to control
Figure 4.4. ADAMTS-4 was not expressed in any of the disc pairs.

Figure 4.4: Collagen I, collagen II, aggrecan and MMP13 gene expressions. Colla-
gen I and MMP13 were significantly up-regulated (p = 0.02 and 0.04 respectively)
.a ∗ denotes a significant difference (p<0.05)

ECM changes

With respect to the extracellular matrix, there was no effect of the perfusion block on
DNA and GAG content (Figure 4.5c and d). Water content on the other hand was
significantly higher in the experimental group than in the control group, the difference
was however minimal (81% (78%–82%) and 83% (82%–84%), p=0.012 (Figure 4.5d)).
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Figure 4.5: boxplots of DNA (a), GAG (b) and watercontent (c) in the exper-
imental discs normalized to the controls. Only watercontent was significantly
different from the control (p = 0.012), but only minimally. a ∗ denotes a signifi-
cant difference (p<0.05)
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4.5 Discussion

This is the first study to investigate the early response of the cells of the NP on per-
fusion blockage in vivo. In summary, cell viability had dropped dramatically in half
of the disc pairs, and gene expression had significantly changed from that of a healthy
disc to an up-regulation of the catabolic MMP13 and fibrocartilage collagen I genes.
Early IVD degeneration is characterized by a drop in cell density, loss of proteoglycans
in the NP and an increase in fibrotic tissue in the NP. Hence, even though the changes
observed in this study were minor, a trend towards initial IVD degeneration was shown.

In order to link these changes with inhibition of nutrient diffusion, diffusion was also
measured. But, due to technical difficulties the outcome of these measurements was
not reliable and hence not used. Since this problem was observed in both the experi-
mental and control discs the authors do not believe that these problems represent some
changes in the extracellular matrix in one of the groups. Nevertheless, since there was
a correlation between perfusion and diffusion in earlier studies [54, 82] it is likely that
the diffusion of solutes was also inhibited during the four weeks.

In this study, the perfusion inhibition only caused cell death in half of the disc pairs.
That the cell viability drop did not happen in all disc pairs suggests that there might
be some threshold of nutritional environment under which the cells do not survive. In
some discs this threshold might not have been reached. To have such spread in the
viability data was not completely unexpected. Horner et al. [6] found a similar spread
in an in vitro study with a diffusion chamber. Close to the nutritional source most cells
survived, and at the longest distance from the source all cells had died. In between
where the diffusion distance became critical for isolated NP cells there was a spread in
cell viability data. Also in the whole organ culture study by Jünger et al. [83] where the
effect of glucose concentration in the medium combined with loading was investigated
a large spread in viability data was found in the low glucose group. Furthermore in this
latter study, comparable changes in gene expression were found as a result of nutrient
deprivation. Also in this study no changes in the extracellular matrix were found after
one and three weeks of culture.

The lack of difference in extracellular matrix between the experimental and control
disc can be attributed to the short observation period of the study and the consider-
able slow turn-over rate of extracellular matrix molecules in the IVD which is more in
the range of decennia than weeks [84, 85]. Also a lack of difference in DNA content
between experimental and control discs can be attributed to slow turn-over rates in
the intervertebral disc. The nuclei of the dead cells were still visible with the ethidium
homodimer at the four week time point, hence these dead cells still contributed to the
total DNA content (Figure 4.3b and c).

In our opinion the changes observed in this study can be contributed to the block-
age of the endplate alone and the surgical intervention as such did not have an effect.
One could argue that even though there were no marked signs of inflammation, the
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surgery would have had some influence on the environment of the discs. In fact, scar
tissue had formed over the experimental discs which could have created a micro en-
vironment around the disc. However, since the disc is an avascular structure and the
main route of diffusion to the nucleus pulposus is from the endplate, the effect of such
a micro environment would be minimal. Furthermore, all outcomes in experimental
discs were compared to their closest control discs in a paired matter, so that systemic
responses were accounted for. Further point of discussion could be if the cell death
found in the experimental discs was induced by the sawing of the gaps next to the end-
plate very close to the discs. Even though the sawing of the gaps resulted in some heat,
this was minimized by the cooling of the blade during the sawing. Also the vibrations
that may have occurred could have resulted in cell death. If this were the case, then
cell viability would have been lower in all experimental discs, and not just in half of the
discs. Furthermore, in some previously operated sheep [82] the cuts were made a little
too far from the endplates to reduce nutrient supply, but would still have resulted in
vibration in the disc. In these sheep cell viability had not dropped in the experimental
discs. Therefore, heat and vibration were most likely not the cause of the cell death in
the experimental discs.

To be able to translate the results to the human, the size of the spine should be
similar, notochordal cells should not be present in the disc and the animal should not
develop IVD degeneration naturally. Further, the animal should be healthy and not
develop any natural endplate blockage i.e. endplate calcification. Sheep were used in
this study as they do not retain their notochordal cells into adult life [86] and the size of
sheep vertebrae is sufficiently large and not dissimilar to those of human [68, 69]. Since
the contribution of the spinal musculature to the spinal loading is greater than that
of gravity, the mechanical spinal loading of quadrupeds is similar to that of humans [35].

In conclusion, this study showed that inhibition of endplate perfusion results in early
signs of IVD degeneration after four weeks. The changes are modest, but one has to
consider the very slow process of disc degeneration observed in humans. Furthermore,
since in this study the disc itself was not structurally damaged, this model could not
only be a suitable model for studying the slow process of IVD degeneration caused by
nutrient deprivation but also to study possible future treatments such as growth factor
or stem cell injections in nutritionally deprived discs. To the authors’ knowledge this is
the first short term study in which a direct link between endplate perfusion inhibition
and early IVD degeneration has been found in vivo but, for validation of this model as
a model for IVD degeneration, a long term study should be conducted.
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5.1 Summary

Nutrient deprivation caused by loss of endplate permeability is believed to play an
important role in intervertebral disc degeneration. In vitro studies have shown that
glucose deprivation over longer periods of time causes cell death. Also, mechanical
loading within a “safe window” has been shown to stimulate cellular activity. This
study investigates the effect of mechanical stimulation of NP cells while cultured under
ultra-low, low and high glucose conditions with or without serum. Pellets of NP cells
were cultured in 2 or 3 different glucose conditions (0.1, 1.0 and 4.5 g/l) with serum (5%)
or with ITS (1% ITS), with or without hydrostatic loading (0.5–1.5 MPa, 1 Hz, 4 hours
a day) for 14 days to investigate the effect on cell proliferation, GAG production and
gene expression. Hydrostatic pressure had no effect on any of the outcome measures,
maybe because of the low level of pressure applied. Ultra-low glucose in the presence of
serum stimulated GAG production and omittance of serum inhibited cell proliferation,
but not GAG production. Furthermore, cell phenotype was better preserved under
serum free conditions. This study shows that NP cells only need a small amount of
glucose to survive and that ultra-low glucose concentrations and the omittance of serum
can be beneficial for the behavior of NP cells with respect to GAG productions and
phenotype.

5.2 Introduction

The intervertebral disc is the largest avascular structure in the human body. The
distance between a cell in the nucleus pulposus (NP) and the nearest blood supply
can reach 6–8 mm [87]. The cells depend on diffusion for their nutrient supply and
the removal of waste products. Nutrients diffuse from the outer rim of the annulus
fibrosus where small blood vessels have been identified [88] and from the vascular buds
in the endplate. For the cells in the NP the main route of diffusion is the endplate
route [53, 54]. Numerical studies have shown that the nutritional environment inside
the NP of the disc can become critical [56]. Glucose and oxygen concentrations and
pH are low in the center of the disc [57, 55]. With ageing the endplates become less
permeable [20]. Because of a lack of solute transport the glucose concentration, oxy-
gen concentration and pH will drop even more and this could cause cell death in the NP.

In vitro studies have been conducted to study the effect of such harsh environment
on NP cell survival and matrix production [4, 5, 6]. The advantage of in vitro over in

vivo studies is that each condition can be studied separately or in combination. These
studies have shown that NP cells can survive culture conditions without glucose for 24
hours, but not for longer periods [6]. When low pH, glucose and oxygen are combined
it becomes clear that there is interaction between the factors [5]. Nucleus pulposus cells
do survive hypoxic conditions without problems, but their glycosaminoglycan (GAG)
production drops dramatically [6]. Also under low oxygen conditions the NP cells are
more sensitive to low pH values. In medium without glucose but with low concentra-
tions of serum the cells did survive better [6].
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Also, the effect of mechanical load and nutrition on cell survival has been investigated
in a whole organ culture where ovine intervertebral discs with endplates were cultured
inside a bioreactor system with constant medium flow and application of static diurnal
(day/night) [71] or cyclic (0.2 Hz) [83] mechanical load. Cell viability was maintained
in high glucose containing medium, but viability dropped when cultured under limited
glucose concentrations [83]. In a follow-up study addition of high frequency mechanical
load increased the cell death suggesting a synergistic effect [10]. The glucose concen-
tration at which this effect was seen was much higher (2 g/l) than would be expected
based on studies of isolated NP cells [6]. Probably glucose concentrations applied to
the cells in the center of the disc were lower because of the diffusion distance from the
medium at the outside of the disc into the NP.

Numerical models have predicted that the in vivo glucose concentrations are between
0.2 × 10−9 and 1.3 × 10−9 mol/mm3 [57, 74]. These concentrations are depending on
the cell density, but also on cellular glucose consumption rate. When cells are stim-
ulated their consumption rate will go up, lowering the glucose concentration in their
environment. Sélard et al. warns that cell stimulation with growth factors could drop
the glucose concentration below the minimum level for cellular survival [57]. This could
explain the synergistic effect found in the study by Jünger et al. [10]. Because of the
low glucose levels in the NP, mechanical stimulation could worsen the nutritional situ-
ation enough to cause cell death.

In the present study the effect of hydrostatic pressure on NP cell proliferation and
GAG production under limited nutrition was investigated. The general aim of the
study presented here was to investigate if a synergistic effect of nutrient deprivation
and mechanical load can be found in isolated NP cells.

To be able to measure the direct effect of hydrostatic load under low glucose con-
ditions on the NP cells, the present study was done on isolated NP cells, cultured in
pellet culture without an artificial scaffolds. Isolated NP cells were cultured under
high, low and ultra low glucose conditions with and without serum under physiological
levels of hydrostatic pressure. Our hypotheses were i. that load will have a stimulating
effect in the low and high glucose groups, but inhibiting effect in the ultra low glu-
cose group with respect to cell proliferation and matrix production and ii. that cells
will proliferate less and will produce less matrix under the ultra-low glucose conditions
compared to the low and high glucose conditions and iii. that in the absence of serum
cell proliferation and matrix production will be reduced.

