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Chapter 1

General introduction into cell-mediated mineralization
Mineralization is an essential requirement for normal skeletal development, which
is generally accomplished through the function of two cell types, osteoblasts and
chondrocytes [1]. Soft tissues do not mineralize under normal conditions but, under
certain pathological conditions some tissues like articular cartilage and
cardiovascular tissues are prone to mineralization (Table 1) [2;3]. Mineralization of
articular cartilage contributes to significant morbidity because of its association
with joint inflammation and worsening of the progression of osteoarthritis [4].
Articular cartilage calcification occurs in association with aging, degenerative joint
disease (e.g. osteoarthritis), some genetic disorders and various metabolic disorders
[4-7]. Similarly, arterial calcification occurs with advanced age, atherosclerosis,
metabolic disorders, including end stage renal disease and diabetes mellitus, and
some genetic disorders [8]. Arterial calcification contributes to hypertension and
increased risks of cardiovascular events, leading to morbidity and mortality [9].
While pathological mineralization has long been considered to result from
physiochemical precipitation of calcium and phosphate, recent studies have
provided evidence that soft tissue mineralization is a regulated process, which has
many similarities with bone formation [10;11]. For now it is unclear why soft
tissues have the tendency to mineralize. Therefore, the purpose of this review is to
discuss the components involved in cell-mediated mineralization.
1. Different types of mineralization
1.1 Intramembranous ossification
Clavicles and bones in the regions of the craniofacial skeleton develop by
intramembranous ossification, the principle of which is shown in Fig. 1, panel 1.
During intramembranous ossification, osteoblasts originating from mesenchymal
cell condensations are responsible for bone and matrix deposition [12]. During this
mesenchymal cell condensation, high densities of mesenchymal cells aggregate and
start to produce an extracellular matrix [13]. Subsequently, mesenchymal cells
acquire the typical columnar shape of osteoblasts, increase the synthesis of alkaline
phosphatase (APase), and begin to secrete bone matrix, which consists mainly of
type I collagen (Fig. 1, panel 1A). Osteoblasts then generate inorganic phosphate
(Pi) by an increase of APase, which is necessary for bone formation [14;15].
Numerous ossification centres then develop and eventually fuse [12]. Finally,
osteoblasts undergo apoptosis (~ 70%) or terminally differentiate to form
osteocytes (~ 30%), which become entrapped in the mineralized bone matrix
[14;16;17]. Osteocytes are in fact osteoblasts buried within the mineralized bone
matrix (Fig. 1, panel 1B).
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Table 1.
Forms of pathological mineralization
Organ

Disease

Clinical pattern

Etiology

References

Joints

Tendonitis

Calcification of the tendon

[146;147]

Arthritis

Calcification of articular cartilage

Bursitis

Calcification of bursal walls

Bone spurs

Bony projections that grow along
the edges of the joints (osteophytes)
Calcification in/around myofibroblasts
Calcification/bone formation in/around
vascular smooth muscle cells
Bone formation in the muscles
Calcification in alveolar septa

Inflammation, injury
overload
Inflammation, injury
overload, aging
Inflammation, overload
Aging
Repetitive trauma

Heart
Blood vessels

Heart valve calcification
Atherosclerosis

Muscles
Lung

Myositis ossificans
Metastatic pulmonary
Calcification
Pulmonary ossification
Cutaneous ossification
Cataracts
Kidney stones
Bilateral Striopallidodentate
calcinosis
Neurogenic heterotopic
ossification
Osteosarcoma

Skin
Eyes
Kidney
Brain
Spinal cord
Tumor

[9;38;148]
[149-151]
[152;153]

Aging, inherited, infection
Inflammation, injury
Aging, high blood pressure
Injury
End stage renal disease

[154]
[44;155]
[156]
[157;158]

Bone formation in alveolar compartments
Inflammation
Bone formation in the skin
Injury, inflammation
Calcification of the lens
Aging
Calcium oxalate or calcium Pi stones Inherited, mineral imbalance
Symmetric calcification of the basal ganglia
Aging, inherited, infection

[158]
[159]
[160]
[161]
[162;163]

Bone formation in spinal cord

Injury

[164]

Bone cancer that may metastasize elsewhere

Unknown

[165]
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Once embedded, they cease their ossification activity and communicate with each
other and with cells at the bone surface via a meshwork of cell processes that run
through canaliculi in the bone matrix [16]. A key regulator of osteoblast
differentiation and function is the transcription factor low core binding protein
alpha 1 (Cbfa1) [12;18-21]. Cbfa1 is targeted to the promotors of several bone
proteins, such as osteocalcin, bone sialoprotein, APase and type I collagen [18]. No
bone tissue is formed in Cbfa1 null mice, although a complete cartilaginous
skeleton is formed, indicating that Cbfa1 is not essential for chondrogenesis [19].
To maintain bone structure and skeletal growth, remodeling is necessary. The
remodeling of bone that has been formed by either intramembranous ossification or
endochondral ossification (see below) consists of a strict coupling of bone
resorption by osteoclasts and bone formation by osteoblasts that continue
throughout life, with a positive balance during growth and with a negative balance
during ageing. Osteoclasts are multinucleated giant cells formed from hemopoietic
precursors of the monocyte and macrophage series [22]. They attach to the bone
surface by sealing a resorbing compartment that they acidify by secreting H+ ions.
This will then dissolve the bone mineral, and subsequently expose the organic
matrix to proteolytic enzymes that degrade it [22].
1.2 Endochondral ossification
Vertebrate long bones form through a process called endochondral ossification, in
which a cartilage template produced by chondrocytes, is formed and replaced by
bone (Fig. 1, panel 2) [12]. During the process of endochondral ossification,
mesenchymal cell condensation results in differentiation into chondrocytes [13].
Chondrocytes then produce a framework of skeletal cartilage template that will
subsequently be replaced by bone [12]. It has been suggested that this cartilage
template in long bones is formed because the mineralized extracellular matrix of
bone limits interstitial growth. To achieve rapid and directional growth in an
organism, an intermediate structure (cartilage) that can function under high load,
and at the same time generate space for new bone formation, would then be very
helpful [23]. Generally 4 zones are recognized during endochondral ossification
Fig. 1, panel 2A-D). The upper zone is the resting zone (Fig. 1, panel 2A),
chondrocytes are small and dormant, and mainly type II collagen is produced.
Subsequently, in the proliferative zone chondrocytes start to proliferate in vertical
columns (Fig. 1, panel 2B). The next zone is the hypertrophic zone (Fig. 1, panel
2C), where the chondrocytes start to enlarge, produce type X collagen, and increase
the synthesis of APase. Finally, hypertrophic chondrocytes induce mineralization
(Fig. 1, panel 2D), which is correlated with increased levels of Pi in the
mineralization zone [24-26]. Furthermore, terminally differentiated chondrocytes
in the growth plate are deleted from the cartilage by programmed cell death [23]. In
4
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this final zone, osteoprogenitor cells and hematopoietic stem cells arrive via the
newly formed blood vessels, which penetrate through the transverse septa of
mineralizing hypertrophic chondrocytes. Osteoprogenitor cells beneath the site of
vascular invasion differentiate into osteoblasts that aggregate on the surface of the
calcified cartilage and deposit bone matrix (osteoid) Fig. 1 panel, 2E). Bone
resorbing osteoclasts start to remodel the newly formed bone [27].
The transcription factor SOX9 is mainly expressed in resting and proliferating
chondrocytes, while it is switched off in hypertrophic chondrocytes [28]. SOX9 is
required for expression of cartilage specific extracellular matrix components, such
as collagen types II, IX and XI [12;28]. In humans, mutations in SOX9 result in a
skeletal malformation syndrome called campomelic dysplasia [29;30]. No
chondrocyte specific markers are expressed in SOX9 null cells in mouse chimeras
[31]. Interestingly, Cbfa1 expression is detected in hypertrophic chondrocytes,
which suggests that hypertrophic chondrocytes may undergo a phenotypic
transition towards osteoblast phenotype [12]. Furthermore, hypertrophic
chondrocytes in the femur and humerus are absent in Cbfa1 null mice [21]. The
hypothesis of chondrocytes transdifferentiating into osteoblasts is supported by
microscopic examinations of cells present at the chondro-osseous junction in the
growth plate [32-35]. Based on this observation, it is speculated that there are two
subpopulations of chondrocytes, one which becomes apoptotic, while the other
population transdifferentiates into osteoblasts [32].
1.3 Pathological calcification
Soft tissues in organisms, like soft tissue structures in joints, skin, heart, blood
vessels, kidneys, muscles, lungs, etc. do not mineralize under normal conditions [3].
However, as shown in Table 1, under certain pathological conditions some organs
mineralize. This is also called pathological mineralization or dystrophic
calcification [36]. In particular vascular smooth muscle cells in blood vessels are
prone to mineralization (Fig. 1 panel 3A-B). Recent studies have provided
evidence that pathological vascular calcification is a regulated process, which has
many similarities with bone formation [3;11;37;38]. Expression of a variety of
bone-associated proteins has been found in atherosclerotic plaques [39;40].
Furthermore, it has been reported that 10 to 30% of the cells in a smooth muscle
cell culture system undergo a dramatic phenotypic transition in the presence of
relatively high Pi (> 2 mM). This is characterized by the loss of smooth muscle cell
lineage marker expression and upregulation of genes related to the osteogenic
phenotype [10;41-43]. This suggests that vascular smooth muscle cells undergo
phenotypic transition to osteochondroprogenitor-like cells. Formation of complete
bone tissue and bone marrow has been demonstrated in calcified arteries, a
phenomenon also called heterotopic (extraosseous) calcification [44;45]. Regulated
5

Chapter 1

changes in chondrocyte differentiation and viability characteristically seen in
growth plate chondrocytes can also occur in mineralizing articular cartilage
chondrocytes as a result of osteoarthritis [4].

Figure 1. Simplified schematic representation of different forms of cell mediated mineralization.
Hatched area represent mineral.
1. Intramembranous ossification. A) Mesenchymal cells aggregate and form nodules (ossification
centre), where the cells will differentiate into osteoblasts, B) Bone is formed and remodeled by
osteoblasts forming bone matrix and by osteoclasts resorbing bone. Osteocytes entrapped in the
mineralized matrix.
2. In endochondral ossification 4 zones are recognized in the epiphyseal growth plate. A) resting zone:
chondrocytes are small and dormant, mainly type II collagen is produced, B) proliferative zone:
chondrocytes start to proliferate in vertical columns, type II collagen is produced, C) Hypertrophic
zone: chondrocytes enlarge and start to produce type X collagen, D) Mineralizing zone: hypertrophic
chondrocytes start to mineralize, produce matrix vesicles and finally die, Type I collagen is now
produced, E) Osteoblasts grow on the mineralization sheath and produce bone and type I collagen.
Some osteoblasts become entrapped in the mineralized matrix and become osteocytes. Osteoclasts
remodel newly formed bone.
3. Pathological mineralization (e.g. atherosclerosis). A) Vascular smooth muscle cells in a blood
vessel, B) As a result of an atherosclerotic lesion, vascular smooth muscle cells differentiate into
osteoblast-like cells and start to induce mineralization.
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Figure 2. Schematic diagram of factors proposed to be involved in cell mediated mineralization. Bold
arrows indicate that an increase of phosphate (Pi) rather than calcium (Ca) induces cell-mediated
mineralization. (1) Tissue fluid contains Ca and Pi. An increase of Pi may induce mineralization. (2)
Cells can also generate a local increase of Pi, when they increase APase-levels. The increased Pi
induces: (3) the production of MVs, which contain APase and also generate Pi, (4) cell death, which
results in the formation of apoptotic bodies, (5) production of nucleating proteins, which are secreted
in the extracellular matrix. (6) To control mineralization, the cells constitutively produce
mineralization inhibitors. (7) Tissue fluid also contains mineralization inhibitors, principally fetuin
that originates from serum.
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2. Mechanism of cell-mediated mineral deposition
To induce cell-mediated mineralization, the organism has to create an environment
with a local increase of calcium and/or Pi, and subsequently organize the
nucleation of these ions in an ordered fashion. It has been reported that Pi levels
increase considerably from the proliferative to the hypertrophic zone in the growth
plate [25;26]. Patients with end-stage renal disease (ESRD) develop vascular
calcification, which is correlated with an increased serum Pi concentration that
typically exceeds 2.0 mM (normal level: 1.4 mM) [10;46]. In addition, APase,
which cleaves phospho-compounds to Pi, is highly increased in mineralization
competent cells like osteoblasts, hypertrophic chondrocytes and mineralizing
vascular smooth muscle cells. The role of APase in mineralization is essential,
since APase deficient mice show impaired skeletal mineralization [47]. However,
the identity of the physiological organic Pi substrate is not defined.
There is much debate regarding the biochemical mechanisms that initiate
mineralization subsequent to the increase in calcium and/or Pi. Fig. 2 summarizes
the principal factors that are believed to play a role in the process of tissue
mineralization. One theory proposes that mineralization is initiated within matrix
vesicles (MVs) [48]. A second, not mutually exclusive, theory proposes that Pi
induces apoptosis, and that apoptotic bodies nucleate crystals composed of calcium
and Pi [23;49]. A third theory suggests that mineralization is mediated by certain
non-collagenous proteins (NCPs), which associate with the extracellular matrix
[50-52]. Next to proteins that induce mineralization, organisms also actively inhibit
mineralization by secreting specific proteins and removal of an inhibitor may
induce mineralization as well (Fig. 2) [53].
2.1 The role of matrix vesicles
It has been hypothesized that cell-mediated mineralization is induced within matrix
vesicles (MVs). MVs are cell-derived extracellular membrane enclosed particles,
about 0.1- 1 µm in size [48]. In a mineralization inducing environment, they are
proposed to bud off the outer cell plasma membrane in a polarized fashion to the
longitudinal septal matrix in the growth plate and to the newly formed osteoid
under the mineral facing surfaces of osteoblasts in bone [48;54]. MVs have been
isolated from mineralizing odontoblasts, osteoblasts, chondrocytes and vascular
smooth muscle cells [55-57]. This is generally performed after a crude collagenase
digestion (typically collagenase 500 U/ml at 37°C for 3 hours). After gentle
vortexing, MVs are then harvested by differential centrifugation. To this end, the
collagenase digest is centrifuged at 13,000 x g for 20 minutes, and the resulting
cells and cell debris are discarded. Subsequently, the supernatant is spun at 100,000
x g for 1 hour, which results in a pellet that contains MVs [58-62].
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Many studies have been directed at the elucidation of the mechanism of MVs
mineralization. In those studies, MVs isolated from tissues or cell culture systems
were induced to calcify. This is generally performed by incubating isolated MVs in
a so called synthetic cartilage lymph medium which is a physiological buffer
containing approximately 2 mM calcium and 1.5 mM Pi [47;56;60;63-66]. From
these studies it was concluded that MVs have to be mineralization competent to
nucleate calcium Pi, because isolated MVs from non-mineralizing tissues do not
calcify in synthetic cartilage lymph [59;67]. Unlike the mineralization competent
MVs, these latter MVs did not express Annexin V and had a lower APase activity
[47;59]. These observations suggest that not all MVs are equivalent and that only
mineralizing tissue can produce mineralization competent MVs. These studies are
complicated by the presence of vesicles derived from apoptotic cells (apoptotic
bodies) in the matrix, which have properties similar but not identical to MVs (see
next section) [61].
Several reports suggest that MVs do not contain crystals at the time of their release
from the cell, but that the first crystalline mineral appears after the MV has been
immobilized in selected areas of the collagen matrix [48]. The mineral crystal is
then formed by concentrating calcium and Pi at the inner leaflet of the vesicle
membrane, which has been reported to be enriched in phosphatidylserine (PS) [68].
Once the mineral has reached a certain size it ruptures the vesicle membrane and
contributes to the extracellular matrix [48]. The mechanisms by which the crystals
break down or penetrate through the membrane are not fully understood.
Because MVs are enclosed by a membrane, channel proteins are required to
mediate the influx of mineral ions into these particles. Uptake of Pi is critical for
the formation of minerals within MVs. It has been shown that the sodium
dependent type III Pi transporter Glvr-1 is mainly expressed in the growth plate by
early hypertrophic chondrocytes, which are the MVs producing cells [69]. MVs
isolated from chicken epiphyseal cartilage have been shown to contain a sodium
dependent Pi transport system [70]. Other studies report that MV mineralization is
not strictly sodium dependent, suggesting the presence of other Pi transporters as
well [63]. MVs also have the potential to cleave phospho-compounds to Pi,
resulting in a local increase of Pi concentration, as APase has been shown to be
enriched in the membrane of MVs [48;71].
Annexin II, V and VI have been reported to mediate the influx of calcium into the
vesicles, by forming hexamers in the PS enriched MV membrane [72;73].
Furthermore, Annexin V binds type II and X collagen and this interaction has been
shown to stimulate its calcium channel activity [60]. The role of Annexin V was
further established through suppression by siRNA, which resulted in inhibited
mineralization, while overexpression stimulated mineralization [74;75]. Annexin
expression has also been found to be increased in hypertrophic chondrocytes from
9
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the growth plate [76]. Annexin V knockout mice did not show an impaired skeletal
phenotype and neither were the in vitro calcification properties of the isolated
annexin (-/-) chondrocytes significantly impaired [77]. Possibly other members of
the annexin family compensate the deficiency in annexin.
2.2 The role of cell death
There is a strong correlation between mineralization and cell death. Especially
pathological mineralization has often been associated with apoptotic or necrotic
processes [11]. Furthermore, terminally differentiated chondrocytes in the growth
plate are deleted from the cartilage by programmed cell death [23;36]. Pi, whose
concentration is reported to increase from the proliferative to the hypertrophic zone
in the growth plate, has been shown to be a potent apoptogen [78;79]. A Pi-induced
intracellular effect was evidenced, since Na-Pi transporter inhibitors were shown to
inhibit apoptosis in parallel with mineralization. It should be noted that Pi-induced
cell death was strongly synergized by the extracellular calcium concentration
[69;80;81]. A critical role of Pi in apoptosis was also established in mice affected
with hypophosphatemia. These animals contain an expanded layer of late non
hypertrophic chondrocytes in the growth plate, which is associated with a decrease
in the number of apoptotic hypertrophic chondrocytes [82]. In contrast, patients
affected with hyperphosphatemia show pathological mineralization, which
correlated with an increase in cell death [83;84].
Pi is not the only agent that induces cell death during mineralization, since
pathological mineralization also occurs in the absence of hyperphosphatemia,
indicating the role of additional factors. In agreement with this, it has been reported
that no calcification occurred in vessels with calcium and Pi concentrations of 1.8
mM and 3.8 mM respectively, but mechanical injury resulted in extensive
calcification under these conditions [85].
Until now it is not clear how apoptosis contributes to mineralization. Possibly,
dying or injured cells may become highly permeable to calcium and Pi, and may
concentrate these ions beyond their solubility product, facilitating heterogeneous
nucleation and crystal growth. It has been proposed that an early step in apoptosis
is externalization of phosphatidylserine (PS) [86]. PS has been shown to have a
high affinity for calcium and may act as a nucleator for calcium Pi crystal
formation [36;87]. However, it has been reported that mineral-PS interactions can
retard crystal growth [88]. This suggests that although PS has the capacity to
nucleate calcium Pi in cells undergoing apoptosis, other factors, probably produced
by living cells, are necessary to induce crystal growth. It has also been suggested
that apoptotic bodies derived from dying cells may act as nucleating mineralization
centres in a similar way as described for MVs. Apoptotic bodies isolated from cell
culture systems have been shown to precipitate calcium Pi when incubated in a
10
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synthetic cartilage lymph [56;89-91]. The hydroxyapatite precipitation was less in
apoptotic bodies when compared to MVs [56]. This indicates that MVs have a
stronger capacity to induce crystal growth. This was supported by Kirsch et al.
(2003) who reported that apoptotic bodies do not contain APase and the calcium
channel forming annexins II, V and VI [61].
Inhibiting apoptosis with a general caspase inhibitor has been shown to inhibit
mineralization in cell culture systems by approximately 40%, indicating a role of
apoptosis in mineralization, but also a role of factors other than apoptosis in the
process of mineralization [78;92].
Recently, it has been proposed that mineralizing hypertrophic growth plate
chondrocytes are not dying by a classical form of apoptosis, because, in contrast to
in vitro cell culture systems, they do not produce apoptotic bodies in vivo [23;93].
Instead, it was speculated that they eliminate themselves by a process of
autophagocytosis. This hypothesis is supported by ultramicroscopic examination of
hypertrophic growth plate chondrocytes, showing that dying chondrocytes contain
autophagic vacuoles (autophagosomes) and cell remnants that are blebbed off,
indicative of autophagocytosis [23;93;94]. This specific form of cell death is also
called chondroptosis [93]. Possibly, the blebs generated by these cells have
mineralizing capacities.
2.3 The role of nucleating proteins
Mineralization has also been proposed to be regulated by non-collagenous proteins
(NCPs) found in the organic matrix of bone [52;95-99]. The NCPs are reported to
constitute 5-10% of the total extracellular matrix and can be classified into four
groups (Table 2). These groups include proteoglycans, glycoproteins, the γ carboxy
glutamic acid (GLA)-containing proteins and the serum associated proteins
[95;99;100]. Of these proteins mainly glycoproteins have been demonstrated to
play a critical role in the initiation and growth of the calcium Pi mineral phase
(Table 3). Glycoproteins are proteins that are modified posttranslationally by
glycosylation, phosphorylation and sulfation. Some glycoproteins contain an RGD
(Arg-Gly-Asp) sequence that interacts with the integrin receptor family.
Glycoproteins that contain an RGD sequence are bone sialoprotein, BAG-75,
dentin matrix protein-1, fibronectin, vitronectin, osteopontin and thromobospondin
[99;101].
In vitro studies have shown that bone sialoprotein (BSP) can nucleate apatite
crystals. BSP is an anionic phosphoprotein that is expressed almost exclusively in
mineralized tissues [102;103]. It has been demonstrated that after treatment with
organophosphate for 4-8 hours, BSP localizes to the extracellular matrix in
osteoblastic cultures, well before the first appearance of apatite crystals [104-106].
This suggests that Pi (which is probably produced by APase) triggers BSP
11
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secretion into the extracellular matrix where it can subsequently nucleate calcium
Pi in metastable solutions. It has also been reported that another noncollagenous
bone matrix protein, bone acidic glycoprotein-75 (BAG-75) predicts the location of
mineral nucleation, and possibly recruits BSP [51;52]. Purified BAG-75 can selfassociate into supramolecular spherical complexes and sequesters millimolar
quantities of Pi, which indicates that BAG-75 generates a localized Pi source for
crystal nucleation reactions [107]. Interestingly, it has been proposed that BSP is
associated with a population of vesicle-like structures (defined as crystal ghosts),
which are 500-800 nm in size. However, BSP did not associate with the smaller 50300 nm vesicle population [52]. An important role of BSP in mineralization has
been further established by the observation that transfection of BSP into no
mineralizing MC3T3-E1 subclones can restore their ability to form mineral
deposits [51;108]. On the basis of this information BSP is likely to be involved in
early mineral deposition. So far, the phenotype of BSP null mice is not known.
Another NCP, dentin matrix protein-1 (DMP1), has been reported to facilitate
hydroxyapatite growth [95;100]. A role of DMP1 in mineralization was suggested
when it was shown to be mainly expressed during dentin mineralization, and later
also in osteoblasts [109-111]. DMP1 null mice have a decreased mineral to matrix
ratio in bones [112]. In an in vitro biomineralization model DMP1 has been shown
to undergo a conformational change upon calcium binding and to subsequently
assemble calcium Pi nuclei into ordered protein-mineral complexes. This results in
an inhibiting effect on spontaneous calcium Pi precipitation. Thus, DMP1 could
sequester and stabilize newly formed calcium Pi clusters [95]. Another in vitro
study reported that DMP-1-induced crystal growth and proliferation is dependent
on its degree of phosphorylation, because nonphosphorylated DMP1 acts as
nucleators while the phosphorylated form inhibits nucleation [101].
Another NCP, fibronectin also has been shown to facilitate hydroxyapatite growth
in the presence of a hydroxyapatite seed, and a close association between
fibronectin and hydroxyapatite has been found in vivo [113;114]. Fibronectin, like
DMP-1, has an inhibiting effect on spontaneous calcium Pi precipitation [95;114].
Therefore, it has been postulated that DMP-1 and fibronectin play a structural role
in crystal growth, rather than a nucleating role.
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Table 2.
The non-collagenous proteins regulating mineralization can be classified into four groups [99].
Proteoglycans