5.3 Materials and Methods

Experimental design

After the cell pellets had formed they were divided over 2 or 3 different glucose condi-
tions with or without serum, with or without hydrostatic loading (Table 5.1). Samples
were harvested at d0 as baseline, and at d7 for PCR, DNA and GAG and at d14 for
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Table 5.1: Overview of test conditions and number of pellets per condition
Glucose in g/l (mmol/l) Load control

5% FBS 0.1 (0.56) 3 3
1.0 (5.6) 3 3
4.5 (25) 3 3

1% ITS 0.1 (0.56) 3 3
1.0 (5.6) 3 3

PCR, DNA, GAG and histology. The samples for d0 were harvested 24 hours after
the pellets were centrifuged down and had formed cell aggregates. The rest of the
samples were then divided over the culture conditions by which half the samples were
loaded daily (starting at d0) and the other half of the samples served as unloaded
control. Samples were always taken 20-24 hours after the last loading period, n=3 for
each condition. The experiments under serum free conditions (with ITS) were done in
duplicate, the experiments with serum (FBS) were done singular.

Cell isolation

The tails from 6 calves (3 for serum and 3 for serum free condition) age 3-6 months
were acquired within 8 hours after slaughter from the local abattoir. The NPs of the
coccygeal discs 1–10 were dissected out based on gross morphology where only gelati-
nous tissue (no fibrous structure) was considered NP. After a 1 hour pre-digestion in
0.19% (w/v) pronase (Roche, Basel Switzerland) in 25 ml phosphate buffered saline
(PBS) the tissue was washed and digested over-night (10 hours) in 25 ml of 32 IU/ml
collagenase II (Worthington Bioconcept, Allchswil, Switzerland) in Dulbecco’s mod-
ified Eagle’s medium (DMEM: Sigma, Buchs, Switzerland) low glucose (5.6 mmol)
supplemented with 1% penicillin and streptomycin and 5% fetal bovine serum (Lot #
4989075, Greiner Bio-one, Danish origin). The cell suspension was filtered through a
100 µm cell strainer (BD biosciences, Bedford, USA) and washed twice in PBS. Cells
were counted and divided over 15 ml centrifuge tubes (TPP, Trasadingen, Switzerland)
each containing 2× 105 cells and centrifuged at 500G for 10 minutes and cultured over
night to form aggregates in low glucose medium as described below.

Culture system

Each aggregate was transferred into a modified 1.5 ml eppendorf locking tube in which
a hole was cut in the lid and closure of the tubes was assured by a gas permeable silicon
membrane (Nusil technology, Carpinteria, CA, USA). The tubes were closed and the
lids were fixed with rubber O-rings [89]. The eppendorf tubes were filled with medium
up to the rim of the tube, so that there were no air bubbles. This way transmission of
the hydrostatic load from the bioreactor onto the pellets inside the tubes was assured.
Load was applied in a sine wave with a frequency of 1 Hz and amplitude from 0.5
to 1.5 MPa for 4 hours daily inside the bioreactor. During the 20 hours when the
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pellets were not loaded they were culture up-right inside the tubes in tube holders
inside an incubator with 37 ◦C, 5% CO2 and atmospheric O2 together with the control
pellets. Medium was changed every third day. Medium consisted of DMEM-base
(Sigma Aldrich) supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, 0.11
g/l sodium pyruvate, 1% non-essential amino acids (all Gibco, Basel, Switzerland),
2.2 g/l sodium bicarbonate, 0.015 g/l phenol red , 0.584 g/l L-glutamine, 50 mg/l
ascorbic-2-phosphate and either 1% ITS+ (final concentration: 1.0 mg/ml insulin from
bovine pancreas, 0.55 mg/ml human transferrin, 0.5 µg/ml sodium selenite, 50 mg/ml
bovine serum albumin and 470 µg/ml linoleic acid) (all Sigma Aldrich) or 5% FBS
(Greiner). Glucose (Sigma Aldrich) was added in the following concentrations: 0.1 g/l
(0.56 mmol/l, ultra-low glucose), 1.0 g/l (5.6 mmol/l, low glucose) and in the serum
condition also 4.5 g/l (25 mmol/l, high glucose).

DNA and GAG quantification

At days of harvest pellets were snap frozen in liquid N2 and stored at −20 ◦C until
DNA and GAG quantification. Pellets were digested in 500 µl of 0.5 mg/ml of pro-
teinase K (Roche) at 56 ◦C for 15 hours and digests were again stored at −20 ◦C before
quantification. Extra proteinase K solution was also incubated the same way as the
samples and later used as blank and to prepare the standard curve in. For DNA 40µl of digest was mixed with 160 µl of Hoechst 33258 dye (Polysciences Inc., Warring-
ton, USA) and quantified spectrofluorometrically against purified calf thymus DNA as
standard (Labarca and Paigen 1980). For GAG 20 µl of digest was mixed with 200 µl of
dimethylmethylene blue dye (DMMB) and read immediately for absorbance against a
standard prepared from bovine chondroitin sulfate as standard [81].

Gene expression

At days of harvest pellets were mixed with 1 ml of TRI reagent (Molecular Research
Center, Cincinati, USA)and left at room temperature for 10-20 minutes before freezing
at −20 ◦C. Samples were thawed at RT and 5 µl of polyacryl carrier (Molecular Re-
search Center) per 1 ml was added and mixed before freezing again at −20 ◦C. On the
day of RNA isolation samples were thawed and vortexed. 1- bromo-3-chloropropane
(Sigma; 0.1ml per 1 ml TRI reagent) was added and shaken vigorously before incuba-
tion at RT for 20 under gentle agitation. Samples were centrifuged at 12000 G for 20
minutes and the aqueous phase containing the RNA was transferred onto spin columns
from the GenElute� Mammalian Total RNA Miniprep Kit (Sigma Aldrich). From here
RNA was isolated following the manufacturer’s instructions from step 2. Resulting
RNA was reverse transcribed to cDNA with TaqMan Reverse Transcription Reagents
(Applied Biosystems, Foster City, USA) and finally, real time polymerase chain reac-
tion (PCR) was performed on a 7500 Real Time PCR system (Applied Biosystems)
under standard thermal conditions using TaqMan Universal PCR Master Mix (Applied
Biosystems) and gene specific primers and probes for collagen type I, collagen type II
and aggrecan (all Microsynth, Balgach Switzerland) [89]. Relative quantification of
target mRNA was performed according to the comparative CT method [90] with 18S
ribosomal RNA as endogenous control and with d0 as reference.
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Histology

Pellets were suspended in cryo-compound (Tissue Freezing Embedding, Jung, Nussloch,
Germany) for 10-20 minutes and snap frozen. Sections of 12 µm thickness were cut on a
cryotome (Cryo Star HM 560 MV, Microm, Walldorf, Germany), kept frozen and stored
at −20 ◦C until further use. Sections were thawed for 5 minutes at RT before fixation
in 4% buffered formalin for 5 min. Sections we washed and stained according to the
following protocol: washing in dH2O (5 min), Weigerts’s heamatoxilin (5 min) (Merck,
Darmstadt, Germany), running tap water (10 min), 0.02% fast green (Fluka) in 0/1%
acetic acid (4 min 30s), 1% acidic acid (30s), 0.1% safranin O (Chroma Gesellschaft,
Köngen, Germany) (5 min), ethanol 96% (3 dips), ethanol 100% (2 × 1 min), Xylene
(2 × 2 min). After coverslipping the sections were imaged on a light microscope using
the 10× objective ((Zeiss Axioplan 2, Carl Zeiss AG, Feldbach, Switzerland). Images
were recorded using the complementary software.

Statistics

Because of the low sample size non-parametric tests were used in SPSS� 17.0 (SPSS
Inc., Chicago, USA). To determine if there was an effect of glucose concentration a
Kruskal-Wallis test for 3 unrelated groups was used with Mann-Whitney U test as
posthoc. The effect of loading within a glucose group and differences with respect to
d0 were also tested with the Mann-Whitney U test. Significance level was set at p <

0.05 and a bonferroni correction (3 comparisons) was applied to the post-hoc test.

5.4 Results

Hydrostatic pressure did not have an effect on any of the outcome measures. Therefore,
in the statistical analyzes of the data and in the graphs they were pooled over unloaded
and loaded, resulting in n=6 per condition.

DNA content

In the groups cultured with serum the DNA content had increased 50–100% over the
first 7 days which was significantly more than in the serum free group (p=0.004), but
did not increase further over the next 7 days where the difference with the serum
free groups was no longer significant in the low glucose group. An effect of glucose
concentration was not evident either with or without serum (Figure 5.1).

GAG content

Under all investigated conditions the cells produced significant amounts of GAG. In
the serum culture there was an effect of glucose at d7 (p=0.003), where more glucose,
led to more GAG. At d14 however this effect had reversed (p=0.003). In the ultra-low
glucose group the GAG content increased with respect to d7 (p=0.04), but not in the
low and high glucose group where GAG content was significantly lower than in the
ultra-low glucose group (p=0.004 (1.0 g/l) and p=0.006 (4.5 g/l)). In the serum free
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Figure 5.1: Boxplots of DNA content of NP cells cultured in pellets for 14 days
with (grey boxes) or without (white boxes) serum under ultra low (0.1), low (1.0)
and high (4.5) glucose conditions with and without hydrostatic loading (pooled).
A + denotes a significant difference with respect to d0 (p=0.002), a ∗ denotes
a significant difference between the serum containing and serum free condition
(p=0.004).

culture there were no significant changes in GAG over time. There were no significant
differences between the serum containing and serum free conditions (Figure 5.2).