Glycoproteins with

γ carboxy glutamic acid

an RGD sequence

(GLA)-containing proteins

versican

osteopontin

osteocalcin

decorin

bone sialoprotein

matrix GLA protein

albumin

biglycan

BAG-75

protein S

growth factors

aggrecan

dentin matrix protein-1
vitronectin
thrombospondin
fibronectin

serum associated
fetuin
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2.4 The role of mineralization inhibitors
In mammals, mineralization is generally controlled by two NCPs, fetuin and matrix
GLA protein (Table 3) [53;115]. It has been proposed that the biological function
of these proteins is to maintain high metastable blood calcium Pi levels and to
inhibit unwanted (soft tissue) mineralization. Fetuin is synthesized in the liver and
found in high concentrations in mammalian serum. Because of its high affinity to
hydroxyapatite it is also found in bone and teeth [116-118]. Fetuin knockout mice
spontaneously develop widespread soft tissue calcifications, including significant
myocardial calcification [119]. In humans fetuin deficiency is associated with
inflammation and vascular calcification [115;120]. In vitro studies demonstrate
that fetuin inhibits precipitation of supersaturated solution of calcium and Pi by
formation of a high molecular mass fetuin-mineral complex [121]. This complex
prevents growth, aggregation and precipitation of calcium Pi[122].
Matrix GLA protein is an extracellular matrix protein that is generally expressed by
chondrocytes and vascular smooth muscle cells [123]. Mice deficient in matrix
GLA protein are normal at birth but develop severe calcification of all arteries (and
cartilage) within weeks. These mice die at around 8 weeks of age, mostly due to a
rupture of the aorta [123]. Interestingly, it has recently been reported that MVs
isolated from vascular smooth muscle cells, that are induced to mineralize, contain
fetuin and matrix GLA protein [56;124]. It has been speculated that this may be a
defence mechanism of the cell to limit excessive mineralization [56;124].
The NCP osteopontin (OPN) has also been shown to control crystal growth [125].
In addition, Pi has been proposed to be a specific signal for upregulation of OPN
gene expression, which supports its regulatory role during mineralization [15;126].
In agreement with this, gluteraldehyde fixed porcine aortic valves implanted into
OPN null mice mineralized to a much greater extent than those implanted in wild
type mice [127]. However, the inhibiting effect of OPN on mineralization is
dependent on the extent of phosphorylation of OPN, because
OPN
dephosphorylated by APase does not inhibit mineralization [128-130]. In vivo,
OPN is a protein that is normally found in mineralized tissue, but also in epithelial
lining cells of numerous organs, and body fluids, including urine, saliva, milk and
bile [129;131]. Next to inhibiting mineralization, OPN also regulates bone cell
adhesion and osteoclast function in the skeleton [129]. When OPN attaches to
osteoclasts, it stimulates the acidification of the local environment, which will
allow for the dissolution of the mineral [129].
Another NCP, osteonectin (ON), also known as SPARC (secreted protein, acidic,
rich in cysteine), is a calcium binding matrix protein found in many tissues
undergoing remodeling [132]. Several in vitro studies have demonstrated that ON
can inhibit crystal nucleation and retard crystal growth [133-135], although Hunter
et al. (1996) found no effect [96]. An explanation for the different results may be
14
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that different model systems were used, or the difference in ON concentrations
tested. In vivo, ON deficient mice show an increased volume of adipose tissue and
a decreased osteoblast and osteoclast number, resulting in osteopenia. This
suggests that ON rather plays an important role in cell differentiation as well [132].
In vitro, similar results as with ON were obtained for the NCP osteocalcin (OC),
which is also known as bone GLA protein (BGP) [96;99;133-135]. In addition, in
vivo transgenic OC deficient mice demonstrate an increase in bone mass, which
suggests that OC indeed limits mineralization [136].
3. Scope of this thesis
Pathological mineralization can have severe clinical consequences (Table 1).
Articular cartilage calcification is one of the major degenerative diseases of the
skeleton and leads to cartilage destruction, severe pain and joint stiffness and
vascular calcification may lead to mortality [4;8;9]. Although many investigations
greatly contributed to a better understanding of the mechanisms regulating cellmediated mineralization, many questions remain about the mechanisms that trigger
cell-mediated mineralization and how this process is regulated. It is still not clear
whether one type of vesicles induces mineralization, or whether more types of
vesicles are involved. This might possibly be different between different tissues. In
addition, it is unclear where the mineral exactly nucleates. For example, does the
first mineral develop extracellularly in vesicles? Or does it start intracellularly,
which will then result in the formation of vesicles? Various proteins have been
shown to be involved in mineralization, but it is unclear how these proteins are
related mechanistically. Therefore, the aim of this study is to gain more insight in
the processes that take place during the initiation of cell-mediated mineralization
and the effectors involved in the process.
In order to investigate cell-mediated mineralization in vitro, the chondrogenic
mouse embryonal carcinoma-derived ATDC5 cell line was used (Fig. 3A). The
ATDC5 cell line is a well characterized chondrogenic cell line (over 138
publications) shown to differentiate into chondrocytes by exposing the cells to 10
µg/ml insulin [137]. ATDC5 cells cultured for 21 days in differentiation medium
form nodule like cell aggregates (Fig. 3B) in association with a dramatic elevation
of APase activity and type X collagen expression, which suggests differentiation
towards the hypertrophic phenotype [138]. Cbfa1 is elevated in ATDC5 cells prior
to differentiation to the hypertrophic phenotype and treatment with antisense
oligonucleotides for type I Cbfa1 severely reduced type X collagen expression in
ATDC5 cells [139]. A subsequent medium switch to α-MEM has been shown to
result in mineralization after another 14 days (Fig. 3C) [138;140]. MVs have been
isolated from ATDC5 cells and were shown to take up Pi by an Na-dependent Pi
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transporter [141]. Furthermore, ATDC5 cells express Glvr-1 transcripts during
various stages of their maturation, a process that has been shown to be sensitive to
TGF-β1 [141;142]. The cell culture period required to induce mineralization can be
reduced by addition of additional Pi, which increases the mineralization rate in the
ATDC5 cell culture (Fig. 3D) [78;143].
Since we observed that mineralizing structures are strongly integrated in the
extracellular matrix, making it difficult to investigate them, we decided to modify
the ATDC5 cell culture system, as described in chapter 2. Mineralization was
induced in the absence of serum, which is known to contain the mineralization
inhibitor, fetuin [119;121]. This resulted in the formation of large mineralizing
structures (LMS) in the medium in the sub millimeter range in size in a time period
of 2 hours. LMS were shown to contain whole cells, which were embedded in
hydroxyapatite and observed to have a stretched morphology. This may suggest
that cell-mediated mineralization starts intracellularly. Therefore, an imaging study
on cell-mediated mineralization in the presence of serum is described in appendix
A to chapter 2 and an intracellular calcium imaging study is described in appendix
B to chapter 2.
To investigate whether ATDC5 cells themselves or factors released by ATDC5
cells nucleate and/or remodel calcium Pi in the absence of serum, the effect of
conditioned medium from ATDC5 cells on the formation of apatite crystal is
described in chapter 3. It was found that ATDC5 cells release constitutively soluble
factors that affect the formation of calcium Pi crystals.
Since an imbalance of mineralization may lead to pathological conditions, the
ATDC5 cell culture system was used to test the effect of several agents implicated
in bone growth and development as well as pathological mineralization, including
the gaseous substance nitric oxide (NO) [144;145]. The effect of an NO donor
drug, sodium nitroprusside (SNP) on cell mediated mineralization is described in
chapter 4. It was found that SNP inhibits mineralization. However, the inhibition
was not affected by inhibitors of guanylyl cyclase nor mimicked by a cGMP analog.
Furthermore, sodium nitroprusside did not inhibit phosphate uptake nor inhibited
apoptosis in the ATDC5 cells. Therefore, chapter 5 describes subsequent
investigations into the effect of SNP on mineralization to elucidate the mechanism
of action. In this chapter it is shown that the iron moiety of sodium nitroprusside,
rather than nitric oxide inhibits mineralization. Finally, chapter 6 summarizes the
main conclusions of this thesis.

16

Table 3.
Proteins that have been associated with mineralization[128]
Protein

Mouse

Phenotype

In vitro effect on mineralization

References

Mediates calcium transport over a

[72-74;77]

Mutant
Annexin V

Anxa5 -/-

No obvious altered phenotype

membrane, and siRNA inhibits
mineralization
APase

TNAP -/-

BSP

ND*

BAG-75
DMP-1

Hypophosphatemia and growth

Cleaves organic Pi to inorganic Pi

[71;166;167]

ND*

Nucleates calcium Pi

[51;52;168]

ND*

ND*

Sequesters millimolar quantities of Pi

[51;52]

dmp1 -/-

Decreased mineral to matrix ratio in

When nonphosphorylated facilitates

[95;101;111;112]

bones

hydroxyapatite crystal growth

Fibronectin

ND*

Non viable

Facilitates hydroxyapatite crystal growth

[113;114]

Fetuin

Fetuin -/-

Vascular and soft tissue calcification

Inhibits precipitation of calcium and

[119;121;122]

impaired

Pi
Matrix GLA protein

MGP -/-

Vascular, valve and cartilage

ND*

[123]

When phosphorylated inhibits

[128;129]

calcification
OPN

OPN -/-

Enhanced valve implants calcification

mineralization
ON

ON -/-

OC
OC -/* ND means not determined

Increased volume of adipose tissue

May retard crystal growth

[96;134;135;169]

Increased bone mass

May retard crystal growth

[96;134-136]
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Figure 3. The ATDC5 cell culture system. A) ATDC5 cells cultured for 1 day have a fibroblast-like
phenotype, and (B) develop nodules (high densities of aggregated cells with a round shape) when
grown for at least 14 days. C) Spontaneous mineralization is detected when cells are grown for 45
days. D) Mineralization is detected after 14 days when extra Pi is added to the medium for the last 24
hours. Cell cultures were stained with alizarin red. The red color indicates mineralization spots.
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Abstract
The aim of this study is to investigate how cell-mediated mineralization is initiated
in a cell culture system. Therefore, we used a cell culture model wherein
mineralizing structures could be separated from the extracellular matrix.
Subconfluent cultured ATDC5 cells were incubated for 2 hours in medium
containing additional phosphate without the presence of serum, which is known to
contain mineralization inhibitors. The experimental culture conditions resulted in
the formation of large (sub millimetre size range) mineralizing structures (LMS) in
the medium. LMS were shown to contain whole cells, which were embedded in
hydroxyapatite and observed to have a stretched morphology. Staurosporin- and
sodiumazide treated cells were not able to generate LMS, which suggests that cells
need to be alive in order to form LMS. The amount of DNA integrated in LMS was
0.5% of the total cell population, suggesting that only a small fraction of cells is
competent to generate LMS and integrate into these structures. The phosphate
transporter inhibitor phosphonoformic acid was able to inhibit the development of
LMS. Annexin V was translocated from the cytosol to the membrane after addition
of phosphate, indicating that phosphate affects processes inside the cells. In the
presence of serum no LMS were formed, but multiple small mineralized structures
were observed inside the cell. Taken together, the results of this study show that
excluding serum in the cell culture system enhances rapid crystal growth and
suggest that cell-mediated mineralization may start intracellularly.
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Introduction
In organisms, mineralization is an essential requirement for the development of
hard tissues, such as calcified cartilage, bone and dentine [1-3]. Mineralized tissues
in organisms are biocomposites of a structured organic matrix impregnated with
matrix oriented apatite crystals [2;3]. The organism controls the nature, orientation,
size and shape of the mineral phase by creating closed compartments or defined
channels in which the mineral crystals form [4]. Soft tissues do not mineralize
under normal conditions [5;6]. However, under certain pathological conditions
some organs, in particular blood vessels, are prone to mineralization as well [7].
For example, atherosclerosis, diabetes and end-stage renal disease predispose
arteries to calcification, which is highly associated with mortality in patients with
cardiovascular disease [5]. Growing evidence suggests that vascular calcification,
like bone formation, is a highly regulated process, involving both inducers and
inhibitors [7-9]. For example, fetuin-A is the major glycoprotein in serum known to
systemically prevent unwanted calcification [10;11]. Fetuin-A knockout mice were
shown to develop severe calcification of various organs [12;13].
There are two not mutually exclusive theories about the induction of
mineralization. One theory proposes that mineralization is initiated within the ‘hole
zone’ of collagen fibrils requiring specific non-collagenous proteins (NCPs). The
NCPs are reported to constitute 5-10% of the total extracellular matrix and some of
them have been implicated in the regulation of mineral deposition in
dentinogenesis or osteogenesis [3]. In vitro studies have shown that noncollagenous phosphoproteins, like bone sialoprotein (BSP) or bone acidic
glycoprotein-75, can nucleate the formation of apatite crystals [14-16]. However,
other phosphoproteins, like osteopontin, have been shown to be inhibitors of
mineralization [6;17]. NCPs have also been found in calcifying atherosclerotic
plaques [18;19]. Thus, in this theory it is hypothesized that mineralization is
dependent on the quality of the extracellular matrix.
Another hypothesis proposes that mineralization is induced within matrix vesicles
(MVs) [20]. MVs are cell-derived extracellular membrane enclosed particles, about
0.1- 1 µm in size, that initiate mineralization by the action of MVs-associated
phosphatases and calcium-binding phospholipids and proteins [20]. Matrix vesicles
have been isolated from cultures of mineralizing osteoblasts, chondrocytes and
vascular smooth muscle cells [21-23]. Annexin V has been reported to play a major
role in the function of the vesicles, because it mediates the influx of calcium inside
the vesicles, which in turn permits mineral growth from a preexisting nucleation
core complex [24-26].
The aim of this study was to investigate how mineralization is initiated in a cell
culture system using the ATDC5 cell line [27]. It was hypothesized that serum,
which is known to contain mineralization inhibitors such as fetuin, inhibits the
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early stages of mineralization in the cell culture system. Therefore, it was tested
whether excluding serum from the medium shortened the cell culture period to
induce mineralization, making this model system more suitable for investigation.
As mineralizing structures are strongly integrated in the extracellular matrix
making it difficult to investigate them in isolation [15;20], we used a cell culture
system wherein mineralizing structures could be separated from the extracellular
matrix. Therefore, subconfluent cultured ATDC5 cells were incubated for 2 hours
in medium containing additional phosphate (Pi) without the presence of serum.
This resulted in the development of large mineralizing structures (LMS) in the
medium. These structures were shown to contain DNA and membranes, which
seemed affect the shape of the crystal, indicating a cell-mediated effect.
Materials and methods
Materials
Cell culture plastics were purchased from Greiner bio-one (Frickenhausen,
Germany) and Nunc Inc (Rochester, NY). Fetal bovine serum (FBS), antibiotics,
and Insulin-Transferrin-Selenium-X (ITS-X) were obtained from Gibco BRL
(Grand Island, NY). FM 4-64 was from Invitrogen (Breda, The Netherlands), αminimum essential medium (α-MEM) was from Biochrom AG (Berlin, Germany),
Annexin-V-Alexa 568, staurosporin and western blocking reagent were from
Roche Molecular Biochemicals (Mannheim, Germany). Rabbit polyclonal annexin
V antibody was provided by Santa Cruz Biotechnologies Inc (Santa Cruz, CA).
The Supersignal chemiluminescent substrate kit (ECL) for detection of proteins on
immunoblots and BCATM Protein Assay Kit were supplied by Pierce (Cheshire,
UK). All other chemicals were obtained from Sigma (Poole, UK).
Cell culture
ATDC5 cells (Riken Cell Bank, Tsukuba, Japan) were cultured and maintained in a
1:1 mixture of Dulbecco’s modified Eagle medium and Ham’s F12 medium
(DMEM/F12) containing 5% FBS, 10 µg/ml human transferrin, 30 nM sodium
selenite, 100 IU/ml penicillin, and 100 µg/ml streptomycin at 37°C in a humidified
atmosphere of 5% CO2 – 95% air. Cells were subcultured once a week using
trypsin/EDTA solution and with an initial density of 15,000 cells/cm2. For
induction of differentiation, ATDC5 cells were cultured in the same medium
additionally containing 10 µg/ml insulin from ITS-X (Sigma). Medium was
replaced every 2 days.
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Induction of mineralization in the absence of serum and isolation of large
mineralizing structures.
Subconfluent ATDC5 cells (grown for approximately 4 days in DMEM/F12
containing 5% FBS, 100 IU/ml penicillin, 100 µg/ml streptomycin and ITS-X)
were washed 3 times with PBS and incubated for 2 hours in α-MEM (25 ml/ 175
cm2 flask) with or without 5 mM Pi, containing 100 IU/ml penicillin, and 100
µg/ml streptomycin at 37°C 5% CO2. LMS were isolated from the medium by
centrifuging 20 minutes at 20,000 x g in a sorvall centrifuge® RC 5B plus. Pellets
were washed either in 1ml PBS (for microscopy) or Millipore H2O (for
biochemical analyses) and centrifuged in a cooled eppendorf centrifuge (5402)
maximum speed (15,800 x g).
Induction of mineralization in the presence of serum
ATDC5 cells were grown for 14 days on coverslips (ø 25 mm) in 6 well plates (ø
35 mm/well). Subsequently, mineralization was induced by transferring the cells to
α-MEM containing 5% FBS, ITS-X, 5 mM phosphate, 100 IU/ml penicillin, and
100 µg/ml streptomycin at 37°C in a humidified atmosphere of 5% CO2 – 95% air
for 2 days.
Measurement of total calcium content
The total amount of calcium was measured by atomic absorption spectroscopy at
422.7 nm (Perkin Elmer 3300, Perkin Elmer Corp., Norwalk, Cl, USA). Samples
were washed twice with Millipore H2O, hydrolyzed in 400 µl 6 M HCL and diluted
twice with 0.5% lanthanum citrate solution to control interferences with phosphate.
Infrared spectroscopy
Samples were washed 3 times in Millipore H2O and overnight dehydrated in a
vacuum centrifuge (speedvac concentrator SVC 100H, Savant). Subsequently,
samples were prepared as KBr pellets for infrared (IR) spectroscopic analysis.
Spectra were recorded on a Perkin-Elmer 2000 Fourier transform infrared (FT-IR)
spectrometer by accumulating 16 scans over the wavenumber range of 4000-400
cm-1 with 4 cm-1 optical resolution. For comparison, hydroxyapatite (Bio-Rad
laboratories, Richmond) was also analyzed.
Measurement of total DNA
Total DNA was determined using the fluorescent dye Hoechst 33342 as described
by Kim et al. (1988) [28]. Briefly: 200 µl 10 mM Tris, 100 mM NaCl, 10 mM
EDTA (pH 7.4) containing 1 mg/L Hoechst was added to 25 µl samples which
were dissolved in 60 mM EDTA, PBS (pH 7.4). The absorbance was measured at
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λex 365 nm and λem 460 nm using a microplate reader, LS 50B luminescence
spectrometer (Perkin-Elmer).
Annexin V translocation
Cells were washed twice with cold PBS and scraped off the plate in 500 µl PBS
and lysed with an ultrasone disintegrator (soniprep 50). Membrane and cytosolic
fractions were separated by centrifugating the samples 1 hour at 100,000 x g in a
OptimaTM Max-E Ultracentrifuge (Beckman CoulterTM, U.S.A.). Membranes were
resuspended in 500 µl PBS/60 mM EDTA, and 60 mM EDTA was also added to
the cytosolic fraction. Protein content was determined using the BCATM protein
assay reagent kit. Proteins (20 µg) were separated by SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were blocked with 1% western
blocking reagent overnight and subsequently 1 hour exposed to rabbit polyclonal
anti-annexin V, dilution 1:500. Four washing steps with TBS-Tween (50 mM Tris;
150 mM NaCl; 0.1% Tween20, pH 7.5) followed. Blots were then incubated with
horseradish peroxidase-conjugated secondary antibody for 1 hour. Subsequently,
the blots were washed four times with TBS-Tween and annexin V proteins were
displayed by a reaction on Supersignal chemiluminescent substrate and exposure to
x-ray films.
Fluorescence- and multiphoton microscopy
Cells were incubated for 30 minutes with the cell membrane permeable fluorescent
DNA label, Hoechst 33342 (2 µg/ml) in DMEM/F12 containing 5% FBS, 10 µg/ml
human transferrin, 30 nM sodium selenite, 100 IU/ml penicillin, and 100 µg/ml
streptomycin at 37ºC 5% CO2. After incubation, cells were washed 3 times with
PBS and incubated with α-MEM containing 5 mM Pi for 2 hours. Mineral crystal
structures were detected by incubating the cells or LMS with 5 µg/ml calcein for at
least 1 hour and subsequently washed 3 times with PBS [29;30]. To visualize
membrane structures, cells or LMS were finally incubated for at least 2 minutes
with FM 4-64 (5 µg/ml) according to the manufacturer’s protocol. Plasmamembrane phosphatidylserine (PS) externalization was detected by labeling cells
with Annexin-V-Alexa 568 according to the manufacturer’s protocol. Isolated
precipitates were imaged using a digital imaging microscope, Leica DMRA
fluorescence microscope with additional photomatrix coolsnap CCD camera (Leica
Microsystems BV, Rijswijk, The Netherlands). Imaging of Hoechst 33342 was
visualized by λex 360/40 nm, λem 460/50, calcein at λex 460/50 nm, λem 535/50 and
FM4-64 at λex 565/30 nm, λem 620/60.
Coverslips containing non-fixed (living) ATDC5 cells were visualized in a 37°C
incubation chamber (solent scientific, Portmouth, UK) under a Radiance 2100 MP
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multiphoton microscope (Biorad, Veenendaal, The Netherlands) [31]. Annexin-VAlexa 568 was imaged using a He/Ne laser laser (λex 543 nm, λem 600/50); Calcein
fluorescence was imaged using an Ar laser (λex 488 nm, λem 515\30); Hoechst
33342 fluorescence was detected using a Tsunami multiphoton laser (λex 780 nm,
λem 450/80). Laser intensities were kept as low as possible to prevent possible
irradiation damage to the cells.
Statistical analysis
Experiments were performed at least three times in duplo. Statistical analyses were
performed using an analysis of variance (ANOVA), followed by Dunnett's
Multiple Comparison Test (one-way ANOVA). Values of P<0.05 where
considered to be significant. Values where expressed as mean ± SEM.

Figure 1. Phosphate induces formation of
large mineralizing structures in medium
with ATDC5 cells in the absence of serum.
Subconfluent ATDC5 cells were incubated
in α-MEM + 5 mM Pi, or α-MEM for 2
hours. Subsequently, the medium was
centrifuged for 20 minutes at 20,000 x g
and the pellet was washed and analysed by
phase contrast microscopy. A) Isolated
LMS from medium containing 5mM Pi, B)
Isolated precipitates from medium without
additional Pi, notice the absence of LMS,
although occasionally some death cells
were observed. A representative image of
3 independent experiments is shown. C)
Time course of the formation of large
mineralizing structures. Precipitates were
isolated from α-MEM + 5 mM Pi that was
incubated for the indicated time points
with subconfluent ATDC5 cells (■), or
without the presence of cells (▲). Calcium
was extracted and measured by atomic
absorption spectrometry as described in
the Materials and Methods section. The
results are expressed as µg calcium/cell
culture flask and represent the mean ±
S.E.M. of three independent experiments
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Figure 2. Infrared spectroscopic analysis of large mineralizing structures. A) Hydroxyapatite and B)
LMS obtained from subconfluent ATDC5 cells incubated for 2 hours in α-MEM + 5 mM Pi, were
analyzed as KBr discs . The absorption doublets at the 1091-1029 cm-1 and 602-563 cm-1 are
characteristic of HAP mineral. Results shown are representative for three independent experiments.

Results
Rapid formation of large mineralizing structures by addition of phosphate
Serum contains fetuin, which is known to prevent mineralization [11]. Therefore,
mineralization was induced by addition of 5 mM Pi in the cell culture system
without the addition of serum. Furthermore, to increase the probability that
mineralization structures were released into the medium, the medium switch was
performed when the cells were subconfluent. This resulted in the development of
large mineralizing structures (LMS) in 2 hours (Fig. 1A). LMS were estimated to
be approximately in the sub millimeter range in size and were not observed when
cells were incubated for 2 hours without additional Pi, although a rare occasion of a
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death cell was detected (Fig. 1B). LMS were also neither detected in medium with
5 mM Pi without the presence of cells (data not shown), nor calcium phosphate
was precipitated (Fig. 1C). Subsequently, it was investigated at what time period
mineralizing structures developed by addition of 5 mM Pi in serum free medium.
As shown in Fig. 1C, calcium containing crystals could be detected in the medium
when incubating subconfluent ATDC5 cells at least 90 minutes in medium with 5
mM Pi.
Analyses of large mineralizing structures
Next, it was determined whether the LMS contained hydroxyapatite (HAP).
Therefore, LMS were analyzed by FT-IR and the spectra obtained were compared
to the IR spectrum of HAP. Fig. 2A shows the spectrum of HAP with two for HAP
characteristic phosphate absorption doublets at 1091-1029 cm-1 and 602-563 cm-1.
These doublets were also detected in the LMS spectra (Fig. 2B), indicating that
LMS are HAP like structures.
Next to the phosphate bands, the FT-IR spectra of LMS also showed characteristic
amide peaks at 1652, 1568 and 1423 cm-1, which point to the presence of proteins
in the structures. To confirm the presence of proteins, LMS were dissolved in 60
mM EDTA, separated by SDS PAGE and stained with Coomassie brilliant blue
[32]. As shown in Fig. 3A, no proteins were precipitated when subconfluent
ATDC5 cells were incubated in medium without additional Pi. However, proteins
were detected when ATDC5 cells were incubated for at least 90 minutes in
medium with 5 mM Pi. Of note, proteins were only visible on gel when LMS were
dissolved in 60 mM EDTA (pH 7.4), suggesting that proteins are embedded in a
HAP crystal structure in LMS. The protein bands from LMS contained a similar
pattern as the protein bands from total cell lysate (Fig. 3A). Based on this
observation, it was investigated whether LMS were containing cells by quantifying
DNA content in LMS. Fig. 3B shows that indeed the amount of DNA increased
parallel to the increase in calcium content when ATDC5 cells were incubated in
medium with 5 mM Pi. The amount of DNA present in LMS was calculated to be
0.5% of the total DNA present in the cell culture flask. These results indicated that
a small fraction of cells is integrated in LMS.
Next, the presence of cells in LMS was visualized and nuclei of living ATDC5
cells were labeled with Hoechst 33342 for 30 minutes and incubated for 2 hours in
medium with 5 mM Pi. Subsequently, LMS were isolated and stained with a
membrane label (FM 4-64) and a label for mineral deposition (calcein).
Visualization of DNA and membranes in the crystals showed that the crystals
contained whole cells, which seemed to affect the shape of the crystal (Fig. 4A).
Furthermore, the nuclei present in the crystals were swollen (arrowhead Fig 4A) or
DNA was present in fiber-like structures (arrow Fig. 4A and Fig. 4C-D), which
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appeared to be integrated in the HAP crystal. The nuclei of the cells growing on the
cell culture plate appeared normal (Fig. 4B). Occasionally calcein stain spots were
detected in some cells (data not shown, c.f. Fig. 7)

Figure 3. Large mineralizing structures contain proteins and DNA. Subconfluent ATDC5 cells were
incubated for the indicated time points in α-MEM (C, ▲), or in α-MEM + 5 mM Pi (P, ■).
Precipitates were isolated from the medium by centrifugating for 20 minutes at 20,000 x g, and
solubilized in 60 mM EDTA. Cells remaining on the cell culture dish were scraped off the plate and
lysed with an ultrasone disintegrator. A) Proteins from precipitates and total cell lysate (1:100 diluted)
were separated by SDS-PAGE and polyacrylamide gels were stained in Coomassie brilliant blue
(0.1% w/v) staining solution. B) DNA content was determined with Hoechst 33342. The results are
expressed as µg DNA/cell culture flask and represent the mean ± S.E.M. of three independent
experiments.
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Figure 4. Large mineralizing structures contain fragmented cells. Subconfluent ATDC5 cells were
labeled with Hoechst 33342 (DNA, blue), and 2 hours incubated in medium with addition of 5 mM
Pi. Subsequently, LMS were isolated from the medium. LMS and remaining cells on the cell culture
dish were then stained with calcein (mineral deposition, green) and FM4-64 (membrane structure,
red) as described in the Materials and Methods section. The structures were visualized by a
fluorescence microscope. A) LMS, arrow shows DNA as a fiber-like structure, arrow-head shows
swollen nuclei, B) Remaining cells on the cell culture dish. C and D) other experiment wherein LMS
were solely stained with Hoechst to clearly demonstrate the fiber-like structure of DNA. A
representative image of 3 independent experiments is shown.