Gene expression

In the serum containing groups glucose only had a small effect on collagen I, II and
aggrecan expression (Figures 5.3a, 5.3b, 5.3c). In the higher glucose groups the relative
collagen I gene expression was slightly up-regulated at d14 with respect to the ultra-
low glucose group (p=0.01 (1.0 g/l) and p=0.025 (4.5 g/l)) This was combined with
a slight down-regulation in collagen II (p=0.025 (1.0 g/l) and p=0.037 (4.5 g/l)) and
aggrecan (p=0.006 (1 g/l) and p=0.037 (4.5 g/l)). In most cases the changes remained
within a 10-fold change with respect to d0. In the serum free groups, at d14 none
of the investigated genes had changed expression compared to d0 and no differences
between glucose groups were seen. At d7 there was a minor up-regulation of collagen
I in the low glucose group and of aggrecan in the ultra low glucose group. Serum had
a significant effect on collagen I expression in both glucose groups and on collagen II
expression in the low glucose group (Figures 5.3a, 5.3b, 5.3c).

Histology

The trend found with the DMMB assay for GAG content was confirmed in the histology.
At d0 there was no GAG nor collagen detectable (not shown). In the serum condition,
only the ultra low glucose group the sections contained showed GAG (Figure 5.4a
and b). The sections of the low and high glucose groups contained much less GAG
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Figure 5.2: Boxplots of GAG content of NP cells cultured in pellets for 14 days
with (grey boxes) or without (white boxes) serum under ultra low (0.1), low (1.0)
and high (4.5) glucose conditions with or without hydrostatic loading (pooled).
A ♯ denotes a significant difference between glucose groups.

and in these groups a clear layer of collagen had formed on the outside of the beads
(Figure 5.4 c–f). At d14 in both glucose groups of the serum free condition a lot of
GAG was present in the sections. No clear differences between the glucose or loading
conditions could be observed (Figure 5.5).
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Figure 5.3: Boxplots of collagen I (a), collagen II (b) and aggrecan (c) gene ex-
pression of NP cells cultured in pellets for 14 days with (grey boxes) and without
(white boxes) serum under ultra low (0.1), low (1.0) and high (4.5) glucose con-
ditions with and without hydrostatic loading (pooled). A ∗ denotes a significant
difference between serum containing and serum free conditions (p=0.004), a +
denotes a significant difference with respect to d0 (p=0.002) and a ♯ denotes a
significant effect of glucose.
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Figure 5.4: Sections of NP cells cultured with 5% serum with and without hy-
drostatic loading under ultra-low, low and high glucose conditions stained with
Safranin O and Fast Green. a, c and e are unloaded, b, d and f are loaded. a
and b were cultured under ultra-low glucose conditions, and c and d under low
glucose conditions and e and f under high glucose conditions. Scale bar is 500µm .
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Figure 5.5: Sections of NP cells cultured under serum free conditions with and
without hydrostatic loading under ultra-low and low glucose conditions stained
with Safranin O and Fast Green. a and c are unloaded, b and d are loaded. a
and b were cultured under ultra-low glucose conditions, and c and d under low
glucose conditions. Scale bar is 500 µm .
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5.5 Discussion

In the study presented here hydrostatic pressure (0.5–1.5 MPa, 1Hz, 4 hours a day)
was applied to pellets of NP cells under ultra-low, low and high glucose conditions
with and without serum. Hydrostatic pressure did not have a stimulating or inhibitory
effect on cell survival or matrix production proving our first hypothesis wrong. The
addition of serum to the medium stimulated cell proliferation, but had a negative effect
on phenotype preservation, ie. up-regulation of collagen I in all glucose groups and a
down-regulation of collagen II and/or aggrecan in the low and high glucose groups.
Furthermore, in the presence of serum glucose had a stimulating effect on GAG pro-
duction at d7, but at d14 this effect was lost. In the serum free conditions, glucose had
no effect at d7, but showed a stimulating trend of GAG production at d14 with glucose
level (p=0.150). Phenotype preservation was better under the serum free conditions
than when serum was added. In general it seemed like the NP cells performed best
under the serum free and the ultra-low glucose conditions which are thought to be
closer to their natural environment [57, 55, 74].

The lack of response to the hydrostatic load was not caused by inadequate load transfer
onto the samples. In a test with Fuji presscale film (FujiFilm recording media GmbH,
Düsseldorf, Germany) in which this film was placed inside the eppendorf tubes during
the same loading cycles as the main experiment, the measured pressure with the film
was not significantly different from the applied load measured with a pressure sensor
on the inside of the vessel (Pressure sensor: 0.50 and 1.5 MPa, Fuji Film: 0.56 ± 0.13
and 1.7 ± 0.24 MPa, (n=8, p=0.2 and 0.06 respectively).

An explanation for the lack of response to the hydrostatic pressure could be that the
loading scheme was not within the right range. Many studies suggest that hydrostatic
pressure within a certain “safe window” [91] has a stimulating effect on GAG produc-
tion in NP cells and articular chondrocytes [92, 93, 94, 95, 96, 97, 98, 99]. Loads below
or above this window have a catabolic effect on NP cells or articular chondrocytes. In
the present study only one loading scheme was used which was chosen to mimic light
activity as in walking with the load levels based on in vivo measurements [35, 37].
Because the hydrostatic pressure did not have any effect on the NP cells, anabolic nor
catabolic, the level of load used in present study was probably at the lower boundary
of this “safe window”. Because all studies differ in loading conditions (level, duration
and frequency), study duration and outcome measures it is difficult to determine the
boundaries of this window based on literature. Also it is not certain that this “safe
window” is the same for NP cells and articular chondrocytes. The in vivo loading of
articular chondrocytes can be ten times that of cells in the NP [91] which could explain
the differences between the loading schemes used for either cell type. For example, in
a series of papers by Carver and Heath intermittent hydrostatic pressure (3.44 MPa,
5s on - 15s off, 20 min/4 hours for 5 weeks) stimulated GAG production in articular
chondrocytes cultured in a polyglycolic acid scaffold [100, 101, 102] while in a study by
Handa et al. [94] loading of a similar level inhibited proteoglycan production in human
lumbar intervertebral disc tissue, but lower levels (0.3 MPa) stimulated proteoglycan
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production.

Not only the level of mechanical load, but also the frequency at which cells are loaded
have an effect on cellular behavior. Diurnal static load mimicking day (8 hours, 0.8
MPa) and night (16 hours, 0.2 MPa) activity in a whole organ culture maintained
cell viability but had a catabolic effect on the intervertebral disc gene expression [71].
When the discs were loaded cyclically on top of the diurnal load (8 hours, 0.6 ± 0.2
MPa, 0.2 Hz and 16 hours, 0.2 MPa, static), gene expression was remained constant
[83], however when high frequency load was applied (10 Hz), this caused cell death and
catabolic change in gene expression [10]. In the present study the frequency chosen
was within the physiological range (between the 0.2 and 1 Hz of the studies mentioned
above) and too low to cause a synergistic effect of ultra-low glucose and hydrostatic
pressure.

It is not clear through which mechanism the cells respond to hydrostatic load. Under
hydrostatic pressure there is no cell deformation or fluid flow, which both can affect
articular chondrocyte metabolism [103]. It is possible that the cells do not respond
to the loading directly but to the changes in matrix or osmolarity as a result of the
hydrostatic pressure [104, 103]. In the present study the pellets were loaded directly
after formation. At the beginning of the culture there was therefore no extracellular
matrix present to respond to. After 7 days, the NP cells had produced GAGs, which
suggests that they could have responded to the loading after 7 days of culture.

The glucose level in the ultra-low glucose group was in the middle range of what has
been calculated for in vivo in the center of the NP based on diffusion and consumption
rates by Sélard et al. [57], but below the range calculated by Soukane et al., who
accounted for the coupling effects between different solutes, pH, endplate disruptions
and load [74]. Earlier in vitro studies have shown that NP cells do not survive under
glucose free conditions for longer period of times [6], but additions of serum (which
also contains between 0.4 and 0.6 g/l of glucose [105]) improved cell survival. A study
by Johnson et al. [106] showed that omittance of glucose in the presence of 20% serum
even stimulated cell proliferation in monolayer and in 3D alginate beads, but inhib-
ited collagen production. Also in a whole organ culture in which intervertebral discs
were cultured in a bioreactor system with physiological levels of cyclic compression
and a constant flow of medium surrounding the disc, limited amounts of glucose in the
medium caused cell death [83]. In the present study ultra-low glucose did not stimulate
or inhibit cell proliferation, but even in the absence of serum, the cells survived the 14
day culture period. This indicates that cells need either serum or minimal amounts of
glucose to survive. It is possible that the glucose in the serum was responsible for the
cell survival in the two studies mentioned above. Serum free culture indeed inhibited
cell proliferation as already shown before by Johnson et al. [106], but it did not inhibit
GAG production. The formation of a collagen rich cell layer at the outside of the pellets
was much less when serum was omitted from the culture medium.

The fact that in the present study the NP cells survived well, and produced GAG
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under serum free conditions shows that in these types of experiments serum can be
omitted from the medium. Advantage of serum free culture is that experimental set-up
is better controlled as serum batches can differ substantially from one another . With-
out serum it is therefore easier to keep the experimental conditions stable over a longer
period of time which makes it easier to compare results to other studies.

In vitro studies in general have the advantage of a high level of control over the exper-
imental conditions. Disadvantage of in vitro studies is that it is difficult to translate
the results to the in vivo situation where more factors are always combined. Isolated
cells may respond in a different way to stimuli than when they can interact with the ex-
tracellular matrix. Pellet culture was chosen to maximize the effect of the hydrostatic
pressure directly onto the cells as found by Elder et al. [92] for articular chondro-
cytes. NP cells and articular chondrocytes have been successfully cultured before in
this system [107, 108, 109]. Even though the cells are much closer to each other than in

vivo and cell to cell contact is possible in this culture system, the cells did not change
their main gene expression in the serum free conditions and survived well and produced
GAGs in all conditions tested. It has also been shown before that NP cells cultured
in pellet culture can be stimulated in their GAG production. In a study by Lee et
al. [107] cells isolated from the NP were transfected with TGFβ1, before culture in
pellets. TGFβ1 transfection had a stimulating effect on proteoglycan production. In
the present study, hydrostatic pressure did not stimulate GAG production by the NP
cells. Furthermore, in a similar experiment with NP cells cultured in alginate beads,
also inside the eppendorf tubes and loaded in a similar way, the results were similar to
the present study. Also in this experiment there was no effect of hydrostatic pressure on
cell proliferation and GAG production but addition of TGFβ1 to the culture medium
did stimulate GAG production (Figure 5.6).
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Figure 5.6: Boxplots of GAG content of NP cells cultured in alginate for 14 days
with without serum under ultra low (0.1), and low (1.0) glucose conditions with
(Load) or without (control) hydrostatic loading. For the control and loading
groups n=4, for the TGFβ1 group (TGF) n=2.

This study was done using primary isolated cells. The main reason to use primary
cells was to prevent the cells from de-differentiating during expansion in monolayer.
Drawback of using these cells is that one is limited in the conditions tested by the
amount of cells isolated from the tissue. For this reason a positive control to show that
it is possible that the cells respond to stimuli (ie. TGFβ1) in this culture system could
not be included, but for similar cells this has already been shown in by Lee et al. [107].
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Also, our cells in culture did respond as GAG was detected in all groups, indicating
the validity of our approach.

Oxygen and pH influence cell activity and cell viability [6, 5]. The present study
was done under atmospheric oxygen conditions in medium which was buffered around
pH 7.4. Under low oxygen conditions combined with acidic pH (as found in a degener-
ated disc) cell death would have probably occurred as shown previously in NP cultured
in a diffusion chamber [6]. As shown in the in vivo study presented in chapter 4 an
inhibition of endplate perfusion resulted in cell death in half of the disc pairs and in a
whole organ culture of intervertebral discs limited nutrition resulted in cell death of the
NP cells [83]. In both studies oxygen concentration and pH were probably affected be-
cause of the diffusion distance between the center of the NP and the source of nutrients.

Summarized, in the present study investigated the individual and combined effects
of hydrostatic pressure, glucose concentration and serum on proliferation, GAG pro-
duction and gene expression of NP cells. Under these conditions, hydrostatic pressure
had no effect on any of the outcome measures. Ultra-low level of glucose even stim-
ulated GAG production. In the absence of serum the NP phenotype was preserved
under ultra-low glucose concentrations indicating that the omittance of serum can be
beneficial for the behavior of NP cells. No synergistic effect of glucose concentration
and hydrostatic load could be detected for the conditions tested. Future studies will
also include the effect of oxygen levels and pH as these factors have shown to affect
cellular activity.
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6.1 Summary

Bone marrow stromal cells are good candidates for cell based tissue regeneration. For
such purposes, cell survival within 3D scaffolds is often desirable. We hypothesize that
undifferentiated bone marrow stromal cells will have difficulties to thrive within these
gels in contrast to articular chondrocytes and nucleus pulposus cells, but that early
chondrogenic differentiation of the former will increase their survival. Bone marrow
stromal cells, articular chondrocytes and nucleus pulposus cells cast in 1.2% alginate
or 2% agarose were cultured for 21 days in serum containing media. Bone marrow
stromal cells were also cultured in medium with 10ng/ml TGFβ1. By day 21, nucleus
pulposus cells and articular chondrocytes proliferated, maintained up-regulation of ag-
grecan and collagen type II, produced glycosaminoglycans and stained positively for
collagen type II in both scaffolds. In contrast, number of living bone marrow stro-
mal cells and DNA content of their constructs decreased in both scaffolds. Addition
of TGFβ1 resulted in cell survival and behavior more similar (gene expression, gly-
cosaminoglycan production and collagen type II synthesis) to articular chondrocytes
and nucleus pulposus cells. This study demonstrated that unlike articular chondro-
cytes and nucleus pulposus cells, undifferentiated bone marrow stromal cells have more
difficulty to thrive within hydrogels but that this can be improved by chondrogenic
induction. Hence, immediate conditioning of bone marrow stromal cells could be a
worthwhile strategy.

6.2 Introduction

Arthrosis and intervertebral disc (IVD) degeneration affect many people and cause a
huge financial burden on western civilization [110, 60]. Unfortunately, articular carti-
lage and the IVD are avascular tissues that possess only limited self repair capacity,
partly due to its low cell density but also due to the slow synthetic capabilities of the
cells. Current treatments such as conservative therapy, spinal fusion, nucleus replace-
ment, periosteum transplantation, microfracture, mosaicplasty, or arthroplasty can lead
to good patient outcomes in some cases but not in all [111, 112, 113, 114, 115, 116,
117, 118, 119]. Hence, new treatment modalities such as tissue engineering are being
explored. Cell based tissue engineering strategies offer the possibility to reconstruct
the cartilaginous tissue (in neo- or mature-form) in vitro, before replacing the patients
damaged tissue in vivo . As source for such cell based tissue engineering strategies,
differentiated autologous cells i.e. articular chondrocytes (ACs) and nucleus pulposus
cells (NPCs), are less favorable due to limited amount of graft donor volume, possible
associated donor site morbidity, possible de-differentiation while expanding in vitro and
restricted regenerative properties [120, 121]. Some of these pitfalls can be avoided when
using bone marrow derived stromal cells (BMSCs). These cells are relatively easy to
obtain, have a high proliferation and differentiation capacity in vitro [122] and can
differentiate into cartilage-like cells [123, 124, 125], making them good candidates for
the treatment of arthrosis [126, 127, 128] and IVD degeneration [9, 129, 130, 131, 132].

For cell based tissue engineering, the strategy is to replace the affected tissue with
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an in vitro grown construct consisting of BMSCs seeded in a 3D hydrogel matrix (e.g.
alginate and agarose). Hydrogels are considered as optimal embedding material, since
they can sustain load and retain the newly synthesized extracellular matrix. For sub-
stantial tissue regeneration, survival of these cells inside these constructs is desired.
However, to our knowledge, the fate of BMSC within these gels relative to differenti-
ated cells, i.e. ACs and NPCs, has not been quantitatively compared.

In vivo, ACs and NPCs are embedded within their 3D extracellular matrix consist-
ing mainly of proteoglycans and collagen type II. Both cell types display rounded cell
morphology. On the other hand, BMSCs isolated in vitro , have an identical phe-
notype as marrow adventitial reticular cells (or Westen-Bainton cells) in vivo [133].
These in vivo cells are stromal cells, which are found arrayed around the sinusoid wall.
The collagen fiber content is extremely sparse in the normal bone marrow and the
cell morphology is characterized by extensive, elongated and attenuated cell processes
[134]. Hence, in vivo BMSCs represent the mesh within which haematopoiesis occurs,
whereas ACs and NPCs are embedded within their 3D extracellular matrix. Unlike
articular cartilage and nucleus pulposus, a hydrogel environment is not similar to the
natural environment of BMSCs. Hence, we hypothesized, that undifferentiated BMSCs
will have difficulties to thrive within these gels, in contrast to ACs and NPCs and that
inducing their differentiation down a chondrogenic lineage may increase their survival.

6.3 Materials and Methods

Cell harvest

BMSCs were isolated from the bone marrow based on their capability to attach to
culture flasks as shown previously [123]. Bone marrow was harvested from the pelvises
of five calves (3 to 5 months old) within half an hour after slaughter. Aspirates were
immediately mixed with 5000 IU Heparin (Fresenius Medical Care, Stans, Switzerland)
to inhibit clotting. In the laboratory, bone marrow was washed with Tyrrode’s Bal-
anced Salt Solution (TBSS) and centrifuged at 400 g for 8 minutes. After removal
of the supernatant, cells were then resuspended in Minimum Essential Medium alpha
supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, 20 mM HEPES buffer
solution and 10% fetal bovine serum (FBS, all Gibco, Basel, Switzerland). Finally, cells
from approximately 5 ml bone marrow aspirate were plated into 300 cm2 plastic culture
flasks (TPP, Trasadingen, Switzerland). Medium was changed twice a week. Adherent
cells were expanded up to passage 2 (10-14 days of culture). Cells were sub-cultured
at approximately 80% confluency. At each passage, cells were trypsinised and washed
in serum containing medium. Cells were then reseeded at a density of 5000 cells/cm2.

ACs from the same animals were isolated by standard sequential pronase and colla-
genase digestion as described previously (Grad et al., 2003). Articular cartilage was
harvested from the metacarpal condyles. The cartilage pieces were washed with TBSS
and incubated in a spinner flask with 1 mg/ml pronase I (Roche, Basel, Switzerland)
in high glucose (4500 mg/L) Dulbecco’s modified eagle medium (DMEM, Gibco) for 2
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hours at standard conditions in the incubator (37 ◦C, 5% CO2, 95% humidity). Pre-
digested cartilage was then washed with TBSS and digested with 600 U/ml collagenase
II (Worthington Bioconcept, Allschwil, Switzerland) in DMEM overnight (14 h) un-
der the same conditions. After filtering through a cell strainer with a pore size of 40µm (BD Biosciences, Bedford, USA), the primary chondrocytes were washed in TBSS,
cast in agarose or alginate as described below.

NPCs from the same animals were isolated by standard sequential pronase and colla-
genase digestion modified from Maldonado et al. [16]. Nucleus pulposus tissue (1.5–2.5
g) was harvested from caudal discs 2 through 10. Tissue was then washed 3 times with
phosphate buffered saline (PBS) before incubating for 1 hour in 25 ml of 0.19% (w/v)
Pronase (Roche) in PBS at 37 ◦C in a T75 culture flask on a shaker. After washing with
PBS, predigested nucleus pulposus tissue was put in DMEM low glucose (1 g/l) with
10% FBS containing 32 IU/ml Collagenase II for 10 hours at 37 ◦C on a shaker, also
in a T75 culture flask. Isolated cells were washed with PBS and cell suspension was
filtered through 100 µm filter (BD Biosciences) before casting in agarose and alginate.

Carrier casting

Agarose Primary NPCs, ACs and passaged (P2) BMSCs were cast in 2% ultra
low temperature gelling agarose (Sigma Aldrich, Buchs, Switzerland). 8 × 106 cells
were suspended in standard culture medium (DMEM high glucose supplemented with
0.11 g/l sodium pyruvate, 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, 20
mM HEPES buffer solution, 1% non essential amino acids (all Gibco) and 50 µg/ml
ascorbic acid 2 phosphate (Sigma Aldrich)). This cell suspension was mixed with equal
volume of 4% agarose pre-warmed to 37 ◦C resulting in a final cell density of 4 × 106

cells/ml (similar to that found in natural nucleus pulposus tissue [56]. This mixture
was aspirated into a 1 ml syringe carefully avoiding air bubbles. The agarose was cooled
at 4 ◦C for 20 minutes to solidify. Finally, agarose cylinders were cut into carrier discs
with a diameter of 4 mm and a height of 4 mm (approximate volume: 50 µl).
Alginate For preparing alginate beads, 4× 106 cells were suspended in 1.2% alginic
acid sodium solution in 0.9% NaCl (both from Sigma Aldrich). This cell solution was
dropped through a 22G needle into a 102 mM CaCl2 (Sigma Aldrich) solution [18].
Polymerised alginate beads were left in CaCl2 solution for 10 minutes. After washing
with 0.9% NaCl, beads were cultured in agarose covered 6 well plates.