Effect of dead cells on the formation of large mineralizing structures
As LMS contained fragmented cells, we studied whether dead or living cells
induced the formation of LMS. Therefore, subconfluent living ATDC5 cells were
labeled with Hoechst 33342 for 30 minutes and then 24 hours incubated in serum
free α-MEM containing either 10 µM staurosporin or 0.2% sodiumazide to induce
cell death. Subsequently, 5 mM Pi was added to the medium and incubated for 2
hours. As shown in Fig. 5A, the amount of precipitated calcium was diminished in
staurosporin treated cells, and almost no crystals developed in sodiumazide treated
cells. Although staurosporin treated cells were able to nucleate calcium phosphate,
they were not able to develop LMS (Fig. 5B). In addition, staurosporin treated cells
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did not integrate along the shape of the crystal, but appeared as round condensed
dead cells (Fig. 5B), similar to sodiumazide treated cells (Fig. 5C). These data
suggest that cells need to be alive in order to form LMS.

Figure 5. Effect of dead cells on the formation of large mineralizing structures. Subconfluent ATDC5
cells were either directly (control), or after 24 hours of pretreatment with either 10 µM staurosporin
(staurosporin), or 0.2% sodiumazide (azide), incubated in with addition of 5 mM Pi for 2 hours.
Media were centrifuged at 20,000 x g for 20 minutes and precipitates were collected. A) Calcium and
DNA were measured as described in the Materials and Methods section. As the treatment to initiate
cell death resulted in different amounts of DNA in the medium, the results are expressed as µg
calcium/µg DNA and represent the mean ± S.E.M. of three independent experiments. * P< 0.05 with
respect to the control value. B and C) fluorescence microscopy of staurosporin- and sodiumazide
treated cells incubated for 2 hours with Pi. Subconfluent ATDC5 cells were first labeled with Hoechst
33342 (DNA, blue), then treated with either B) staurosporin or C) sodiumazide, and subsequently
incubated in α-MEM + 5 mM Pi for 2 hours. Isolated precipitates were then stained with calcein
(crystal structure, green) and FM4-64 (membrane structure, red), and precipitates were visualized by a
fluorescence microscope. A representative image of 3 independent experiments is shown.
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Effect of phosphonoformic acid on the development of large mineralizing
structures
Subsequently, we investigated whether Pi influx in a living cell is required for the
formation of LMS by addition of phosphonoformic acid (PFA). PFA has been
shown to inhibit phosphate transport and mineralization in long-term cell culture
systems containing serum [33;34]. As shown in Fig. 6A PFA inhibited LMS
formation, suggesting that Pi has to enter the cell in order to induce LMS
formation. Of note, the amount of precipitated DNA and proteins in the medium
was also inhibited by the addition of PFA (data not shown)

Figure 6. The phosphate transporter inhibitor phosphonoformic acid (PFA) inhibits formation of
large mineralizing structures. Subconfluent ATDC5 cells were incubated for 2 hours in α-MEM (-),
or in α-MEM + 5 mM Pi (Pi), or in α-MEM + 5 mM Pi + 1 mM PFA (PFA + Pi) A) Precipitates were
isolated from the medium by centrifugation for 20 minutes at 20,000 x g and calcium was extracted
and measured by atomic absorption spectrometry as described in the Materials and Methods section.
The results are expressed as µg calcium/cell culture flask and represent the mean ± S.E.M. of three
independent experiments. B) Phosphate induces translocation of Annexin V in ATDC5 cells. Cells
were scraped off the plate, lysed and separated in a membrane and a cytosolic fraction as described in
the materials and methods section. Proteins (20 µg) were separated on SDS-PAGE and the amount of
annexin V was determined by western blotting using a rabbit polyclonal annexin V antibody. Results
shown are representative for three independent experiments.
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Effect of Pi on annexin V translocation on growing cells
To investigate whether Pi induces an intracellular effect, the translocation of
Annexin V was investigated. Annexin V is a calcium-dependent membrane binding
protein [35-37]. In addition, Annexin V has been shown to play a major role in
mineralization [25]. Fig. 6B shows that Pi induced a translocation of Annexin V
from the cytosol to the membrane in all cells, and this translocation was partly
inhibited by PFA. These data indicate that Pi enters and signals the cells to
translocate annexin V to the membrane.

Figure 7. Phosphate induces small mineralizing structures inside cells in the presence of serum.
ATDC 5 cells were grown for 14 days in DMEM/F12 and subsequently 2 days in α-MEM + 5 mM Pi
in the presence of 5% FBS. Non-fixed cells were labeled with Hoechst 33342 (DNA, blue), calcein
(crystal structure, green) and Annexin V (PS externalization, red), and visualized by a multiphoton
microscope as described in Materials and Methods section. Arrows show apatite crystal within cells,
arrow-heads show enlarged apatite crystals in the matrix. Of note, this is a confocal section. A
representative image of 3 independent experiments is shown.

Small mineralizing structures inside cells in the presence of serum
LMS did not develop in the presence of 5% FBS in the medium (data not shown).
To see where mineralizing structures initiate in the presence of serum, we
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visualized the mineralizing structures in the extracellular matrix in a long-term cell
culture system (cells grown for 14 days and subsequently 2 days in medium + 5
mM Pi in the presence of 5% FBS). Non-fixed (living) cells were stained with
Hoechst 33342 (DNA, blue), calcein (mineral deposition, green) and annexin-VAlexa 568 (plasma membrane of apoptotic or leaky cells, red). This latter probe
was used as a tool to visualize the plasma membrane of apoptotic or leaky cells in
the cell culture matrix [38]. As shown in Fig. 7, we observed a number of calcium
containing crystals clearly within the cell of a confocal section (arrows Fig. 7,
section thickness 1 µm). Rather enlarged apatite crystals were also observed and
appeared not surrounded by a membrane (arrow heads Fig. 7). Possibly, these
structures were formed in cells. As a result of crystal growth, these cells
completely fragmented and the cell membranes disappeared. Calcein labeled spots
were not detected in 14 days grown cell cultures without additional Pi. Of note,
intracellular visualization of apatite crystals was only possible in leaky cells, since
live cells are impermeable for calcein. Taken together, these data suggest that in
the presence of serum mineral crystal growth may occur intracellularly.
Discussion
This study shows that addition of 5 mM phosphate to serum free medium results in
a relatively rapid (within 2 hours) formation of large mineralizing structures (LMS)
by ATDC5 cells. Generally, to investigate cell-mediated mineralization in vitro,
cells are grown until an extracellular matrix is formed. This requires long-term cell
culture systems (approximately 10-21 days) in medium containing specific growth
factors. During or after the growth period an increase in phosphate (2 - 10 mM) or
betaglycerophosphate (2 – 10 mM) for several days is necessary to induce matrix
mineralization [21;24;39;40]. However, in these cell cultures mineralizing
structures are strongly embedded in the extracellular matrix, which makes it
difficult to investigate them by isolation [15;20]. Therefore, we used a culture
system without the presence of an extracellular matrix. Furthermore, we shortened
the cell culture period by excluding serum, which is known to contain fetuin, from
the medium [12;41;42]. Of note, LMS also developed in the medium when cells
had developed an extracellular matrix after 14 days (data not shown), which
indicates that the rapid formation of LMS is mainly induced by excluding serum
from the phosphate-containing medium.
The formation of LMS in the absence of serum may provide some fundamental
information about the beginning stages of cell-mediated mineralization. The HAP
crystals in our serum free short term cell culture model were able to expand to sub
millimeter dimensions, which to our knowledge has never been reported before.
Our data show that in the LMS, the cells and their nuclei were stretched apart and
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integrated in the crystal. For comparison, staurosporin-treated cells may nucleate
calcium phosphate in secreted apoptotic bodies [43-45]. Staurosporin-treated cells
may also nucleate calcium phosphate by the externalization of phosphatidylserine
[5;46;47]. Based on the result of this study the mineralizing structures induced by
the staurosporin-treated cells do not resemble LMS and do not contain distorted
nuclei (see Fig. 5). This indicates that the formation of LMS is not mediated by late
apoptotic cells. If crystal nucleation would start extracellularly, we would not
expect the cells to have a stretched morphology. Therefore, the characteristics of
the LMS also do not fit in the theory of nucleating non-collagenous
phosphoproteins residing in the extracellular matrix [3;48;49]. In our view, the
most likely explanation for the formation of the LMS is that various crystal
nucleation cores are formed inside the cell and grow into different directions,
which will then stretch the cells apart. The presence of multiple mineralization
cores inside a cell was observed under circumstances that the mineralization
process was attenuated by the inclusion of serum in the medium (Fig. 7). In longterm cell culture systems in the presence of serum, it may be possible that these
intracellular crystal containing vesicles are secreted by the cells, as a protective
mechanism to remove the crystals [21;50].
Only a small population of cells was shown to be integrated in LMS
(approximately 0.5% of the DNA of the total cell population). This suggests that
only a subpopulation of cells is competent to develop and integrate into LMS. This
finding resembles the observation that in vascular smooth muscle cell culture
systems only a subpopulation of cells undergoes osteoblastic differentiation and
induces mineralization [9]. In addition, in chondrogenic long term cell culture
systems the detection of non homogenous alizarin red positive spots (a dye that
detects mineralization by staining it red) shows that mineralization does not occur
in all cells [27;51]. This is another indication that a small population of
mineralization competent cells induces mineralization.
The results of this study also show that the ADTC5 cells need to be alive in order
to form LMS, suggesting that the cells need to sequester calcium and phosphate
actively. This is in line with the observation that the phosphate transporter inhibitor
PFA was able to inhibit the formation of LMS. Also in long term cell culture
systems evidence was shown that Pi influx is necessary for the induction of
mineralization [52-54]. The possibility that the increased Pi concentration had an
effect on Ca levels within the cells was supported by our finding that Pi induced
translocation of annexin V from the cytosol to the membrane in the cells on the cell
culture dish. Annexin V has been shown to be highly expressed in hypertrophic and
mineralizing growth plate cartilage and in bone [55-57]. Furthermore, translocation
of annexin V to the membrane has been shown to be calcium dependent and
reported to result in the formation of calcium transport channels in a PS rich
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membrane [25;35;36]. This suggests that Pi may induce calcium transport into the
cells, and subsequently crystals may develop intracellularly.
In summary, this study shows the cell-mediated rapid formation of LMS in a serum
free cell culture system containing additional Pi. Although the conditions in this
simplified rapid model system may differ from those in the entire organism, data
presented in this study are in our view most compatible with a model in which the
mineralization process can be initiated within a cell. This alternative point of view
may add to the complexity of the process of mineralization. Furthermore, the
benefit of this serum free model is that it may open the possibility to follow the
beginning stages of cell-mediated mineralization, which is currently performed in
our laboratory.
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Introduction
As shown in Chapter 2 (Fig. 7), we observed a number of calcium containing
crystals within non-fixed ATDC5 cells by confocal microscopy after staining with
calcein (mineral deposition) and Annexin-V-Alexa 568 (plasma membrane of
apoptotic or leaky cells [1] ). Since calcein is membrane impermeable, we could
only detect mineral crystals in apoptotic or leaky cells in that study. Here, we tried
to assess whether intracellular mineral crystals are also present in non-apoptotic
cells, by looking for calcein staining in non-Annexin V stained cells after
permeabilization. Furthermore, we tried to determine in which subcellular
compartment the mineral crystals were formed, by investigating a possible colocalization of calcein with antibodies for Golgi (anti-GM130), microtubules (antityrosine tubulin), lysosomes (anti-LAMP-2) and endoplasmatic reticulum (ER)
(anti-calnexin) in fixed ATDC5 cells.
Materials and methods
Materials
FM 4-64 was from Invitrogen (Breda, The Netherlands) and Annexin-V-Alexa 568
was from Roche Molecular Biochemicals (Mannheim, Germany). Mouse
monoclonal anti-GM130 was from BD Biosciences (Alphen aan den Rijn, The
Netherlands), mouse monoclonal anti-tyrosine tubulin was obtained from Sigma
(Poole, UK), mouse monoclonal anti-LAMP-2 was from Developmental Studies
Hybridoma Bank (Baltimore, MD, USA)) and rabbit polyclonal calnexin was from
Stressgen Bioreagents (Michigan, USA). Fluor Save TM reagent was obtained from
EMD Biosciences (San Diego, USA).
Induction of mineralization in the presence of serum
ATDC5 cells were grown for 14 days on coverslips (ø 25 mm) in 6 well plates (ø
35 mm/well) for live cell imaging, or on coverslips (ø 12 mm) in 4 well plates (ø
15.4 mm/well) for imaging of cells after fixation. Subsequently, mineralization was
induced by transferring the cells to α-MEM containing 5% FBS, ITS-X, 100 IU/ml
penicillin, and 100 µg/ml streptomycin (mineralization medium) with or without 5
mM phosphate at 37°C in a humidified atmosphere of 5% CO2 – 95% air for 24
hours.
Detection of mineral crystals in non-fixed cells
To visualize calcium containing mineral crystals in leaky, non-fixed, ATDC5 cells,
the cells were incubated for at least 1 hour with 5 µg/ml calcein and then 30
minutes with the fluorescent DNA label, Hoechst 33342 (2 µg/ml) in
50
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mineralization medium. Subsequently, ATDC5 cells were washed and incubated
with FM 4-64 (5 µg/ml) in mineralization medium for at least 2 minutes. To
visualize intracellular mineral crystals in living, non-apoptotic, ATDC5 cells, the
cells were incubated for 30 minutes with the fluorescent DNA label, Hoechst
33342 (2 µg/ml) and Annexin-V-Alexa 568 (1:50 diluted) in mineralization
medium. After incubation, cells were washed 3 times with medium and incubated
for at least 20 minutes with Leibovitz’s (L15) medium containing 0.1% saponin
and 5 µg/ml calcein and subsequently imaged by multiphoton microscopy as
described below. After detection of a mineral crystal in the proximity of a nucleus
of a cell not stained with Annexin V, membrane structures of the cells were
visualized after 2 min incubation with FM 4-64 (5 µg/ml), which was added to the
cells under the microscope.
Cells were imaged in a 37°C incubation chamber (solent scientific, Portmouth,
UK) mounted on a BioRad Radiance 2100 MP multiphoton microscope (BioRad,
Hemel Hempstead, UK) with an 100x oil objective [2]. Annexin-V-Alexa 568 was
imaged using a He/Ne laser (λex 543 nm, λem 600/50); FM4-64 was imaged using an
Ar laser (λex 488 nm, λem 600/50). Calcein fluorescence was imaged using an Ar
laser (λex 488 nm, λem 515/30); Hoechst 33342 fluorescence was imaged using a
mode-locked Ti:Sapphire laser (Tsunami, Spectra Physics, Mountain View, CA)
pumped by a 10 W solid state laser (Millennia Xs, Spectra Physics, Mountain
View, CA) (λex 780 nm, λem 450/80).
Subcellular localization of mineral crystals in fixed cells
ATDC5 cells were fixed with 95% ethanol for 15 minutes and then permeabilized
in 0.5% Triton for 5 minutes. After blocking with phosphate buffered saline (PBS)
containing 2% serum albumin (BSA) for 20 minutes, the cells were incubated with
the primary antibodies at room temperature for 1 hour (1:200 diluted mouse
monoclonal anti-GM130 for Golgi structures, 1:100 diluted mouse monoclonal
anti-tyrosine tubulin for microtubules, 1:100 diluted mouse monoclonal antilysosomal associated membrane protein, LAMP-2, for lysosomal structures and
1:100 diluted rabbit polyclonal anti-calnexin for ER structures). Subsequently, the
cells were washed three times with PBS and incubated with Alexa FluorTM568 antimouse IgG or anti-rabbit IgG (1:1000 diluted, Molecular Probes, Leiden, The
Netherlands) for 1 hour, and washed three times with PBS. The cells were then
incubated 30 minutes in 2 µg/ml Hoechst 33342 and washed 3 times with PBS.
After that, the cells were incubated with 5 µg/ml calcein for at least 1 hour and
washed 5 times with PBS. After PBS washes, cells were preserved in Fluor SaveTM
reagent. Fluorescently labelled cell cultures were visualized by placing the
specimen on a BioRad Radiance 2100 MP multiphoton microscope as described
above.
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Figure 1. Subcellular localization of mineral crystals in ATDC5 cells. ATDC5 cells were grown for
14 days in differentiation medium and subsequently 24 hours in mineralization medium with or
without addition of 5 mM Pi. Cell cultures were fixed in 95% ethanol and Golgi (A), microtubules
(B), lysosomes (C) and ER (D) were visualized with anti-GM130 (Golgi marker), anti-tyrosinetubulin (microtubules marker), anti-LAMP-2 (lysosomal marker) and anti-calnexin (ER marker)
respectively, in combination with Alexa fluor 568 anti-mouse or anti-rabbit IgG (red). Subsequently,
the cells were stained with Hoechst 33342 (blue) and calcein (green). Control = mineralization
medium without additional Pi; Mineralization = mineralization medium with additional Pi. Arrows
show cells filled with calcein labelled mineral crystals
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Figure 2. Mineral crystals in non-fixed ATDC5
cells. ATDC5 cells were grown for 14 days in
differentiation medium and subsequently 24 hours
in mineralization medium with addition of 5 mM Pi.
A) Living (non-fixed) cells were stained with
calcein (green) and Hoechst 33342 (blue) and
subsequently with FM4-64 (red). B) To search for
intracellular mineral crystal in non-apoptotic
ATDC5 cell, cell cultures were first stained with
Hoechst 33342 (blue) and Annexin V-Alexa 568
(red), and then cells were permeabilized with 0.1%
saponin and stained with 5 µg/ml calcein (green).
Notice calcein labeled mineral crystal without colocalization with Annexin V-Alexa 568. C) Same
image as B, after subsequent addition of FM 4-64
(red) to stain cell membranes. Arrows shows
possible intracellular calcein labeled mineral
crystals. This is a representative image of 5
experiments.

Results
Search for intracellular mineral crystals
in a living cell
As shown in Fig. 1A, mineral crystals
labeled with the membrane-impermeable
dye calcein (green) were surrounded by
FM 4-64 stained cellular membrane
structures, suggesting that they were
present inside an apoptotic or leaky cell.
Next, we wanted to see whether mineral
crystals could also be detected in nonleaky cells by permeabilizing the cells
prior to the calcein labeling. To
differentiate
between
living
and
apoptotic/leaky cells, ATDC5 cells were
first stained with Hoechst 33342 (blue in Fig. 1) and Annexin V-Alexa 568 (red in
Fig. 1). Subsequently, live (non-fixed) ATDC5 cells were permeabilized with 0.1%
saponin and stained with 5 µg/ml calcein (green in Fig. 1). When a mineral crystal
was detected that was possibly inside a cell (i.e. close to a nucleus) and not colocalized with Annexin V (See Fig. 1B, arrows), all cell membranes were
subsequently visualized by addition of 5 µg/ml FM 4-64 (red in Fig. 1C). As
shown in Fig. 1B and C, it was difficult to clearly determine the outlines of the
different ATDC5 cells in the culture, since no clear plasma membranes could be
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observed, possibly due to the permeabilization procedure. Therefore, we were not
able to determine whether mineral crystals were localized inside living cells or
present between the cells.
Subcellular localization of mineral crystals in fixed cells
To analyze in which sub-cellular compartment the calcium containing mineral
crystal were formed, organelle-specific antibodies, like anti-GM130 (Golgi)(Fig.
2A), anti-tyrosine tubulin (microtubules) (Fig. 2B), anti-LAMP-2 (lysosomes) (Fig.
2C) and anti-calnexin (ER) (Fig. 2D) were visualized (all markers depicted in red
in Fig. 2) and analyzed for co-localization with calcein labeled mineral crystals
(green in Fig. 2). As shown in Fig. 2, we could detect clear labelling with calcein
and the antibodies of interest in ethanol fixed cells. Of note, in paraformaldehyde
fixed cells, we could not detect calcein labelled mineral crystals (data not shown).
There was no obvious co-localization between the antibodies and the mineral
crystals. However, the localization of some of the mineral crystals, marking the
outline of a cell, was suggestive for an intracellular origin of these crystals (arrows
Fig. 2).
Discussion
Although we detected intracellular mineral crystals in leaky, presumably apoptotic,
ATDC5 cells labeled with FM 4-64, as also observed previously with annexin V
(chapter 2 Fig. 7), we could not clearly demonstrate an intracellular mineral crystal
in non-apoptotic ATDC5 cells after permeabilization with saponin. Possibly,
saponin did not properly permeabilized the internal membranes in the ATDC5 cells
[3]. However, it was observed that after addition of saponin, the membrane
impermeable DNA stain propidium iodide stained all the nuclei in the cell culture
(data not shown). Alternatively, it may be possible that once a crystal is formed,
the cell quickly dies and becomes leaky, since mineral crystals are possibly very
toxic to the cell [4], or that intracellularly formed mineral crystals are immediately
secreted by the cells, as a protective mechanism to remove the crystals. If these
actions occur, they may occur quickly after the initial crystal formation it would
explain that it is difficult to detect a mineral crystal inside in a living cell.
We did not observe a co-localization of calcein with GM130 (Golgi), tyrosine
tubulin (microtubules), LAMP-2 (lysosomes) and calnexin (ER). Possibly, the
mineral crystals were already expanding over the specified compartment,
precluding visualization of the compartment by the antibodies. Alternatively, the
crystal growth is initiated in another compartment, not probed by our antibodies,
for example in mitochondria [4].
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Introduction
As described in chapter 2 (Fig. 6B), we observed that addition of 5 mM inorganic
phosphate (Pi) induces a translocation of Annexin V from the cytosol to the
membrane fraction in ATDC5 cells. Annexin V is a calcium-dependent membrane
binding protein, that has been shown to relocate to the cell membrane in response
to an elevation of the intracellular concentration of calcium [1-3]. This suggests
that Pi may induce the observed translocation of Annexin V by eliciting an increase
in the cytosolic calcium (Ca2+) concentration. To test this possibility, we
determined the effect of Pi on the cytosolic free calcium concentration in ATDC5
cells using the high affinity dye Fura-2-AM.
Materials and methods
Materials
Leibovitz’s (L-15) medium was obtained from Gibco BRL (Grand Island, NY).
Fura-2 acetoxylmethyl (AM) was from Invitrogen, Molecular Probes (Breda, The
Netherlands). All other chemicals were obtained from Sigma (Poole, UK).
Calcium- imaging
ATCD5 cells, grown in DMEM/F12 medium, with an initial density of 15,000
cells/cm2 on glass coverslips (ø 12 mm) for 1 day, were incubated with 5 µM of the
calcium indicator Fura-2-AM in L-15 medium at room temperature for 30 min.
After incubation, cells were washed with L15 medium and kept in 1 ml L15
medium at room temperature for 15 min to allow intracellular deesterification of
Fura-2-AM. After deesterification, cells were placed on the stage of an Axiovert
35M microscope (Zeiss) equipped with a monochromator (TILL Photonics
Polychrome IV lamp) that permits switching between 340 nm and 380 nm
wavelengths used for excitation. The fluorescence was collected at a wavelength of
510 nm with a TILL Photonics Image digital camera (TILL photonics GmBH,
Gräfelfing, Germany). Digital camera and monochromator were controlled by
imaging software (TILL VISion, v4.01), which was also used for data collection
and processing. F340/F380 ratio was used for qualitative description of changes in
the cytosolic calcium concentration.
Exposure protocol
After a transmission image was made, collection of fluorescence ratio-images
started. The first 5 minutes of the recording (4 ratio-frames/min) served as control;
cells with abnormal levels of intracellular Ca2+ were discarded from further
analysis. Subsequently, 1 ml of L15 medium, either with or without 10 mM
phosphate was added to the cells (final additional Pi concentration was 0 or 5 mM),
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and recordings continued at room temperature (~23°C) for 120 min (3 ratioframes/min). At the end of the recording a final transmission image was made.
Experiments with and without Pi were performed twice (a total amount of 32
individual cells with 5 mM Pi and a total amount 37 individual cells without Pi).
Then, ionomycin (5 µM) and EDTA (17 mM) were added to obtain the maximum
and minimum F340/F380 ratio, respectively.
Results
ATDC5 cells grown for one day were labelled with Fura-2 and subsequently
treated with serum free L15 medium either with or without additional 5 mM Pi for
2 hours. As shown in Fig. 1A, a small initial rise in Ca2+ concentration was
observed in cells with additional Pi and control cells (without additional Pi). This
may represent an artefact due to addition of fresh medium. The addition of Pi to the
cells did not lead to an increase of cytosolic Ca2+. There was also not much
variation between the individual cells in experiments with Pi (0.58 ± 0.05
F340/F380) or without Pi (0.6 ± 0.07 F340/F380), though the average F340/F380
base line (Fig. 1A, 0-5 minutes) of cells to be treated with L15 medium without
additional Pi already started at a higher value compared to cells to be treated with
Pi. A characteristic of ATDC5 cells is the occurrence of oscillations in the
intracellular Ca2+ concentration in 15-30% of the cells during the recording period
of 2 hours (see Fig 1B for example). However, as with the basal cytosolic Ca2+
concentration, differences between cells with additional Pi and without additional
Pi could not be detected for the occurrence, frequency, duration and amplitude of
the oscillations.
Discussion
This study shows that addition of 5 mM Pi does not induce an increase in the
cytosolic free calcium concentration in ATDC5 cells. For practical reasons, the
cells were incubated in a bicarbonate-free L15 medium, while in previous
experiments (chapter 2), the cells were incubated in a bicarbonate buffered medium
(α-MEM). Therefore, we cannot formally exclude the possibility that the Pi may
have had an effect on Ca2+ levels in the previous studies using α-MEM. However,
this is not very likely, since we observed that the large mineralizing structures
(LMS) were formed in L15 medium in a similar way as in α-MEM (L.F.A.
Huitema, unpublished observations).
It may be possible that the Pi-induced Annexin V translocation from the cytoplasm
to the membrane in ATDC5 cells reported in chapter 2 is not mediated by an
increase in the cytosolic Ca2+ concentration. However, to our knowledge, no Ca2+
independent annexin V membrane binding has been described. Possibly, Pi
activates another signal cascade leading to Annexin V translocation not involving
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Ca2+ influx. Alternatively, a small Pi-induced Ca2+ influx, either from intracellular
stores or from the extracellular environment, may cause a small local rise in Ca2+
close to the membrane before the calcium is recruited to specific intracellular
stores, like for example the ER or mitochondria [4;5]. This small and local increase
in Ca2+ may lead to a translocation of Annexin V without causing a general
increase in cytosolic calcium. Therefore, it would be worthwhile to investigate the
effect of Pi on Ca2+ handling by the ER or the mitochondria.
In chapter 2 we reported that 0.5% cells of the total cell population are integrated in
large mineralizing structures. During these experiments we possibly missed these
cells in the image field as we only imaged approximately 16 cells per experiment.
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Figure 1. Pi does not induce an increase in the cytosolic Ca2+ concentration in ATDC5 cells. ATCD5
cells, grown on glass coverslips for 1 day, were labelled with 5 µM Fura-2-AM. Cells were exposed
to L-15 medium with or without additional 5 mM Pi 5 minutes after the start of the recording, as
indicated with an arrow. Data were obtained by averaging fluorescence within small regions-ofinterest within the cytoplasm of several cells in the image field. The Fura-2 data are expressed as the
ratio of fluorescence excited at 340 and 380 nm. A) Average of F340/F380 data (F340/F380 average)
from 32 cells treated with 5 mM Pi (black thick line) and 37 cells treated without additional Pi (black
thin line). B) Example of individual cells treated without addition Pi with one (black line) or several
(grey line) oscillations.
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Abstract
During biomineralization the organism controls the nature, orientation, size and
shape of the mineral phase. The aim of this study was to investigate whether
proteins or vesicles that are constitutively released by growing ATDC5 cells have
the ability to affect the formation of the calcium phosphate crystal. Therefore,
subconfluent cultured ATDC5 cells were incubated for 1 hour in medium without
serum. Subsequently, medium was harvested and incubated for 24 hours in the
presence of additional Pi. This resulted in the formation of flat mineralizing
structures (FMS), consisting of complex irregularly shaped flat crystals, which
occasionally contained fiber-like structures (~ 40 µm in size). Without preincubation of medium with cells, only small punctate (dot like) calcium phosphate
precipitates were observed. The formation of FMS was shown to be caused by
soluble factors released by subconfluent ATDC5 cells. Proteomic analysis by mass
spectrometry showed that FMS contained a specific set intracellular proteins,
serum proteins, and extracellular matrix proteins. Bulk cytosolic proteins derived
from homogenized cells or serum proteins did, however, not induce the formation
of FMS. Therefore, the formation of FMS seems to be caused by specific soluble
factors constitutively released by ATDC5 cells. This in vitro model system can be
used as a tool to identify factors in affecting the structure of the biomineral phase.
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Introduction
Natural materials such as bones and teeth consist of biocomposites with wellorganized and assembled hydroxyapatite (HAP) biomaterials [1-3]. Formation of
these biominerals is an essential requirement for the development of hard tissues,
which provide mechanical support to vertebrates. During biomineralization, the
organism controls the nature, orientation, size and shape of the mineral phase by
creating closed compartments or defined channels in which crystals form [3].
Although the exact mechanism of crystal nucleation or inhibition remains
unknown, it has been postulated that an interaction occurs between mineral nuclei
and soluble proteins, which subsequently influences crystal growth [4]. Generally,
biological fluid is metastable with respect to calcium phosphate concentration; i.e.,
it is below a level of saturation needed for spontaneous precipitation, but above the
level of saturation to support crystal growth after the initial nucleus has formed
[5;6]. Therefore, it is necessary that the organism exert a great degree of control
over nucleation and growth of mineral particles. Numerous proteins isolated from
bone and teeth have been proposed to function as either nucleators or inhibitors of
HAP formation of which non-collagenous phosphoproteins have been investigated
extensively [7-10].
A number of non-collagenous phosphoproteins have been shown to act either as
nucleators or inhibitors of HAP formation in dentinogenis or osteogenesis [1]. In
vitro studies have shown that some phosphoproteins, like bone sialoprotein (BSP),
can nucleate the formation of apatite crystals [8;11;12]. Other phosphoproteins,
like osteopontin, inhibit mineralization [7;13]. Matrix vesicles (MVs) have also
been shown to act as nucleators of HAP formation [14]. MVs are cell-derived
extracellular membrane enclosed particles, about 0.1- 1 µm in size, that initiate
mineralization by the action of MV-associated phosphatases, calcium-binding
phospholipids and proteins [14]. MVs have been isolated from cultures of
mineralizing osteoblasts, chondrocytes and vascular smooth muscle cells [15-17].
The aim of this study was to investigate whether proteins or vesicles that are
constitutively released by growing ATDC5 cells have the ability to nucleate and/or
to remodel calcium phosphate. The results obtained from this study show that
ATDC5 cells release soluble factors, which affect the formation of calcium
phosphate crystals.
Materials and methods
Materials
Cell culture plastics were purchased from Greiner bio-one (Frickenhausen,
Germany) and Nunc Inc (Rochester, NY). Fetal bovine serum (FBS), antibiotics,
and Insulin-Transferrin-Selenium-X (ITS-X) were obtained from Gibco BRL
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(Grand Island, NY). α-minimum essential medium (α-MEM) was from Biochrom
AG (Berlin, Germany). All other chemicals were obtained from Sigma (Poole,
UK).
Cell culture
ATDC5 cells (Riken Cell Bank, Tsukuba, Japan) were cultured and maintained in a
1:1 mixture of Dulbecco’s modified Eagle medium and Ham’s F12 medium
(DMEM/F12) containing 5% FBS, 10 µg/ml human transferrin, 30 nM sodium
selenite, 100 IU/ml penicillin, and 100 µg/ml streptomycin at 37°C in a humidified
atmosphere of 5% CO2 – 95% air. For induction of differentiation, ATDC5 cells
were cultured in 175 cm2 flasks in the same medium additionally containing 10
µg/ml insulin from ITS-X (Sigma). Fibronectin heterozygous and -knockout
fibroblast cells derived from mouse embryonic stem cells were a generous gift
from Dr. Mosher [18]. These cells were cultured in DMEM containing 10% FBS,
100 IU/ml penicillin, and 100 µg/ml streptomycin at 37°C in a humidified
atmosphere of 5% CO2 – 95% air. Cells were subcultured once a week using
trypsin/EDTA solution and with an initial density of 15,000 cells/cm2. Medium was
replaced every 2 days.
Precipitation of calcium phosphate crystals
At day 4, subconfluent ATDC5 cells were washed 3 times with phosphate buffered
saline (PBS) and incubated for one hour in α-MEM (25 ml/ 175 cm2 flask),
containing 100 IU/ml penicillin, and 100 µg/ml streptomycin at 37°C 5 % CO2.
Subsequently, this ‘conditioned’ medium was harvested, transferred to a new
culture flask and incubated for 24 hours at 37°C 5% CO2 in the presence of 5 mM
Pi (obtained from dilution of a 1 M NaH2PO4/Na2HPO4 pH 7.4 stock solution).
Alternatively, conditioned medium was first separated in a fraction that contained
insoluble proteins and a fraction containing soluble proteins by centrifugation at
100,000 x g in an OptimaTM LE-80 K Ultracentrifuge (Beckman CoulterTM, U.S.A.)
for 1 hour. After the incubation period in the presence of additional Pi, precipitates
were collected by centrifugation at 20,000 x g in a Sorvall centrifuge RC 5B plus
for 20 minutes. Pellets were washed with MilliQ water and collected by
centrifugation in a cooled (4°C) eppendorf centrifuge maximum speed (15,800 x
g).
Infrared spectroscopy
Precipitates were washed 3 times in MilliQ water and dehydrated in a vacuum
centrifuge (speedvac concentrator SVC 100H, Savant) overnight. Subsequently,
precipitates were prepared as KBr pellets for infrared (IR) spectroscopic analysis.
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Spectra were recorded on a Perkin-Elmer 2000 Fourier transform infrared (FT-IR)
spectrometer by accumulating 16 scans over the wavenumber range of 4000-400
cm-1 with 4 cm-1 optical resolution. For comparison, HAP (Bio-Rad laboratories,
Richmond) was also analyzed.
Visualization of calcium phosphate crystals
Precipitates were suspended in 25 µl MilliQ water and visualized with a Leica
DMRA fluorescence microscope with a polarization filter and an additional
photomatrix coolsnap CCD camera (Leica Microsystems BV, Rijswijk, The
Netherlands).
Protein analysis
Soluble proteins in the conditioned medium were precipitated with 10% TCA.
Briefly, a final concentration of 10% TCA was added to the medium and incubated
on ice for 1 hour. Subsequently, proteins were collected by centrifugation in a
cooled (4°C) eppendorf centrifuge at maximum speed (15800 x g) for 15 minutes.
Pellets were washed twice with ice cold acetone.
Proteins in the calcium phosphate precipitates and TCA precipitated proteins from
the medium were dissolved in 20 µl sodium dodecyl sulfate polyacrylamide gel
electrophoreses (SDS-PAGE) sample buffer (final concentration; 50 mM Tris, 2%
SDS, 10% glycerol, 2.5% β-mercaptoethanol and 0.02% bromophenol blue, pH
6.8) containing 60 mM EDTA, separated by SDS-PAGE and silver stained. To this
end, the gel was fixed for 1 hour in 40% (v/v) ethanol with 10% (v/v) acetic acid
and washed (20 minutes) twice in 30% (v/v) ethanol and once (20 minutes) in
MilliQ water. Subsequently, the gel was sensitized for 1 minute in 0.02% (w/v)
sodium thiosulphate and washed (20 seconds) three times with MilliQ water. The
gel was then incubated for 20 minutes in 0.1% (w/v) silver nitrate solution at 4°C
and washed (20 seconds) 3 times with MilliQ water. The gel was developed in 1%
(w/v) sodium carbonate containing 0.017% (v/v) formaldehyde solution. When
protein bands were clearly visible, the staining was terminated with 5% (v/v) acetic
acid.
Protein identification by mass spectrometry
Proteins from calcium phosphate precipitates were dissolved in SDS-PAGE sample
buffer containing 60 mM EDTA, separated by SDS-PAGE and stained with
Coomassie brilliant blue R250 (0.1% w/v) staining solution [19]. Bands that were
consistently present were considered to be of interest and were excised. Excised
bands were washed with water and subjected to in-gel tryptic digestion as
described previously [20] with one minor modification, namely that gel pieces
were submerged in 50 µl of ammoniumbicarbonate buffer. After o/n digestion at
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37ºC, 10 µl of the supernatant was analyzed by nanoflow-LC tandem mass
spectrometry using an Agilent 1100 HPLC (Agilent Technologies) to an LTQ ion
trap mass spectrometer (Thermo Electron, Bremen, Germany), which was operated
as described previously [21]. For all protein band analysis *.dta files were created
using Bioworks 3.1 software (Thermo Electron, Bremen, Germany) which were
converted to a single peak list in Mascot generic format using in-house developed
software.
For protein identification, peak lists were submitted to the Mascot version 2.0
search software [22] (Matrix Science, London, UK). The allowed peptide mass
tolerance was 0.6 Da, fragment mass tolerance of 0.6 Da, and allowing for 2
missed cleavages, to search mouse IPI (version 3.10) [23] or MSDB (version
20050701) databases [24]. Modifications included in the search were
carbamidomethyl at cysteine residues (as a fixed modification) and oxidation at
methionine residues (variable).
Results
ATDC5 cells affect the structure of calcium phosphate crystals
To investigate whether proteins or vesicles released constitutively by ATDC5 cells
have the ability to affect the formation of calcium phosphate crystals, cells were
incubated for 1 hour in serum free medium. Subsequently, this conditioned
medium was harvested, transferred to a new cell culture flask and incubated for 24
hours with additional Pi. Fig. 1A shows that this resulted in the formation of flat
mineralizing structures (FMS), consisting of complex irregularly shaped flat
crystals, which occasionally contained fiber-like structures (~ 40 µm in size). In the
negative control (non-conditioned medium containing additional Pi) relatively
small punctate (dot like) calcium phosphate precipitates were observed.
Occasionally these structures developed into punctate aggregated small structures
(~ 3 µm in size) (Fig. 1B). These data suggest that factors released from ATDC5
cells affect the structure of calcium phosphate crystals.
Infra red spectra of flat mineralizing structures
To determine whether the factors released by ATDC5 cells change the mineral
phase of the calcium phosphate crystal, FMS were analyzed by infrared
spectroscopy. Fig. 2A shows the spectrum of HAP with two characteristic
phosphate absorption doublets at 1091-1029 cm-1 and 602-563 cm-1. These
doublets were also detected in the spectra of small calcium phosphate crystals from
the negative control (non-conditioned medium containing additional Pi) (Fig. 2C)
and in the spectra of FMS (Fig. 2B). These data indicate that the factors released by
ATDC5 cells do not change the mineral phase of the calcium phosphate crystal.
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Figure 1. Formation of mineralizing structures by soluble factors released by ATDC5 cells.
Subconfluent ATDC5 cells were incubated in α-MEM for 1 hour. Subsequently, the conditioned
medium was harvested, and transferred to a new culture flask. 5 mM Pi was then added and the
medium was incubated for 24 hours. After that, medium was centrifuged for 20 minutes at 20,000 x g
and the pellet was washed and analysed by polarized light microscopy. A) Precipitates from the
conditioned medium. Notice the complex irregular shaped flat crystals, which occasionally contain
fiber-like structures. B) Precipitates from the non-conditioned medium. C and D) Conditioned
medium was separated in a fraction that contained insoluble proteins and a fraction containing soluble
proteins. Subsequently, both fractions were incubated in medium containing additional Pi for 24
hours. C) Precipitates formed in the soluble protein fraction, D) Precipitates formed in the insoluble
protein fraction. A representative image of 3 independent experiments is shown.
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Figure 2. Infrared spectroscopic analysis of mineralizing structures. A) Hydroxyapatite; B and C)
subconfluent ATDC5 cells were incubated in α-MEM for 1 hour. Subsequently, the conditioned
medium was harvested, and transferred to a new culture flask. 5 mM Pi was then added and the
medium was incubated for 24 hours. After that, medium was centrifuged for 20 minutes at 20,000 x g
and the pellet was washed and analysed by infrared spectroscopy. Precipitates were analyzed as KBr
discs. B) FMS obtained from conditioned medium, C) calcium phosphate crystals obtained from the
negative control (non-conditioned medium). The absorption doublets at the 1091-1029 cm-1 and 602563 cm-1 are characteristic of HAP mineral. Results shown are representative for three independent
experiments.
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Soluble factors cause the formation of flat mineralizing structures
To assess whether the formation of FMS was caused by soluble factors,
conditioned medium was separated in a fraction containing insoluble factors and a
fraction containing soluble factors. Subsequently, both fractions were incubated for
24 hours in medium containing additional Pi. Fig. 1 C-D shows that FMS only
developed in the fraction with soluble factors. As shown in Fig. 3 the amount of
proteins in the insoluble fraction (Fig. 3, Lane B) was much smaller compared to
the amount of proteins in the soluble fraction (Fig. 3, Lane A).
Analysis of proteins in flat mineralizing structures
To investigate which specific soluble proteins were enriched in FMS, isolated FMS
were dissolved in 60 mM EDTA, separated by SDS-PAGE and silver stained (Fig.
3, lane C1). A subset of proteins in the supernatant from conditioned medium was
incorporated in FMS (Fig. 3, compare Lanes A, C1 and D). A similar protein
pattern was observed in the lanes showing proteins that were not incorporated in
FMS (Fig. 3, Lane D) and proteins in FMS (Fig. 3, Lane C1). To identify the
proteins that may affect the structure of the calcium phosphate crystal, 9 bands
from Lane C2 (Fig. 3) were cut out from the Coomassie stained gel and digested
with trypsin. Resulting peptides were subjected to mass spectrometry. As shown in
Table 1, FMS contain intracellular proteins, e.g. pyruvate kinase 3 and elongation
factor 1, as well as extracellular matrix proteins, e.g. fibronectin, and serum
proteins, e.g. fetuin and serum albumin (Fig. 3, Lane E).
Bovine fetuin has a theoretical molecular mass of 39 kD (Table 1). However, on
the polyacrylamide gel fetuin behaved as a 80 kD protein, suggesting that fetuin
forms a stable dimer [25].
Effect of serum and cellular proteins on the structure of calcium phosphate crystals
Since serum proteins are present in FMS, there is a possibility that the effect on the
calcium phosphate crystal structure is caused by residual serum proteins still
present in the conditioned medium, although the cells had been washed 3 times
with PBS. Therefore, the total amount of proteins in the conditioned medium and
serum was determined. The total amount of proteins in the conditioned medium
was measured to be 5-10 µg per 25 ml. Bovine serum (containing 10 µg protein)
incubated in 25 ml medium with additional 5 mM Pi for 24 hours resulted in the
formation of relatively small punctate (dot like) structures, similar to the structure
of calcium phosphate precipitates in non-conditioned medium (data not shown, e.g.
Fig. 1B).
Next, it was investigated whether a cytosolic fraction derived from a total cell
homogenate (containing 10 µg proteins) affected the structure of the calcium
phosphate crystals. Like serum, diluted cell homogenate containing soluble
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proteins did not affect the structure of the calcium phosphate crystal (data not
shown, e.g. Fig. 1B).