Cell culture

Constructs were cultured up to 21 days in standard media (see above). BMSCs were
also cultured in chondrogenic medium (serum free standard medium supplemented ad-
ditionally with 1% ITS+ (final concentration: 1.0 mg/ml insulin from bovine pancreas,
0.55 mg/ml human transferrin, 0.5 µg/ml sodium selenite, 50 mg/ml bovine serum
albumin and 470 µg/ml linoleic acid), 10 × 10−7 M dexamethasone (both from Sigma
Aldrich) and 10 ng/ml TGFβ1 (Peprotech, London, UK). Hence, the experiment con-
sisted of four groups: AC, NPC, BMSC and BMSC in chondrogenic medium. Medium
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was changed every third day.

Analysis

At days 1 (casting of constructs) 7, and 21, constructs were harvested and number
of living cells, DNA and glycosaminoglycan (GAG) content, gene expression (collagen
type I, II and aggrecan) and presence of collagen type II was assessed.

Number of living cells

Alginate beads and agarose constructs were incubated in 1 ml DMEM high glucose
containing 10 µM CalceinAM (CaAM, Sigma Aldrich) for 3 hours at 4 ◦C followed
by 1 hour in the incubator. The constructs were then scanned from the surface
to 200 µm in depth at 3 random locations per side (agarose) or at 1 location for
each of the 3 investigated alginate beads, with a confocal laser scanning microscope
(cLSM510, Carl Zeiss, Feldbach, Switzerland). Stacks were taken at 10× magnifica-
tion at a 512 x 512 pixel resolution (field size of 921.4 x 921.4 µm) with the pinhole
at 1 Airy unit, 50% image overlap and 5.8 µm intervals. Green cells were quantified
per single image using a custom-made macro in ImageJ software (deposited at NIH,
http://rsb.info.nih.gov/ij/plugins/index.html). The minimum and maximum island
sizes were set to 15-100 pixels. The number of living cells was then estimated on a
subset of ten consecutive images, starting at the image with 50% or more of the maxi-
mum amount of the total cells per image in a single stack. To determine this frame a
MatLab routine was written (MathWorks inc., Bern, Switzerland). Number of living
cells was normalized relative to day 1 of the same cell group.

DNA and GAG content

For assessment of DNA and total sulphated GAG content, constructs were washed twice
in NaCl to remove most of the medium and incubated with 450 µl digestion buffer (150
mM NaCl, 55 mM Na3Citrate·2H2O, 5 mM Na2EDTA·2H2O, 5 mM Cystein-HCl and
125 µg/ml Papain latex, dissolved in dH2O all Sigma Aldrich) for 15 hours at 56 ◦C.
Digestion buffer was kept at 56 ◦C and used as a blank and for dilution of the standard
curve. For alginate samples, the same amount of alginate (3 beads without cells) was
put in the digestion buffer to normalize the standard curve to the alginate content.
Subsequently, samples were frozen at −20 ◦C until further analysis. After thawing at
room temperature, DNA content was measured spectrofluorometrically using Hoechst
33258 dye (Polysciences Inc., Warrington, USA) and purified calf thymus DNA as
standard [135]. DNA data was normalized to day 1 of the same group. The amount of
GAGs was determined by the dimethylmethylene blue (DMMB) dye binding method,
using bovine chondroitin sulfate as standard [81]. For analysis of GAG content within
alginate samples, all probes were diluted 1:20 prior to analysis. Data from GAG analysis
are given in absolute values.
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Real Time RT-PCR

For assessment of gene expression constructs were placed in 1 ml TRI reagent supple-
mented with 6 µl Polyacrylcarrier (both from Molecular Research Center, Cincinati,
USA). Subsequently, samples were frozen at −20 ◦C until further analysis. After thaw-
ing, total cellular RNA was isolated using a modified TRIspin method [136]. Briefly,
1- bromo-3-chloropropane (Sigma; 0.1ml per 1 ml TRI reagent) was added and cen-
trifuged. The resulting aqueous phase containing the RNA was transferred to a fresh
column of the GenEluteTM Mammalian Total RNA Miniprep Kit (Sigma Aldrich)
and RNA was isolated according to the manufacturer’s protocol. Resulting RNA was
reverse transcribed to cDNA with TaqMan Reverse Transcription Reagents (Applied
Biosystems, Foster City, USA). Finally, Real time polymerase chain reaction (PCR)
was performed on a 7500 Real Time PCR system (Applied Biosystems) under standard
thermal conditions using TaqMan Universal PCR Master Mix (Applied Biosystems)
and gene specific primers and probes for collagen type I, collagen type II and aggrecan.
These oligonucleotide primers and TaqMan probes (table 6.1; all from Microsynth, Bal-
gach Switzerland) were designed with Primer Express Oligo Design software, versions
1.5/2.0 (Applied Biosystems). Probes were labeled with the reporter dye molecule FAM
(6-carboxyfluorescein) at the 5‘-end and with the quencher dye TAMRA (6-carbox-N,
N, N‘, N‘-tetramethylrhodamine) at the 3‘-end. To exclude amplification of genomic
DNA, the probe or one of the primers were selected to overlap an exon-exon junction.
For PCR analysis 18S ribosomal RNA (endogenous control) TaqMan Gene Expression
Assays (Applied Biosystems) was used as house keeping gene. TaqMan Gene Expression
Assays are pre-designed gene-specific probe and primer sets. Relative quantification of
target mRNA was performed according to the comparative CT method [90] with 18S
ribosomal RNA as endogenous control. As reference for all groups unstimulated BMSC
harvested at day 1 was used.

Immunohistochemistry

After medium removal, immunohistochemical samples were transferred into cryo-compound
(Tissue Freezing Embedding, Jung, Nussloch, Germany) and snap-frozen. From each
sample, 12 µm thick cryosections were cut (Cryo Star HM 560 MV, Microm, Wall-
dorf, Germany). After mounting, slides were thawed at room temperature (RT) before
performing immunohistochemical staining using the Vectastain Elite ABC Kit (Vec-
tor Laboratories, Burlingame, USA). Horse serum was used for blocking non-specific
sites. The sections were probed with primary antibodies (diluted 1:6) against collagen
type II (Developmental Studies Hybridoma Bank, Iowa City, USA). Primary antibody
was applied for 14 hours at 4 ◦C, followed by the biotinylated secondary antibody (30
min at RT) and the preformed avidin-biotin-peroxidase complex (30 min at RT). Fi-
nally, sections were stained using 3, 3‘-diaminobenzidine monomer (DAB) and Meyers
Haematoxylin (Sigma Aldrich). For negative controls, the primary antibody was re-
placed with PBS.
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Table 6.1: Sequences of primers and probes used for Real Time RT-PCR
Gene Primer fw 5’-3’ Primer rev 5’-3’ Probe 5’ -3’
Aggrecan CCA ACG AAA CCT ATG

ACG TGT ACT
GCA CTC GTT GGC TGC
CTC

ATG TTG CAT AGA AGA
CCT CGC CCT CCA

Procollagen 1A2 TGC AGT AAC TTC GTG
CCT AGC A

CGC GTG GTC CTC TAT
CTC CA

CAT GCC AAT CCT TAC
AAG AGG CAA CTG C

Procollagen 2A1 AAG AAA CAC ATC TGG
TTT GGA GAA A

TGG GAG CCA GGT
TGT CAT C

CAA CGG TGG CTT CCA
CTT CAG CTA TGG
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Statistics

For each group, cells were collected from 5 animals (n=5). Within each outcome
variable for each group per animal, duplicates were measured and averaged. For all
statistical analysis SPSS�16.0 (SPSS Inc., Chicago, USA) was used. Agarose and
alginate were analyzed separately. All data was tested for normality with the Shapiro-
Wilk test. Due to the low number of independent measurements per group (n=5
animals) and non normality of some of the groups, non-parametric tests were used for
further analysis. For between group differences, every outcome parameter was tested
first for significance using a Kruskal Wallis test. If a significant difference was found
(p<0.05), a Mann Whitney test was applied as post hoc test between different cell
types. Finally, a Bonferroni correction was used to take the number of comparisons
(n=6/ group) into account. Hence, a p<0.008 was regarded as significant. To test
significant differences relative to day 1, a Mann Whitney U test was used. This was
carried out for PCR and GAG data from all cell types and for number of living cells
and DNA data from BMSCs.
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6.4 Results

Number of living cells and DNA content of constructs

Due to aggregate cloning of cells at day 21, number of living cells could not be ac-
curately determined for ACs and NPCs. At day 7, the number of living NPCs and
ACs increased in both scaffold types compared to day 1 (Figure 1). Compared to ACs
and NPCs the number of living BMSC cultured in standard media was significantly
decreased in both hydrogels. At day 7 only 41% and 46% of living BMSCs could be
detected within agarose and alginate constructs respectively, which was significantly
different from day 1. At day 21, the number of living BMSC even further decreased to
29% and 32% of initial values. The drop in DNA content of the constructs at day 7
was less pronounced in agarose (90% of day 1), but very strongly in alginate (31% of
day 1, p<0.05). At day 21, DNA content of hydrogels had dropped to 50% and 19%
(p<0.05) for agarose and alginate, respectively and the latter was significantly different
from AC and NPC.

This decrease in number of living cells at day 7 was much less for BMSC cultured
in chondrogenic medium. In this group number of living cells had not dropped signifi-
cantly for the agarose carrier (90% of day 1), but still significantly dropped to 71% in
alginate. DNA content had increased compared to day 1 at both the day 7 and day 21
time points for both carrier materials. The increase was more pronounced in agarose
(1.6 and 3.4 fold for day 7 and day 21 respectively) compared to alginate (1.3 and 1.2
fold at day 7 and day 21, respectively).

Gene expression

At day 7 and 21, NPCs and ACs both expressed the ’chondrogenic’ genes, i.e. collagen
type II and aggrecan significantly different from BMSC day 1 in both hydrogels (Figure
2). In agarose, collagen type II was 1875 and 2239 fold and aggrecan 450 and 750 fold
up-regulated for ACs at day 7 and 21 respectively. In alginate, collagen type II and
aggrecan was still significantly up-regulated but to a lower extend (72 and 100 fold for
collagen type II and 8 and 43 fold for aggrecan). NPC gene expression was similar to
AC’s. Collagen type I was significantly down-regulated in both carrier materials for
ACs and NPCs at day 7. At day 21, only cells seeded in alginate were significantly
down-regulated.

For BMSC cultured under the same conditions as NPCs and ACs, there was no sig-
nificant change in collagen type II expression at day 7 and day 21 compared to day 1.
For aggrecan, no significant change was found for BMSC seeded in alginate whereas in
BMSC seeded in agarose a significant up-regulation was found. There was a significant
up-regulation for collagen type I for BMSC seeded in agarose whereas the same cell
type in alginate had a significant down-regulation at both time points. In the presence
of TGFβ1, BMSCs up-regulated collagen type II and aggrecan significantly compared
to day 1 in both hydrogels. In contrast, collagen type I was significantly down-regulated
in both carrier materials at both time points.
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Figure 6.1: DNA content in AC, NP and MSC culture in alginate and agarose at
d7 and d14
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Figure 6.2: Collagen I, II and aggrecan gene expression in AC, NP and MSC
culture in alginate and agarose at d7 (white boxes) and d14 (gray boxes)
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GAG content

In agarose, GAG content of hydrogels seeded with ACs and NPCs significantly increased
at day 7 and 21 (Figure 3). ACs produced significantly more GAG at both time points
compared to BMSCs cultured under the same condition. In the presence of TGFβ1,
BMSCs produced significantly more GAG at day 7 and 21. In alginate, GAG content
increased in all groups over the observation period, but only for ACs and NPCs at day
21, this increase was significant.

Immunohistochemistry

At day 1, all cell types (ACs, NPCs and BMSCs) stained negative for collagen type II
in both hydrogels. At day 21, NPCs and ACs stained positively for collagen type II
(Figure 4). Immunohistochemistry for collagen type II of sections of BMSC cultured
under the same conditions as ACs and NPCs remained negative at day 7 and 21. In
samples from BMSC with TGFβ1 collagen type II was demonstrated at both time
points in both alginate and agarose. Representative images for samples within agarose
are shown in figure 5.
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Figure 6.3: GAG content in AC, NP and MSC culture in alginate and agarose at
d7 and d14
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Figure 6.4: Collagen II immunohistochemistry in AC and NP in agarose at d14
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Figure 6.5: Collagen II immunohistochemistry in BMSCs in agarose with and
without TGFβ1 at d14
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6.5 Discussion

BMSCs seeded in hydrogels are a promising approach for cell based tissue engineering
strategies for the treatment of IVD degeneration and arthrosis. For NPCs and ACs,
hydrogels (e.g. agarose and alginate) can provide an environment that is similar to
their native environment. However, this is not the case for BMSCs. Therefore difficul-
ties of BMSC to thrive within these gels were hypothesized.

As expected, and shown in previous studies (inter alia ACs in alginate: [137, 138,
139], NPCs in alginate: [16, 140], ACs in agarose: [141, 142, 121]; NPCs in agarose:
[143, 144, 73]), the results of this study confirm that both agarose and alginate appear
to provide an appropriate environment for ACs and NPCs. This is indicated by their
proliferation (up to a 17 fold increase of the initial DNA content) and maintenance of
their (chondrogenic) phenotype. Although upregulation of aggrecan in these cells was
not extensive, substantial amounts of GAG were found in both carrier types. Unfor-
tunately, absolute data from GAG assessment with the DMMB assay in alginate have
to be interpreted carefully due to interference of the alginate with the measurement
method. For this study, primary ACs and NPCs were used while the BMSCs have been
expanded in monolayer. It could be possible that the monolayer expansion caused the
difference in response to the hydrogels, but based on the results from Benya and Shaffer
[121] and [145] this is not very likely. They found that expanded ACs proliferated well
after casting in agarose or alginate beads.

In contrast, only a fraction of the initially seeded undifferentiated BMSC could thrive in
the same hydrogels under the same conditions. Number of living cells and DNA content
decreased continuously up to day 21. The decrease was seen in both carrier materials,
but more pronounced in alginate. The differences between groups and changes over
time were more pronounced using the number of living cells compared to the DNA
measurement, because DNA remains detectable for a certain period after cell death.
In agarose seeded with BMSCs, a cell layer at the boundary of the construct started
to form which increased the overall DNA content of the samples compared to alginate.
However, the greater part of BMSCs within both carrier materials died within 21 days
of culture. With the exception of aggrecan for BMSCs seeded in agarose, these cells
did not change expression of the investigated chondrogenic genes relative to day 1 and
no collagen type II could be demonstrated. Furthermore, only small amounts of GAG
were detected within agarose. Addition of TGFβ1 to the cell culture resulted in a
change of phenotype so that a greater expression of chondrogenic genes in BMSCs and
substantial amounts of collagen type II and GAG were found. In these groups, number
of living BMSCs and the DNA content of their hydrogels could be maintained relative
to day 1.

Transforming growth factor (TGFβ1) was originally identified, characterized, and named
on the basis of its ability to induce anchorage-independent growth (phenotypic trans-
formation) in some mesenchymal cells, e.g. NRK fibroblast [146]. Since cells are not
able to attach to hydrogels, only cells able to grow without anchorage will survive.
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Anchorage independent growth is a characteristic usually attributed to transformed
cells [147, 148]. Like transformed cells, ACs and NPCs grow under this condition, but
additionally they are also able to express their characteristic (chondrogenic) phenotype
(inter alia ACs in alginate: [137, 138, 139], NPCs in alginate: [16, 140], ACs in agarose:
[141, 142, 121]; NPCs in agarose: [143, 144, 73]) in contrast to monolayer conditions
where they de-differentiated. BMSC on the other hand, only grow without anchorage,
if they are transformed e.g. with genetic alterations [149]. Hence, the inability of na-
tive BMSC to divide in an anchorage independent manner could explain the decrease
in BMSC in contrast to ACs and NPCs. Although in this study it cannot be demon-
strated that the increased cell survival of BMSC cultured with TGFβ1 was because
of a change in phenotype and/or transformation, an association between increased cell
survival of BMSC in hydrogel and induction of a chondrogenic phenotype was observed
and suggests this possibility. To prove that BMSCs can survive in hydrogels when they
can attach would be work for a future study.

This in vitro situation may not reflect the in vivo situation. Under in vivo conditions
BMSC might response in a different way. However, most tissue engineering approaches
foresee a period of in vitro culture during which a construct is grown in the laboratory
that can be used later to replace the affected tissue in the patient. During this pe-
riod of in vitro culture, substantial amounts of extracellular matrix production by the
seeded cells are desired. Currently, many factors are being investigated to induce or
enhance parthenogenesis in BMSC (i.e. growth factors, gene transfer, and mechanical
environment). As shown in this study cell viability might be a critical issue: if seeded
cells do not survive within the hydrogels, these factors might not be effective at all or
only to a limited extend. Especially the effect of factors enhancing but not inducing
parthenogenesis might be underestimated. Hence, cell viability of BMSC within hydro-
gels should be looked at in all of these approaches since more cells (improved BMSC
survival) will produce more extracellular matrix.

Extrapolation of the results of this study, as with all extrapolations, should be done
with care: in this experiment only one particular in vitro condition was investigated.
Although our culturing conditions were similar to standard cell culture protocols used
by many other laboratories, several other factors might confound the results. During a
pilot experiment using another serum batch the decrease in the number of living BMSC
cultured without TGFβ1 was even more pronounced (data not shown). Cells harvested
from the bone marrow by the direct plating method are not well characterized. Al-
though we demonstrated their multi-potential by inducing osteogenesis and adipogensis
(data not shown), a better identification of these cells might help to identify markers
associated with cell survival.

For this study a cell density of 4 × 106 cells/ml was used which is similar to that
found in the nucleus pulposus in vivo [56]. Chondrogenic differentiation of BMSC in
agarose has been shown to be influenced by the initial cell density [150]. In this study
the chosen cell density was much lower than the optimum cell density for chondrogenic
differentiation found by Huang et al.[150]. However, cell differentiation did occur when
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TGFβ1 was added to the cell culture and it improved cell survival. If bovine BMSCs
respond in a similar way as their human equivalent, a higher cell density could have led
to a stronger differentiation in the TGFβ1 group and maybe also more proliferation. To
the knowledge of the authors, there have been no reports of spontaneous differentiation
of BMSCs in hydrogels, nor on the effect of cell density on BMSC survival. However, if
spontaneous differentiation does occur when higher cell densities are used in hydrogels,
a better survival rate of the native BMSCs would be expected.

Other factors, which might influence cell survival, are inter alia culture conditions (i.e.
serum/ oxygen concentrations), species and carrier material. This study was done un-
der normoxic conditions. The constructs were small enough for the authors to assume
that there was no oxygen gradient. In the avascular nucleus pulposus and cartilage
the cells live under hypoxic conditions [151] Hypoxia has, on the one hand, increased
undifferentiated BMSC cell death [152] but on the other hand stimulated BMSCs dif-
ferentiation with TGF [153]. In this study, hypoxia would have probably increased the
cell death in the normal BMSC group and stimulated the BMSC differentiation and
with that cell survival in the BMSC group with TGFβ1.

Agarose and alginate were chosen for this study as representative hydrogels, since
they have been widely used for cell based tissue engineering strategies for cartilage and
the IVD using mature cells (see references above). Furthermore, both carrier materials
can sustain mechanical loading which is necessary to replace load bearing structures.
Recently, new hydrogels have been developed and undifferentiated BMSC might be-
have differently within such hydrogels. However, we hypothesize that survival will be
associated either with attachment of BMSC or induction of a chondrogenic phenotype.
In fact, in a recent study [154] it was demonstrated that the cell viability of human
BMSC cultured in chitosan glycerophosphate gels without TGFβ1 was similar to NPCs
and ACs cultured under the same conditions. Interestingly, these surviving BMSC ex-
pressed a chondrogenic phenotype supporting our hypothesis.

BMSCs are promising candidates for cell based tissue engineering strategies for car-
tilage and the IVD. An appropriate biomaterial is required as an initial space holder
(e.g. to restore IVD height), to retain produced extracellular matrix and to enhance
their differentiation. Hydrogels such as alginate and agarose are suitable materials.
Since in this study a better survival of BMSC within 3D hydrogels was associated with
an induction of a chondrogenic phenotype, immediate conditioning of BMSCs (e.g.
with TGFβ1) may be a worthwhile strategy.