Figure 3. SDS-polyacrylamide gel electrophoresis analyses of proteins in flat mineralizing structures.
Lane A to D), subconfluent ATDC5 cells were incubated in α-MEM for 1 hour. Subsequently,
medium was harvested and separated in a fraction that contained soluble proteins (Lane A) and a
fraction containing insoluble proteins (Lane B). Then, 5 mM Pi was added to the medium from the
soluble fraction and incubated for 24 hours. Subsequently, medium was centrifuged for 20 minutes at
20,000 x g. The pellet (Lane C1) contained the FMS. The supernatant, (Lane D) contained proteins
that did not integrate in FMS. Lane E) 10 µg serum proteins. Proteins were precipitated using 10%
TCA (Lane A, B and D). Polyacrylamide gels were silver stained. A representative gel of three
independent experiments is shown. Proteins in FMS were analysed by proteomics (Lane C2).
Therefore, the polyacrylamide gel was stained with coomassie Brilliant blue and 9 bands were cut out
from the gel, digested with trypsin and analyzed by mass spectrometry.
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Table 1. Mass spectrometric analyses of proteins present in FMS (compare Fig. 3, Lane C2) a
Band

Acc. Number* Protein name

MW

Mascot Score Peptides Species

Localization

1

IPI00113539

Fibronectin Precursor

275,968

201

8

Mouse

Extracellular

2

IPI00466069

Elongation factor 2

96,091

166

4

Mouse

Intracellular

3

IPI00229080

Heat shock protein 84b

83,571

145

5

Mouse

Intracellular

4

A35714

Fetuin precursor

39,139

120

5

Bovine

Serum

5

AAN17824

Bovine Albumin

71274

753

20

Bovine

Serum

6

IPI00407130

Pyruvate kinase 3

58,536

143

5

Mouse

Intracellular

7

IPI00110753

Tubulin alpha-1 chain

50,788

206

5

Mouse

Intracellular

8

IPI00307837

Elongation factor 1-alpha 1

50,623

144

4

Mouse

Intracellular

9

IPI00110850

Actin, cytoplasmic 1

42,052

214

4

Mouse

Intracellular

* SwissProt or mouse IPI accession number
a
Bands that were consistently present in FMS in the polyacrylamide gel were considered to be of interest. These bands were excised and subsequently
analysed by mass spectrometry.

Effect of exclusion of fibronectin on the structure of calcium phosphate crystals
Fibronectin was shown to be present in FMS (Fig. 3, Lane C2 and Table 1).
Therefore, the role of fibronectin on FMS formation was investigated. Fibronectin
heterozygous and knockout fibroblast cells were incubated for 1 hour in serum free
medium. Subsequently, medium was harvested, transferred to a new cell culture
flask, and incubated for 24 hours containing additional Pi (i.e. the same
experimental conditions as used in the case of the ATDC5 cells). As shown in Fig.
4A and B complex flat shaped crystals, occasionally containing fiber-like
structures, were observed in fibronectin heterozygous and knockout cells, similar to
the FMS formed from conditioned medium by ATDC5 cells (Fig. 1A).

Figure 4. Effect of fibronectin fibroblast knockout cells on the structure of the calcium phosphate
crystal. Subconfluent fibroblast cells were incubated in α-MEM for 1 hour. Subsequently, the
conditioned medium was harvested, and transferred to a new culture flask. 5 mM Pi was then added
and the medium was incubated for 24 hours. After that, medium was centrifuged for 20 minutes at
20,000 x g and the pellet was washed and analysed by polarized light microscopy. A) Fibronectin
heterozygous cells, and B) fibronectin knockout cells. A representative image of 3 independent
experiments is shown.

Discussion
This study shows that subconfluent ATDC5 cells constitutively release soluble
factors, which can affect the structure of calcium phosphate crystals, resulting in
the formation of FMS. Serum is known to contain mineralization inhibitors such as
fetuin, which has a high affinity for the mineral phase and could therefore interfere
with the results (e.g. formation of FMS). Although the ATDC5 cells were 3 times
washed with 25 ml PBS, there were still some residual serum proteins present in
the conditioned medium and these proteins (fetuin and serum albumin) appeared to
be the most prominent proteins in FMS. It is possible that serum proteins nonspecifically stick to the cells, making it difficult to wash them away. Alternatively,
it has been shown that e.g. vascular smooth muscle cells take up serum proteins,
like fetuin. Subsequently, fetuin was secreted when the cells are surrounded by a