Chapter 7

General Discussion
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7.1 Introduction

The general purpose of this thesis was to give more insight into the role nutrition plays in
intervertebral disc degeneration and the behavior of bone marrow stromal cells in a 3D
environment. The influence of nutrition on the nucleus pulposus cells was investigated
in an in vivo and in vitro approach. First the in vivo studies were presented in part I of
the thesis followed by the in vitro studies in part II. In chapter 3 an in vivo method for
endplate perfusion inhibition was introduced and in chapter 4 the effect of this endplate
perfusion inhibition on the cells of the nucleus pulposus was investigated. A relationship
between perfusion and diffusion was found and the endplate route was verified as the
most important route for solute diffusion to and from the nucleus pulposus. Inhibition
of endplate perfusion resulted only in minor changes in the nucleus pulposus cells but
were in agreement with intervertebral disc degeneration. In chapter 5 of the thesis
the effect of glucose deprivation in combination with physiological levels of hydrostatic
pressure was investigated. Against expectation no synergistic effect glucose deficiency
and hydrostatic pressure was found. Glucose did have a small effect on proteoglycan
production and aggrecan and collagen I gene expression, but cell survival and collagen
II gene expression were not affected by glucose condition. Hydrostatic pressure did
not have any effect on any of the outcome measures. In chapter 6 the survival and
behavior of bone marrow derived stromal cells in hydrogels was investigated. As these
cells have high proliferative properties and are multi-potent and can differentiate into
the chondrocyte lineage when under the right conditions they are good candidates
for tissue engineering approach of intervertebral disc repair. But since the natural
environment of these cells is so different from the nucleus pulposus cells and articular
chondrocytes and are anchorage dependent, their survival in hydrogels is not a given.
Nucleus pulposus cells and articular chondrocytes thrived well in 3D hydrogels but the
bone marrow derived stromal cells only survived in the presence of TGFβ1.

7.2 Relevance of results

The results presented in this thesis give more insight into the complexity of inter-
vertebral disc degeneration. Inhibition of the endplate perfusion by almost 50% only
resulted in changes in the behavior and viability of the cells in the nucleus pulposus in
a 4 week experiment that are in line with intervertebral disc degeneration. In contrast,
the in vitro study did not show a negative effect of ultra low glucose conditions on
cell survival indicating that cell death in intervertebral disc degeneration is not caused
by a lack of glucose alone but probably by a combination of low glucose, low pH and
low oxygen concentrations. In the in vitro study only low glucose in combination with
hydrostatic pressure was tested.

This thesis presents two models in which further aspects of intervertebral disc de-
generation can be studied in vivo , and in vitro . The studies presented show that the
cells in the nucleus pulposus are well adapted to their harsh environment in vivo and
that when perfusion was inhibited the effect on the nucleus pulposus cells was in line
with intervertebral disc degeneration. Also in vitro the cells survived ultra-low glucose
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conditions while hydrostatically loaded. For the cells to die in vivo the conditions must
have become so harsh that even these cells can no longer withstand them. It is therefore
unlikely that unless the nutritional environment can be improved any kind of biologi-
cal treatment can be successful. Recently, the focus of the disc tissue engineering has
switched from the use of autologous differentiated nucleus pulposus cells to the highly
active, multi-potent bone marrow stromal cells. Studies have shown that these cells
are easily obtained with only minor donor site morbidity, and can, when subjected to
the right stimuli, differentiate into chondrocyte-like cells producing the major cartilage
matrix molecules. But this thesis also shows that these cells are quite sensitive to their
environment and that survival of these cells in foreign environments is not always a
given.

7.3 Clinical implications

Intervertebral disc degeneration became subject of study after a link with low back
pain was established. Low back pain is the problem which needs solving. This could
theoretically be done by repairing, removing or replacing the degenerated interverte-
bral disc or by taking away the pain sensation with pain killers. Surgically removing or
replacing the intervertebral disc has been proven to be an adequate way of relieving the
pain in many patients, but it ignores the problem of intervertebral disc degeneration.
The outcomes of present treatment for low back pain need improvement and biological
treatment could be a way to achieve this improvement as it focuses on the disc itself.
Great progress has been made in the research on biological treatments with the use of
autologous cells or bone marrow stromal cells producing tissues similar in biochemical
composition as the native tissue which needs replacing. However, in most of these stud-
ies the nutritional environment of the degenerated intervertebral disc in which these
constructs or cells need to survive is often ignored. As shown in this thesis, the original
cells of the nucleus pulposus are very well adapted to the harsh environment of the disc,
so when even these cells can no longer survive and maintain the extracellular matrix it
is very unlikely that highly active bone marrow stromal cells which come from a very
nourished environment would do better under the harsh conditions in the degenerated
intervertebral disc. Future studies in the field of disc de- and regeneration should also
consider this problem.

This thesis introduces an in vivo and an in vitro model which both have potential
to study intervertebral disc degeneration. When the in vivo model has been tested in
a long term study and results in intervertebral disc degeneration, this will be a new
tool for testing newly developed biological treatments which could in the long run help
improving clinical practice.

7.4 Limitations

The in vivo model looks very promising, but it is also an expensive model with a rel-
ative low success rate. In the short term study only 50% of the discs had a decreased
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viability compared to the control discs. Furthermore, intervertebral disc degeneration
is a very slow process and the development of disc degeneration in this model could
take over 12 months. Also the surgeon has great influence on the success of the surgery,
and this can only be determined at the end of the experiment. Future work with this
model requires more practice to increase the success rate.

A further limitation related to the previous issue of the success rate is the diffusion
measurement. It would be good if it were possible to measure the effectiveness of the
perfusion inhibition immediately after the application of the perfusion blocks as done
in the acute study. In case of poor diffusion inhibition this animal can be excluded
from the study right away instead of continuing the experiment and finding out weeks
or months later that the perfusion inhibition was insufficient. This is however not
possible with the needle probes as insertion of these probes themselves could already
induce intervertebral disc degeneration as shown in rabbit studies where puncture of
the annulus fibrosus with a needle resulted in degenerative changes in the disc [155].
Theoretically, diffusion measurements using MRI could be an option [62, 63], but also
very challenging. It would not be easy to lift a sheep into an MRI machine while under
general anesthesia. Furthermore, the transport, starvation of the sheep (to prevent gas
build up in the stomach) and the anesthesia would also increase the stress levels of the
sheep tremendously.

A general limitation of in vivo studies is that it is not clear what the direct effect
of the intervention on a certain process is. There is less control over the testing condi-
tions compared to in vitro studies. In case of this study general health, age and size of
the sheep could all influence the results in an unknown matter even though variability
in these factors were kept as small as possible. Also the anatomical variance in end-
plate vasculature could have had a major effect on the outcomes of the study. Even if it
would be possible to standardize the location of the cuts in the endplates, the amount
of vascular buds that will be cut off from the blood supply could vary from endplate
to endplate. Furthermore, in this particular study it is not clear if the drop in viability
was an effect of a drop in glucose, oxygen concentrations, pH or a combination of all,
or an unknown consequence of inhibiting endplate perfusion.

In vitro studies on isolated cells alway have the limitation that the cell isolation pro-
cedure itself can affect the behavior of the cell population. Even though in the in

vitro studies in this thesis the cell isolation procedures were kept as constant as possi-
ble, there is no guarantee that no artifacts were introduced. The bone marrow stromal
cells harvested from bovine bone marrow did not all proliferate at the same rate, and
the yield was also not exactly the same each harvest. Also the nucleus pulposus cell
and articular chondrocyte isolations did not result in exactly the same yield from ani-
mal to animal. Furthermore, the cells in the tissue depend on the extracellular matrix
for growth factors and mechanical support. By isolating these cells from this matrix,
they could display behavior which they would not do in vivo , making translation of
the results more complicated.
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The use of primary cells has the disadvantage that only a limited amount of cells
could be isolated from each tail but expansion of the cells in monolayer causes them
the de-differentiate. The number of groups and therefore conditions that could be in-
vestigated was therefore limited and the inclusion of a positive control was therefore
not possible in chapter 5. In a similar study conducted with alginate beads it was how-
ever evident that the nucleus pulposus cells were stimulated in their glycosaminoglycan
production by the addition of TGFβ1.

A limitation of in vitro studies is the unlimited amount of possibilities. Unlimited
combinations of nutritional conditions (pH, glucose level, oxygen concentration), load-
ing condition (level, frequency, duration, application), culture time, culture conditions
(2D, 3D, scaffolds) can be investigated singular or in combination. Literature shows
that this indeed has been done, all with their own results. This makes it almost impos-
sible to compare all literature and build on studies already out there. Because it is not
clear at what level the factors have an influence in the in vivo problem of intervertebral
disc degeneration good guidelines of what makes sense to test in vitro are not available.
Each research group seems to be inventing their own wheel.

7.5 Future research

7.5.1 The in vivo model for nutrient deprivation

The acute and short term studies presented in this thesis resulted in promising results
for the development of this model into a model for intervertebral disc degeneration.
However, a long term study should be conducted to prove that the endplate perfusion
inhibition can result in real intervertebral disc degeneration. If this model can be
established then this would be a great tool to examine the potential of in literature
suggested biological treatments or interventions for intervertebral disc degeneration.
Furthermore, if after removal of the foil blood supply to the endplate can be restored,
this model could be used to study the self-regenerative capabilities of the intervertebral
disc.

7.5.2 The in vitro model for nutrient deprivation

The in vitro study presented here applied a new culture system which has already
been used for bone marrow derived stromal cells [89] to nucleus pulposus cells. In
this system the cells survived and were able to produce glycosaminoglycans without
significantly changing their phenotype. While in this study only the effect of nutrition in
combination with physiologic levels of hydrostatic pressure under atmospheric oxygen
and neutral pH conditions was investigated future studies will also include the effect
oxygen levels and pH as it is known that factors both have an effect on nucleus pulposus
cell metabolism. Since now this system has been established for nucleus pulposus cells
and bone marrow derived stromal cells, it is now also possible to conduct studies to
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compare the behavior of these cells under the same conditions and investigate the
potential of the stromal cells to survive under nucleus pulposus like conditions. This
way the applicability of these cells for intervertebral disc regeneration under the harsh
conditions found in a degenerated intervertebral disc can be investigated.