Soluble factors affect the formation of calcium phosphate crystals

medium deficient in fetuin [26]. It may therefore be possible that the ATDC5 cells
secrete serum proteins during the 1-hour incubation period in the medium.
However, serum proteins by themselves were neither able to form FMS nor able to
affect the structure of calcium phosphate crystals. This indicates that the formation
of FMS is performed by cell specific factors.
Based on the silver stained gel (Fig. 3), a similar protein pattern was observed in
the supernatant fraction of the conditioned medium and in the FMS fraction. This
may render the protein specificity of the interaction with FMS questionable. It is
well known that crystalline HAP is able to aspecifically bind proteins as it is used
for purifying proteins [27]. However, cytosolic proteins derived from homogenized
cells at the same concentrations as present in the conditioned medium did not affect
the structure of the calcium phosphate precipitate. This suggests that specific
factors secreted by ATDC5 cells can affect the structure of the calcium phosphate
crystal rather than cytosolic proteins released from leaky cells.
Fibronectin was identified in FMS. Fibronectin is a secreted non-collagenous
protein, known to be a calcium phosphate remodeling protein [28;29]. However,
we observed that fibronectin (-/-) fibroblastic cells were also able to form FMS.
These data suggest that fibronectin is not a limiting factor for the formation of
FMS. Furthermore, the fact that fibroblast cells can also form FMS, suggests that
the formation of FMS is not specific for ATDC5 cells.
Elongation factor I alpha and HSP 84 were also identified in FMS. These cytosolic
proteins have been reported to interact with aggregates and to reduce the rate of
aggregate formation in PolyQ diseases [30]. The aggregates in these diseases form
as a result of translation of mutant genes containing an abnormal length of PolyQ
repeats, such as Huntington’s disease [31]. In addition, actin and tubulin were
found in the aggregates, but these have been reported to be rather aspecific [32].
However, these proteins (elongation factor I alpha, HSP 84, actin and tubulin) are
not likely to play a role in the formation of FMS, since cytosolic proteins derived
from homogenized cells at a concentration as found in the conditioned medium
were shown not to form FMS.
The formation of FMS was observed in conditioned medium without cells. We
reported previously that subconfluent ATDC5 cells incubated for 2 hours in
medium with additional 5 mM Pi without the presence of serum resulted in the
formation of large mineralizing structures (LMS) (chapter 2). In this previous
study, calcium phosphate precipitation did not occur in the negative control
medium. Furthermore, LMS were shown to contain whole cells and were larger
(sub millimetre size range) than FMS (approximately 40 µm in size). Possibly,
factors involved in FMS formation play also a structural role in LMS formation.
Taken together, data of this study show that soluble factors released by ATDC5
cells can affect the structure of the calcium phosphate crystal. We were not able to
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identify a specific factor responsible for affecting the structure of the HAP crystal,
but an organism might control the nature, orientation and size of a HAP crystal by
a combination of specific proteins available. This may then result in the formation
of a specific hard biomineral tissue. This in vitro model system may be useful as a
tool to identify which specific proteins can affect the structure of the calcium
phosphate crystal.
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Abstract
The aim of this study was to test whether the NO donor sodium nitroprusside has
an effect on mineralization in ATDC5 cells. Mineralization in the ATDC5 cell
culture was induced by addition of β-glycerophosphate or inorganic phosphate and
visualized by staining precipitated calcium with an alizarin red stain and quantified
using atomic absorption spectrometry. Sodium nitroprusside was shown to inhibit
the mineralization of ADTC5 cells. This inhibition was not affected by inhibitors
of guanylyl cyclase nor mimicked by a cGMP analog. Furthermore, sodium
nitroprusside did not inhibit phosphate uptake nor inhibited apoptosis in the
ATDC5 cells. These findings indicate that the NO donor sodium nitroprusside can
specifically inhibit matrix mineralization via a cGMP-independent pathway and
that the effect was not mediated by inhibition of phosphate transport or apoptosis.
These results suggest a preventive role of NO in premature or pathological
mineralization.
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Introduction
Mineralization is an essential requirement for normal development and
replacement of the cartilaginous skeleton via endochondral ossification [1].
Endochondral ossification is the process of cartilage formation, mineralization and
replacement by bone that takes place at both metaphyseal and articular epiphyseal
sites of the long bones [2]. This complex multistep process is tightly regulated and
disturbances during the process of endochondral ossification may contribute to the
pathogenesis of joint diseases [3]. Pathological mineralization can occur in all soft
tissues [4]. For example, excessive mineral deposition accompanies osteoarthritis
and calcification of cardiovascular tissues including arteries, heart valves, and
cardiac muscle contributes to morbidity and mortality [3-7]. While pathological
mineralization has long been considered to result from a mere physiochemical
precipitation of calcium and phosphate, recent studies have provided evidence that
vascular calcification is a regulated process, which has abundant similarities with
bone formation [6-11]. This view is supported by the findings that vascular smooth
muscle cells, like chondrocytes and osteoblasts, have the capacity to form matrix
vesicles, which are believed to be the initiators of mineralization [12-16].
Furthermore, expression of a variety of bone-associated proteins has been found in
atherosclerotic plaques [10, 11].
Although much effort has been devoted to identifying and characterizing the
structure and/or components that initiate mineralization, the mechanisms regulating
matrix mineralization, and the interplay between the various hormones involved in
mineralization, are poorly understood. One of the agents implicated in bone growth
and development as well as in the development of rheumatoid-, osteoarthritis and
atherosclerosis is the gaseous substance nitric oxide (NO) [17-20]. NO is produced
by various nitric oxide synthase (NOS) isoforms and may stimulate the soluble
guanylyl cyclase (sGC) to generate the second messenger cGMP [21, 22]. Several
studies have shown that cGMP is involved in bone formation [23] and that two
known cGMP dependent protein kinases (cGK) isoforms (cGKI and cGKII) are
present and distributed differently in the mouse growth plate chondrocytes. Mice
deficient in the cGMP-dependent protein kinase II show dwarfism caused by a
disturbed growth plate architecture [24].
In order to test a possible regulation of mineralization by NO generated by sodium
nitroprusside (SNP), we used the chondrogenic mouse embryonal carcinomaderived ATDC5 chondroprogenitor cells. ATDC5 cells cultured for 21 days in
differentiation medium become hypertrophic in association with a dramatic
elevation of alkaline phosphatases (ALP) activity. A subsequent medium switch to
α-MEM has been shown to result in mineralization after another 14 days [25, 26].
In order to decrease the cell culture period required to induce mineralization, extra
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addition of phosphate (Pi) has been shown to increase the mineralization rate in
the ATDC5 cell culture [27].
Materials and methods
Materials
Cell culture plastics were purchased from Greiner bio-one (Frickenhausen,
Germany) and Nunc. Fetal bovine serum (FBS), antibiotics, and InsulinTransferrin-Selenium-X
(ITS-X)
were
obtained
from
Gibco.
1H[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) was provided by Calbiochem,
cGMP analog (8-Br-cGMP) was obtained from BioLog Life Science Institute
(Bremen, Germany) and α-minimum essential medium (α-MEM) was from
Biochrom AG (Berlin, Germany). [32P] orthophosphate was purchased from
Amersham and the in situ cell death detection kit was obtained from Roche
Applied Science. All other chemicals were obtained from Sigma.
Cell line and culture conditions
ATDC5 cells (Riken Cell Bank, Tsukuba, Japan) were cultured and maintained in a
1:1 mixture of Dulbecco’s modified Eagle medium and Ham’s F12 medium
(DMEM/F12) containing 5% FBS, 10 µg/ml human transferrin, 30 nM sodium
selenite, 100 IU/ml penicillin, and 100 µg/ml streptomycin at 37°C in a humidified
atmosphere of 5% CO2 – 95% air. Cells were subcultured once a week using
trypsin/EDTA solution. For induction of chondrogenesis, ATDC5 cells were
cultured in DMEM/F12 containing 5% FBS, ITS-X, 100 IU/ml penicillin, and 100
µg/ml streptomycin at 37°C in a humidified atmosphere of 5% CO2 – 95% air.
Medium was replaced every 2 days. Mineralization was induced by transferring the
cells to α-MEM containing 5% FBS, ITS-X, 2 or 5 mM phosphate, 100 IU/ml
penicillin, and 100 µg/ml streptomycin at 37°C in a humidified atmosphere of 5%
CO2 – 95% air. Cells were seeded with an initial density of 15,000 cells/cm2 and
medium was replaced every 2-3 days. For alizarin red staining, deposited calcium
quantification and Pi transport cells were cultured in 4 wells plates (1.9 cm2/well).
For cell imaging cells were cultured in Lab-Tek chamber slides (16 x 8 wells, 0.8
cm2/well, permanox).
Alizarin red staining
Mineralization was visualized by the staining of precipitated calcium with alizarin
red. Cell layers were washed twice with PBS and fixed for 15 minutes in 70%
ethanol, followed by incubation of 500 µl 0.5% alizarin red solution for 5 minutes.
Excessive dye was removed by washing the cells 4 times with distilled H2O.
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Alizarin red staining was examined visually, and photographed with a Nikon
coolpix 9500 digital camera.
Measurement of total calcium content
The total amount of calcium present in ATDC5 cell layers was measured by atomic
absorption spectroscopy at 422.7 nm (Perkin Elmer 3300, Perkin Elmer Corp.,
Norwalk, Cl, USA). Therefore, cells were washed twice with PBS, hydrolyzed in
400 µl 6 M HCL and diluted twice with 0.5% lanthanum citrate solution to control
interferences with phosphate.
Measurement of phosphate transport
ATDC5 cell layers were incubated for 5 minutes in 1 ml transport buffer (20 mM
HEPES, 135 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, 5 mM KCl and 100 µM
NaH2PO4/Na2HPO4, pH 7.4) at 37°C. Pi transport was then determined by adding
an additional 0.5 ml HEPES buffer containing 2 µCi/ml [32P] orthophosphate.
After 20 minutes extracellular 32Pi was removed by washing the cell layers 3 times
with ice-cold PBS. The cells were then dissolved in 0.2 M NaOH and 32Pi was
quantified using a standard liquid scintillation technique. The sodium independent
components of Pi uptake were determined by replacing NaCl with choline chloride.
Detection of apoptosis
Apoptosis of the ATDC5 cells was determined by the in situ cell death detection kit
TMR red (Roche), based on labelling DNA strand breaks (TUNEL technology).
Cells were fixed in 4% formaldehyde in PBS overnight at 4°C, free aldehyde
groups were blocked with 50 mM glycine-PBS (pH 7.3) for 30 minutes, after
which the cells were permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate
on ice for 2 minutes. Labeling was performed according to the manufacturer’s
protocol. All nuclei in the fixed cell population were visualized by staining with 2
µg/ml Hoechst 33342. To quantify the amount of apoptotic cells in a whole cell
population, Hoechst labeled nuclei and apoptotic nuclei from three independent
experiments were counted in five different microscopic fields per experiment. The
total amount of Hoechst labeled nuclei in a field was taken as hundred percent. The
samples were imaged using a digital imaging microscope, Leica DMRA
fluorescence microscope with additional photomatrix coolsnap CCD camera.
Statistical analysis
Experiments were performed at least three times in duplo. Statistical analyses were
performed using an analysis of variance (ANOVA), followed by Dunnett's
Multiple Comparison Test (one-way ANOVA), and in case of a two-way ANOVA
83

Chapter 4

Bonferoni’s post-hoc test was performed. Values of P<0.05 where considered to be
significant. Values where expressed as mean ± SEM.

Figure 1. Calcium deposition in the culture of ATDC5 cells. Cells were cultured for 14 days in
differentiation medium and subsequently in (A) mineralization medium + 2 mM Pi for 48 hours, (B)
mineralization medium + 2 mM Pi + 100 µM SNP for 48 hours, (C) mineralization medium for 48
hours, (D) mineralization medium + 5 mM Pi for 24 hours, (E) ) mineralization medium + 5 mM Pi +
100 µM SNP for 24 hours, (F) mineralization medium for 24 hours, (G) mineralization medium + 10
mM β-GP for 48 hours, (H) mineralization medium + 10 mM β-GP + 100 µM SNP for 48 hours and
(I) mineralization medium for 48 hours. Cell cultures were fixed in 70% ethanol and stained with
0.5% Alizarin red. The red color indicates mineralization spots.

84

Sodium nitroprusside inhibits mineralization

Results
Effect of sodium nitroprusside on mineralization
In our search for agents that affect matrix mineralization we tested the NO donor
SNP. As shown in Fig. 1 addition of 2 mM Pi to the mineralization medium
resulted in mineralization, which was inhibited by addition of SNP (100 µM) to the
mineralization medium. SNP (100 µM) also inhibited mineralization when 5 mM
Pi (incubation time 24 hours) was added to the mineralization medium.
Supplementation with β-glycerophosphate (β-GP) has also been shown to facilitate
mineralization by numerous investigators [28-33]. Therefore, it was determined
whether SNP could inhibit mineralization induced by β-GP. Fig.1 shows that
addition of 10 mM β-GP to the mineralization medium induced mineralization in
the ATDC5 cell culture, which was inhibited by additional SNP (100 µM) to the
mineralization medium. Next, the dose-response effect of SNP on mineralization
(5 mM Pi for 24 hours) was investigated by quantification of the total calcium
content by atomic absorption spectrometry. As shown in Fig. 2, SNP at a
concentration of 10 µM already inhibited mineralization by more than 60%.

Figure 2. Dose-response effect of SNP on mineralization in the ATDC5 cell culture. Cells were
grown 14 days in differentiation medium and subsequently 24 hours in mineralization medium with
addition of 5 mM Pi and different concentrations SNP. Calcium was extracted and measured by
atomic absorption spectrometry as described in the Materials and Methods section. Results are
expressed as mean ± SEM (n=6). * P< 0.05, **P< 0.01, ***P<0.001 with respect to the
corresponding control value.
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Involvement of cGMP in effect of sodium nitroprusside
Because NO produced by SNP could activate sGC, an enzyme known to produce
cGMP, it was examined whether SNP inhibits mineralization via the cGMPsignaling pathway. In this case, inhibition of sGC should reverse the inhibiting
effect on mineralization. Fig. 3 shows that the sGC inhibitor ODQ (100 µM) could
not reverse the inhibiting effect of SNP on mineralization. Similar results were
obtained with another sGC inhibitor (LY83583) (data not shown). Furthermore, a
cell permeable cGMP analog, 8-bromo-cGMP (50 µM), was unable to mimic the
effect of SNP, as it did not inhibit the Pi-induced mineralization in the ATDC5 cell
culture (Fig. 3).

Figure 3. Test whether SNP effect is cGMP-dependent. Cells were cultured in differentiation medium
for 14 days and subsequently 24 hours in mineralization medium + 5 mM Pi with addition of 100 µM
SNP or 100 µM SNP + 100 µM ODQ (sGC inhibitor) or 50 µM 8-bromo-cGMP (cGMP analog).
Calcium was extracted and measured by atomic absorption spectrometry as described in the Materials
and Methods section Results are expressed as mean ± SEM (n=6). ** P< 0.01 with respect to the
control value.

Pi transport studies
It has been shown that inorganic phosphate (Pi) can induce apoptosis and
mineralization in chondrocytes [34, 35]. Pi transport into chondrocytes is mediated
by the sodium-dependent Pi type III transporter Glvr-1, which has been
demonstrated to be expressed in a confined population of early hypertrophic
chondrocytes in vivo [36]. To further explore the mechanism by which SNP
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inhibits mineralization, we tested whether SNP affects phosphate transport.
Therefore, ATDC5 cells were cultured for 14 days in differentiation medium and
subsequently for 24 hours in either the same differentiating medium with or
without addition of 100 µM SNP or in α-MEM with or without addition of 100 µM
SNP. Phosphate transport was measured by incubation with 32Pi for 20 min as
described in the Materials & Methods section. As a negative control, ATDC5 cells
were incubated in medium without sodium resulting in a lack of Pi transport (Fig.
4). As shown in Fig. 4, 24h pre-incubation with 100 µM SNP did not decrease Pi
uptake in ATDC5 cells. Of note, ATDC5 cells appear to take up more Pi when
cultured 24 hours in α-MEM, but mineralization under these conditions could not
be detected (data not shown).

Figure 4. Pi transport in ATDC5 cells. Cells were cultured 14 days in differentiation medium and
subsequently 24 hours in either differentiation medium (open bars) or in mineralization medium
(solid bars) in presence or absence of SNP and with or without sodium. Pi transport activity was
determined as described in the Material and Methods section. Results are expressed as mean ± SEM
(n=6). Cells cultured 24 hours in mineralization medium exhibit significantly more Pi transport than
cells cultured in differentiation medium (*P<0.05).
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Figure 5. DNA fragmentation (TUNEL) and nucleus (Hoechst) stain in ATDC5 cells. Cells were
cultured 14 days in differentiation medium and subsequently 24 hours in (A) differentiation medium,
(B) mineralization medium + 5 mM Pi (C) mineralization medium + 5 mM Pi + 100 µM SNP, or (D)
mineralization medium + 5 mM Pi + 2 µM staurosporin, or (E) mineralization medium + 5 mMPi +
100 µM SNP + 2 µM staurosporin. Cell layers were fixed in 4% paraformaldehyde. Subsequently, a
TUNEL reaction and Hoechst stain was performed as described in the Materials and Methods section
and was visualized by a digital imaging microscope.
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Analysis of apoptosis
Pi has been demonstrated to induce apoptosis related mineralization in
chondrogenic cells [27, 34, 35, 37], whereas low concentrations of NO have been
shown to inhibit cell death in other cell types [38-41]. Therefore, we examined
whether SNP inhibits mineralization by inhibiting cell death. Apoptotic cell death
was assessed by an immunohistochemical in situ cell death detection kit based on
labeling of DNA strand breaks (TUNEL technology). As shown in Fig. 5, no
differences in apoptosis were observed between cells cultured in differentiation
medium (16.7 ± 4.8%), mineralization medium (18.1 ± 2.5%) or in mineralization
medium with SNP (18.7 ± 5%). To test whether or not apoptosis is involved in
mineralization, we induced apoptosis in the ATDC5 cell culture by addition of 2
µM staurosporin to the mineralization medium [42]. Staurosporin increased the
mineralization rate (Fig. 6) and induced massive cell death (80 ± 15%) in the
ATDC5 cell culture (Fig. 5). Under these conditions SNP did not inhibit apoptosis,
but it inhibited mineralization to the same extent both in the absence and presence
of staurosporin (Fig. 6). Furthermore, we observed massive cell death in ATDC5
cells treated with 1 mM SNP alone (data not shown) but almost no mineralization
was observed under these conditions (Fig. 2). Together, these results show that
SNP does not inhibit mineralization by inhibiting apoptosis.

Figure 6. Effects of staurosporin and SNP on calcium deposition in ATDC5 cells. Cells were cultured
14 days in differentiation medium, and subsequently 24 hours in (A) mineralization medium + 5 mM
Pi, (B) mineralization medium + 5 mM Pi + 2 µM staurosporin, or (C) mineralization medium + 5
mM Pi + 2 µM staurosporin + 100 µM SNP. Cell layers were fixed in 70% ethanol and stained with
0.5% Alizarin red.

Discussion
In our search for agents that can affect mineralization we found that the NO donor
SNP inhibits mineralization by more than 60% at a concentration of 10 µM. NO
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generated by SNP, is a diffusible, multifunctional, transcellular messenger that has
been implicated in many physiological and pathological conditions [19, 20, 22, 3841]. NO has been shown to activate the cGMP-signaling pathway via activation of
sGC [22]. Our data show that the NO donor SNP inhibits mineralization via a
cGMP independent mechanism, as its effect was not affected by an inhibitor of
sGC and could not be mimicked by a cGMP analog.
In vivo and in vitro results have shown that Pi (together with Ca), induces
mineralization which is accompanied by apoptosis, suggesting a role for both ions
and apoptosis during endochondral ossification [15, 16, 33, 34, 42]. NO has been
shown to inhibit caspases by S-nitrosylation, resulting in an inhibition of apoptosis
[43, 44]. Therefore, we tested whether NO generated by 100 µM SNP inhibited
mineralization by inhibiting apoptosis. However, our TUNEL data showed no
difference in apoptosis in the presence or absence of a low dose of SNP. In
contrast to other studies, who found that Pi induced apoptosis of differentiated
chondrocytes [27, 34, 35, 37, 42], we observed no increase in apoptosis after the
mineralization medium switch including addition of 4 mM Pi. A possible
explanation for the difference in results with that observed in previous studies is
that we performed all our experiments at early stages of mineralization. Induction
of apoptosis with staurosporin increased cell death and mineralization in our cell
culture system, showing an association between apoptosis and mineralization. The
staurosporin induced cell death was also observed in cultures treated with SNP, but
here mineralization was inhibited. High concentrations of NO generated by 1 mM
SNP have been shown to induce apoptosis in cultured chondrocytes [45], and
apoptotic bodies or matrix vesicles have been isolated from these cultures and were
shown to have calcifying capacities [45, 46]. Our results show that millimolar
concentrations of SNP can also inhibit mineralization, despite the induction of
apoptosis. We therefore speculate that SNP may inhibit the nucleation of calcium
phosphate in apoptotic bodies, possibly by interacting with mineralization
stimulating factors present in these vesicles. Alternatively, SNP may inhibit the
influx of Ca or Pi into the vesicles. The inhibition of the calcium channel activity
of annexin V was reported to prevent the mineralization of matrix vesicles [47, 48].
Inhibiting Pi uptake has been shown to inhibit mineralization [27]. Our data show
that phosphate transport is not inhibited by NO generated by SNP in whole cells,
but we cannot exclude that SNP affects phosphate transport in vesicles.
In bone, NO has been shown to have a role in the pathogenesis of osteoarthritis and
rheumatoid arthritis as well as a physiological role in bone growth and
development [20]. NO can be produced by a family of NO synthase iso-enzymes
(NOS), endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS
(iNOS). Temporal expression of all three isoforms of NOS during rat femoral
fracture healing has been demonstrated. Suppression of NOS with NOS inhibitors
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impairs fracture healing, which can be reversed with supplementation of a NO
donor [49, 50]. During the initial phase of fracture healing high concentrations of
NO were generated by iNOS. At the stage of endochondral ossification, iNOS
declined and was replaced by low NO producing eNOS and nNOS. This indicates
that differential expression NOS regulates fracture repair, either enhancing it or to
suppress unwanted bone formation. iNOS expression has also been associated with
apoptosis, the stimulation of matrix metallo-proteinases, and suppression of
proteoglycan synthesis of chondrocytes, resulting in destruction of cartilage [19,
20]. Expression of iNOS may also cause inhibition of mineralization, since
lipopolysacharide and interleukin-1, both strong inducers of iNOS, were shown to
inhibit mineralization in cartilage organ cultures [51]. Considering the inhibitory
effect of the NO donor SNP on mineralization found in this study, we may
speculate that the NO produced by iNOS may be generated preferentially in the
undifferentiated and early hypertrophic chondrocytes in order to prevent premature
mineralization in articular cartilage.
NO may also be effective in preventing the pathological calcium crystal formation
observed in non-chondrogenic tissues such as vasculature. High Pi levels as
occurring during renal dysfunction are known to be a risk factor for developing
calcification of atherosclerotic plaques [52]. Interestingly, the NO donor SNP is
used therapeutically in cardiovascular diseases for potent vasodilating effects. It is
therefore tempting to speculate that the beneficial effects of this drug may also
include an inhibition of calcification of the vasculature.
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Abstract
Sodium nitroprusside (SNP) is a nitric oxide (NO) donor drug, which is
therapeutically used as a vasodilating drug in heart transplantations. In our previous
study it was found that SNP at a concentration of 100 µM inhibited mineralization
in a cell culture system, indicating that the beneficial effects of this drug may also
include inhibition of vascular calcification. The aim of this study was to investigate
which bioactive compounds generated from SNP inhibit mineralization. ATDC5
cells were grown for 14 days and mineralization was induced by addition of 5 mM
phosphate for 24 h. Mineralization was determined by staining precipitated calcium
with an alizarin red stain. It was found that the NO donors S-nitrosogluthatione and
S-nitroso-N-acetylpencillamine were not able to inhibit mineralization and NO
scavengers could not antagonize the inhibiting effect of SNP on mineralization.
The iron chelator deferoxamine (200 µM) antagonized the inhibiting effect on
mineralization mediated by SNP and ammonium iron sulfate inhibited
mineralization in a dose-dependent manner (10-100 µM). Furthermore, iron ions
(30 µM) were detected to be released from SNP in the cell culture. These data
show that the iron moiety of sodium nitroprusside, rather than nitric oxide inhibits
mineralization.
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Introduction
Mineralization is essential for normal skeletal development, which is mainly
accomplished through the function of two cell types, osteoblasts and chondrocytes
[1-3]. In contrast, soft tissues do not mineralize under normal conditions [4].
However under certain pathological conditions some organs in particular blood
vessels, are prone to mineralization. For example, atherosclerosis, aging, diabetes
and end-stage renal disease predispose arteries to calcification, which is highly
associated with mortality in patients with cardiovascular disease [5]. Growing
evidence suggests that vascular calcification, like bone formation, is a highly
regulated process, involving both inducers and inhibitors [5]. This view is
supported by the findings that vascular smooth muscle cells, like chondrocytes and
osteoblasts, have the capacity to form matrix vesicles, which are believed to be the
initiators of mineralization [6-10]. Furthermore, bone-related non-collagenous
proteins have been found in atherosclerotic plaques [11;12]. Based on these
findings it is likely that cell mediated processes maintain a balance between
induction and inhibition of mineralization in the artery, such that mineralization is
normally prevented.
In our previous study it was found that the nitric oxide (NO) donor drug sodium
nitroprusside (SNP) [Na2(Fe(CN)5NO)] inhibits mineralization in a cell culture
system using the ATDC5 cell line [13]. SNP is a widely used NO donor drug for in
vitro and in vivo experimental studies [14;15]. The major target of NO is the heme
iron of soluble guanylyl cyclase, resulting in activation of the enzyme. This results
in an increase in intracellular levels of cyclic guanosine-3’,5’monophosphate
(cGMP), which acts as a second messenger [16]. However, our results showed that
the inhibiting effect of mineralization generated by SNP was cGMP-independent.
Although SNP is generally described in biological and medical literature as an NO
donor drug, it has also been shown to decompose to other bioactive compounds,
such as cyanide or pentacyanoferrate complex (Fig. 1) [15;17;18].