7.5.3 Intervertebral disc degeneration in general

Nerve compression by disc space narrowing is often the source of pain in intervertebral
disc degeneration. The compressed spinal nerves causes a radiating pain in other parts
of the body innervated by the pinched nerve or the facet joints can become load bear-
ing and overloaded, causing degeneration in these joint resulting in pain. In clinical
practice these problem are often resolved with surgical interventions like spinal fusion,
nucleus or total disc replacement. By improving the surgical procedures, the implants,
or simply better training for surgeons, the patient outcomes can probably be improved.
Evidence based research is a very important tool in improving clinical outcomes. At
the moment it is not always clear which treatment would be best for which patient.
Therefore documenting patient outcomes is of great importance. If a pattern can be
found in which certain patients benefit most of a certain treatment a predictive model
could be developed and treatment can become more efficient.

Besides biological or surgical treatment of intervertebral disc degeneration focus is
being placed on prevention. Since there is a large genetic component in the etiology of
intervertebral disc degeneration, large population studies are being conducted to iden-
tify genes that correlate with back pain and intervertebral disc degeneration. When
genes are identified, it may be possible to prevent intervertebral disc degeneration with
gene therapy or at least identify individuals more prone to intervertebral disc degener-
ation.

Since this thesis supports the role of nutrition in the development of intervertebral disc
degeneration, restoration of the diffusion of solutes from and to the nucleus pulposus
of the intervertebral disc may be a worthwhile research subject. Some chemicals seem
to be able to improve the vasculature of the endplate [156, 157] and further research
in this direction would be very useful.

7.6 Conclusion

Data in this thesis support that the endplate plays an important role in the diffusion
of small nutrients to and from the nucleus pulposus of the disc. Partially blocking this
route results in perfusion and diffusion inhibition with, in the short term small changes
in cellular behavior consistent with disc degeneration. That nucleus pulposus cells sur-
vive well and produce extracellular matrix under ultra-low glucose conditions (similar
to those calculated for the in vivo situation) combined with hydrostatic pressure at
physiological levels and frequency in vitro confirms earlier studies in that the problem
of intervertebral disc degeneration is not confined to a lack of glucose alone. Untreated
bone marrow derived stromal cells do not survive well in hydrogels and are therefore
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in combination with these hydrogels not good candidates for intervertebral disc tissue
engineering, but differentiation with TGFβ1 improved their survival and extracellu-
lar matrix production. The use of bone marrow derived stromal cells for therapeutic
uses has to be tested under more appropriate conditions like nutrient deprived or de-
generated intervertebral discs as could be created by the in vivo model introduced in
chapters 3 and 4.
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Samenvatting

De invloed van voedingstofdeprivatie op nucleus

pulposus cellen in vivo en in vitro

Tussenwervelschijfdegeneratie in één van van de oorzaken van lage rugpijn dat een
multi-factoriële etiologie heeft. Een gebrek aan voedingstoffen voor de cellen in de nu-
cleus pulposus is voorgesteld als één van die oorzaken. Tijdens het verouderingsproces
calcificeren de eindplaten waardoor deze hun permeabiliteit voor voedingsstoffen ver-
liezen. Aangezien de tussenwervelschijf een avasculaire structuur is, zijn de cellen in
de tussenwervelschijf afhankelijk van diffusie voor het transport van voedingsstoffen.
Voor de cellen in de nucleus pulposus van de tussenwervelschijf is de route door de
eindplaten de belangrijkste. In dit onderzoeksprojekt willen we zien of het gedeeltelijk
blokkeren van deze route (het imiteren van eindplaat calcificering in mensen) resulteert
in voedingdeprivatie en of deze voedingstofdeprivatie kan leiden tot tussenwervelschi-
jfdegeneratie. Deze study heeft een in vivo en een in vitro deel. In het in vivo deel
testen we het verminderen van de eindplaat perfusie en hoe de cellen van de nucleus
pulposus hier op de korte termijn op reageren. In het in vitro deel testen we de gevoe-
ligheid van gëısoleerde nucleus pulposus cellen voor glucose condities in de aan- en
afwezigheid van serum met en zonder hydrostatische mechanische belasting. Verder
testen we het vermogen van beenmerg stromal cellen (BMSCs) om te overleven in hy-
drogellen wat normaal geen probleem is voor nucleus pulosus cellen en chondrocyten
uit kraakbeen. Dit alles met het oog op de mogelijkheid om deze cellen in de toekomst
te gebruiken voor het herstellen van tussenwervelschijven en kraakbeen in biologische
behandelmethoden.

In vivo: Onder algehele anasthesie werden parallel aan en dichtbij de eindplaten gleuf-
jes gezaagd in de lumbale wervels van schapen om de bloedtoevoer naar de tussen-
wervelschijven te onderbreken. Direct erna of 4 weken later werd de diffusie van
N2O amperometrich gemeten. Post-mortem werd een fluoricerende kleurstof in het
bloedvatensysteem van de lumbale wervelkolom gëınfuseerd om later in histologisch
coupes de geperfundeerde vasculaire knopen te kunnen herkennen. In de 4 weken
studie werden gen expressie, DNA kwantificatie en het percentage levende cellen ook
bepaald. De resultaten van de acute studie bevestigden dat onderbreking van de bloed-
toevoer ook de diffusie van N2O in de tussenwervelschijf verminderde. Ook was er een
significante correlatie tussen de hoeveelheid geperfundeerde vasculaire knopen in de
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eindplaat en de hoeveelheid gëınfuseerde N2O in de tussenwervelschijf. In de 4 weken
studie hadden we problemen met de diffusie metingen, maar het percentage levende
cellen was lager, en collageen I en MMP13 gen expressie waren significant hoger in de
epxerimentele tussenwervelschijven in vergelijk met de controle schijven.

In vitro : Gëısoleerde nucleus pulposus cellen weren in 3D pellets onder hoge (4.5
g/l, alleen in serum groep) lage (1.0 g/l) en ultra lage (0.1 g/l) glucose condities met
en zonder hydrostatische mechanische belasting (sinus vorm, 0.5 - 1.5 MPa, 1Hz, 4
uur per dag) met of zonder serum gekweekt. Op de dagen 0, 7 en 14 werden pellets
genomen voor DNA, GAG en gen expressie analyses en op dag 14 ook voor histologie.
In alle groepen met serum was de hoeveelheid DNA per pellet toegenomen in de 14
dagen. In de groepen met serum was er een toename in de hoeveelheid GAG over de 14
dagen in de ultra lage glucose groep, maar in de lage en hoge glucose groepen nam de
hoeveelheid GAG naar dag 7 toe om naar dag 14 weer af te nemen. Een vergelijkbare
trend was te zien in de aggrecan en collageen II gen expressie. In de serumvrije groepen
was de hoeveelheid GAG laag op dag 7, maar dit nam toe naar dag 14. De histologische
coupes toonden meer GAG in de ultra lage glucose groep en de serumvrije groepen dan
in de lage en hoge glucoses groepen die met serum waren gekweekt. In geen van de
groepen was een effect van de mechanische hydrostatische belasting gevonden.

BMSC, kraakbeen chondrocyten en nucleus pulposus cellen in een 1.2% alginate of
2% agarose gel werden 21 dagen lang gekweekt in medium met serum of (alleen voor
de BMSC) in medium met 1% ITS+ en 10 ng/ml TGFβ1. Op dag 21 hadden de
nucleus pulposus cellen en de chondrocyten zich gedeeld, hadden hun aggrecan en col-
lageen II gen expressie behouden, hadden GAGs geproduceerd en kleurden positief voor
collageen II in histologische coupes in beide gels. Daarentegen verminderde in beide
gels het aantal levende BMSCs en ook het DNA gehalte. Toevoeging van TGFβ1 re-
sulteerde in het overleven en gedrag (gen expressie, GAG produktie en collageen II
synthese) van de BMSCs wat meer vergelijkbaar was met kraakbeen chondrocyten en
nucleus pulposus cellen.

In conclusie: Nucleus pulposus cellen zijn erg sterk en kunnen in hele lage glucose
concentraties goed overleven. Maar wanneer de perfusie in vivo is verminderd hebben
ze problemen met overleven en het behouden van hun gen expressie. Wanneer BMSCs
als strategie voor tussenwervelschijf of kraakbeen regeneratie in aanmerking genomen
worden is het aan te raden ze eerst te differentiëren langs het chondrocytische pad om
hun levensvatbaarheid te behouden. Dit onderzoek toont aan dat glucose deprivatie op
zich of in combinatie met mechanische belasting niet resulteert in degeneratieve veran-
deringen in de nucleus pulposus cellen en dat om tussenwervelschijf de-en regeneratie
in vitro te kunnen bestuderen zuurstof concentraties en pH ook in ogenschouw moeten
worden genomen.
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for doing lunchtime sports with me, László for the great chats, not always about work,
and making me ski in powder, Stephan (Zeiti) for the good and bad times we had in the



102 Acknowledgement

lab (we still need to bake that cake), Sophie for our “cigarette breaks”, the many chats
in your office and for being a good friend, Nora for your assistance in histology and for
being a friend by not kicking me out of your office and pulling me though the rough
times with your logic, Nick for the fun breaks during long days and making me jump
into the Davoser See, Hanna (and Regula) for getting me safely down from Jakobshorn
to Teufi! Kaffee Klatsch for their great comfort food, Yvonne for making my time in
Eindhoven more pleasant by being a great roommate and friend and Esther for being
so optimistic and inviting me to touristy stuff, Janneke for helping me get through all
the paperwork, Floor and Jaj for their contributions to the thesis and being such good
students.

In “the real world” I had great support from my friends who still took the effort of
meeting with me while visiting the Netherlands, and from Lotty who has always been
there with support and advice, thanks to our frequent e-mails I never felt that you
were far away! Of course, I want to thank my family for their interest and welcoming
me back whenever I visited, Petra and Sipke for being my family away from home. My
parents I would like to thank for visiting frequently, their (financial) support and for
always making me feel welcome. And last but not least I want to thank Siebren for his
support and patience (and not taking the “I should be finished next year” literally),
for not giving up on me and giving me extra motivation to finish this thing called a
Ph.D. thesis! I am looking forward to our future together in Switzerland.



Curriculum Vitae

Born April 19th 1976 in Haarlem, The Netherlands

August 2004–present Ph.D. candidate at the AO research institute and the
department of biomedical engineering of the Eindhoven
University of Technology under supervision of prof.
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