Figure 1. Structure of sodium nitroprusside.
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Furthermore, SNP may undergo redox cycling with the production of superoxide
anion that in turn produces hydrogen peroxide [18]. It has also been shown that the
iron moiety of SNP may mediate pro-oxidative properties of SNP, such as
hydroxyl radical generation, lipid peroxidation and cytotoxity [19]. Therefore, the
aim of the present study was to elucidate which bioactive products generated by
SNP inhibit mineralization.
Materials and methods
Materials
Cell culture plastics were purchased from Greiner bio-one (Frickenhausen,
Germany) and Nunc. Fetal bovine serum (FBS), antibiotics, and InsulinTransferrin-Selenium-X (ITS-X) were obtained from Gibco BRL (Grand Island,
NY). All other chemicals were obtained from Sigma (Poole, UK).
Cell line and culture conditions
ATDC5 cells (Riken Cell Bank, Tsukuba, Japan) were cultured and maintained in a
1:1 mixture of Dulbecco’s modified Eagle medium and Ham’s F12 medium
(DMEM/F12) containing 5% FBS, 10 µg/ml human transferrin, 30 nM sodium
selenite, 100 IU/ml penicillin, and 100 µg/ml streptomycin at 37°C in a humidified
atmosphere of 5% CO2 – 95% air. Cells were subcultured once a week using
trypsin/EDTA solution. For induction of differentiation, ATDC5 cells were
cultured 14 days in DMEM/F12 containing 5% FBS, ITS-X, 100 IU/ml penicillin,
and 100 µg/ml streptomycin at 37°C in a humidified atmosphere of 5% CO2 – 95%
air. Medium was replaced every 2 days. Mineralization was induced by transferring
the cells to α-MEM containing 5% FBS, ITS-X, 5 mM inorganic phosphate (Pi),
100 IU/ml penicillin, and 100 µg/ml streptomycin at 37°C in a humidified
atmosphere of 5% CO2 – 95% air for 24 h. Cells were seeded with an initial density
of 15,000 cells/cm2 in 4 wells plates (1.9 cm2/well). Medium was replaced every 23 days.
Alizarin red staining
Mineralization was visualized by the staining of precipitated calcium with alizarin
red. Cell layers were washed twice with PBS and fixed for 15 min in 70% ethanol,
followed by incubation of 500 µl 0.5% alizarin red solution for 5 min. Excessive
dye was removed by washing the cells 4 times with distilled H2O. To quantify
mineralization in the ATDC5 cell culture the alizarin red stained cultures were
incubated with 100 mM cetylpyridinium chloride for 10 min to release calcium
bound alizarin red into solution. The absorbance of the released alizarin red stain
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was measured at 595 nm using a Bio-rad microplate reader (Benchmark). Data are
expressed as arbitrary units alizarin red stain.
Iron determination
Iron was determined using Ferrozine. To 200 µl cell cultured medium 40 µl 10 mM
Ferrozine in 50 mM HEPES, pH 7, was added. After allowing for color
development (2 h), the absorbance of the Ferrozine assay mixture was determined
at 525 nm using a Bio-rad microplate reader (Benchmark).
Statistical analysis
Experiments were performed at least three times in duplo. Statistical analyses were
performed using an analysis of variance (ANOVA), followed by Dunnett's
Multiple Comparison Test. Values of P<0.01 where considered to be significant.
Values were expressed as mean ± S.E.M.
Results
Effect of NO donors and NO scavengers on mineralization
In our previous study it was found that SNP at a concentration of 100 µM inhibited
mineralization [13]. To investigate whether the inhibiting effect on mineralization
by SNP (100 µM) was effectuated by nitric oxide, different NO donors were tested.

Figure 2. Effect of NO donors on mineralization. ATDC5 cells were grown 14 days in differentiation
medium and subsequently 24 h in mineralization medium (w/o Pi), or with addition of 5 mM Pi (M),
or 5 mM Pi + 100 µM sodium nitroprusside (SNP), or 5 mM Pi + 100 µM S-nitroso-Nacetylpencillamine (SNAP), or 5mM Pi + 100 µM S-nitrosogluthatione (GSNO). Cell cultures were
fixed in 70% ethanol and stained with 0.5% Alizarin red. Subsequently the alizarin red stain was
extracted and measured by a spectrophotometer as described in the Materials and Methods section.
Results are expressed as mean ± S.E.M., * P< 0.01 with respect to the corresponding control value
(M).
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As shown in Fig. 2 the NO donor S-nitroso-N-acetylpenicillamine (SNAP) and the
NO donor S-nitrosogluthatione (GSNO) did not inhibit mineralization in ATDC5
cells at concentrations of 100 µM. Higher concentrations up to 1 mM of SNAP and
GSNO did also not prevent mineralization (data not shown).
Next, it was investigated whether scavenging NO could antagonize the action of
SNP. Therefore, two different NO scavengers were tested, 2-Phenyl-4,4,5,5tetramethylimidazoline-1-oxyl 3-oxide (PTIO) and hemoglobin (Hb). Fig. 3 shows
that both NO scavengers could not reverse the inhibiting effect of SNP on
mineralization. These results suggest that the inhibiting effect of SNP cannot be
ascribed to the release of NO.

Figure 3. The NO scavengers PTIO and Hb could not prevent the inhibiting effect of SNP on
mineralization. ATDC5 cells were grown 14 days in differentiation medium and subsequently 24 h in
mineralization medium with addition of 5 mM Pi (M), or 5 mM Pi + 100 µM SNP, or 5 mM Pi + 100
µM SNP + 200 µM 2-Phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO), or 5 mM Pi +
100 µM SNP + 2 mg/ml hemoglobin (Hb). Cell cultures were fixed in 70% ethanol and stained with
0.5% Alizarin red. Subsequently the alizarin red stain was extracted and measured by a
spectrophotometer as described in the Materials and Methods section. Results are expressed as mean
± S.E.M., * P< 0.01 with respect to the control value (M).

Effect of (iron) cyanide on mineralization
Cyanide is a toxic compound that can be released from SNP (Fig. 1). Therefore, the
effect of (iron) cyanide on mineralization was investigated. As shown in Fig. 4, 100
µM potassium cyanide, potassium ferrocyanide and potassium ferricyanide could
not inhibit mineralization, excluding the possibility that the inhibiting effect of
mineralization may be ascribed to cyanide or the ferricyanide complex.
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Figure 4. Effect of (iron) cyanide on mineralization. ATDC5 cells were grown 14 days in
differentiation medium and subsequently 24 h in mineralization medium with addition of 5 mM Pi
(M), or 5 mM Pi + 100 µM sodium nitroprusside (SNP), or 5 mM Pi + 100 µM potassium
ferrocyanide (FeIICN), or 5mM Pi + 100 µM potassium ferricyanide (FeIIICN), or 5mM Pi + 100 µM
potassium cyanide (KCN). Cell cultures were fixed in 70% ethanol and stained with 0.5% Alizarin
red. Subsequently the alizarin red stain was extracted and measured by a spectrophotometer as
described in the Materials and Methods section. The results represent the means ± S.E.M. of three
independent experiments each performed in duplo, * P< 0.01 with respect to the control value (M).

Effect of iron on mineralization
To investigate whether the inhibiting effect of SNP on mineralization was
generated by releasing its iron, the effect of chelating iron was investigated by
deferoxamine. Deferoxamine (200 µM) was able to reverse the inhibiting effect of
SNP on mineralization (Fig. 5). Based on this result it was investigated whether
free iron ions released by ammonium iron (II) sulfate (Fe2+) and/or ammonium iron
(III) sulfate (Fe3+) were able to inhibit mineralization. Fig. 5 shows that both agents
inhibit mineralization. To assess whether SNP was able to release its iron under our
culture conditions, we measured the iron concentration in the cell culture medium.
Fourteen days cultured cells were incubated for 24 h in mineralization medium
with addition of 5 mM Pi + 100 µM SNP. Free or weakly complexed iron (Fe2+)
was determined using Ferrozine and measured to be 30 ± 6 µM (mean ± S.E.M., n
= 3). No free Fe2+ could be detected in medium containing SNP without cells.
Altogether, these data indicate that the inhibiting effect of mineralization by SNP is
generated by inorganic iron derived from SNP.
Next, the dose-response effect of SNP, Fe2+ and Fe3+ on mineralization was
investigated. Fig. 6 shows that SNP, Fe2+ and Fe3+ already inhibit mineralization
more than 60% at a concentration of 10 µM. Maximum inhibition was measured at
an iron concentration of 30 µM, which is in line with the amount of iron released
from 100 µM SNP.
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Figure 5. Effect of iron ions on mineralization. ATDC5 cells were grown 14 days in differentiation
medium and subsequently 24 h in mineralization medium with addition of 5 mM Pi (M), or 5 mM Pi
+ 100 µM sodium nitroprusside (SNP), or 5 mM Pi + 100 µM ammonium iron (II) sulfate (Fe2+) , or
5mM Pi + 100 µM ammonium iron (III) sulfate (Fe3+), or 5 mM Pi + 100 µM SNP + 200 µM
deferoxamine (DFO). Cell cultures were fixed in 70% ethanol and stained with 0.5% Alizarin red.
Subsequently the alizarin red stain was extracted and measured by a spectrophotometer as described
in the Materials and Methods section. Values are mean ± S.E.M (n=3), * P< 0.01 with respect to the
control value (M). Of note, ammonium iron sulfate (≥ 100 µM) interfered non specifically with the
alizarin red stain, resulting in apparent higher alizarin red stain.

Figure 6. Dose-response curve of SNP, Fe2+ and Fe3+ on mineralization. ATDC5 cells were grown 14
days in differentiation medium and subsequently 24 h in mineralization medium with addition of 5
mM Pi and different concentrations SNP (○), ammonium iron (II) sulfate (Fe2+) (■) and ammonium
iron (III) sulfate (Fe3+) (∆). Cell cultures were fixed in 70% ethanol and stained with 0.5% Alizarin
red. Subsequently the alizarin red stain was extracted and measured by a spectrophotometer as
described in the Materials and Methods section. Results are expressed as mean ± S.E.M.
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Involvement of radicals in effect of sodium nitroprusside
SNP is a redox iron complex that can generate reactive oxygen species including
hydroxyl radicals and lipid radicals [19]. This effect can be induced by the iron
moiety of breakdown products of SNP, inducing the so called Fenton reaction [19].
To investigate whether SNP inhibited mineralization by generation of reactive
oxygen species, the effect of super oxide dismutase (350 U/ml), catalase (6000
U/ml) and mannitol (30 mM) on the inhibiting effect was determined. As shown in
Fig. 7 both enzymes were not able to antagonize the effect of SNP on
mineralization.

Figure 7. Radical scavengers do not prevent the inhibiting effect of SNP on mineralization. ATDC5
cells were grown 14 days in differentiation medium and subsequently 24 h in mineralization medium
with addition of 5 mM Pi (M), or 5 mM Pi + 100 µM SNP (SNP), or 5 mM Pi + 100 µM SNP + 30
mM mannitol (Man), or 5 mM Pi + 100 µM SNP + 6000 U/ml catalase (CAT), or 5 mM Pi + 100 µM
SNP + 350 U/ml superoxide dismutase (SOD). Cell cultures were fixed in 70% ethanol and stained
with 0.5% Alizarin red. Subsequently the alizarin red stain was extracted and measured by a
spectrophotometer as described in the Materials and Methods section. The results represent the means
± S.E.M. of three independent experiments each performed in duplo, * P< 0.01 with respect to the
control value (M).

Effect of bepridil on the inhibiting effect of sodium nitroprusside
SNP has been shown to activate the Na+-Ca2+ exchanger by decomposition to iron
in C6 glioma cells. This activating effect was antagonized by the exchange
inhibitor bepridil [20;21]. Therefore it was investigated whether bepridil (10 µM)
could reverse the inhibiting effect of SNP on mineralization. However, bepridil
was not able to antagonize the inhibiting effect generated by SNP (Fig. 8).
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Figure 8. Bepridil could not reverse the inhibiting effect of SNP on mineralization. ATDC5 cells
were grown 14 days in differentiation medium and subsequently 24 h in mineralization medium with
addition of 5 mM Pi (M), or 5 mM Pi + 100 µM SNP (SNP) or 5 mM Pi + 100 µM SNP + 10 µM
bepridil (SNP + BEP), or 5 mM Pi + 10 µM bepridil (BEP). Cell cultures were fixed in 70% ethanol
and stained with 0.5% Alizarin red. Subsequently the alizarin red stain was extracted and measured
by a spectrophotometer as described in the Materials and Methods section. The results represent the
means ± S.E.M. of three independent experiments each performed in duplo, * P< 0.01 with respect to
the control value (M).

Discussion
This study demonstrates that although SNP is generally described as an NO
donating drug, its inhibiting effect on mineralization is not mediated by NO, but
rather by releasing its iron. SNP is a metal nitrosyl complex, which consists of iron,
cyanide groups and a nitro moiety (Fig. 1) [15]. Decomposition compounds
generated from SNP other than NO, have been reported to be responsible for a
number of cellular effects [16;18-20;22-25].
Decomposition of SNP to the toxic compound cyanide has been reported [25-27].
Cyanide represents 44% w/w of the sodium nitroprusside molar mass [26;28]. The
toxic effects of cyanide have been attributed to inhibition of cytochrome c oxidase,
the terminal enzyme of the respiratory chain, which compromises oxidative
phosphorylation leading to cytotoxic hypoxia [26]. This study shows, however, that
SNP does not inhibit mineralization by decomposition to cyanide, as 100 µM
potassium cyanide was not able to inhibit mineralization.
Another degradation product of SNP is hexacyanoferrate. Ferrocyanide has been
reported to be a moderately active antagonist of the N-methyl-D-aspartate receptor
function in cerebellar cells [23;29], and ferricyanide has been shown to activate
Na+-Ca2+ exchanger in C6 glioma cells [20]. Ferrocyanide and ferricyanide, in
contrast to ammonium iron sulfate however, did not inhibit mineralization in our
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cell culture system. This may be explained by their kinetic stability, preventing the
iron moiety to react with other compounds. Ammonium iron sulfate, which
decomposes in water to free iron ions, was able to inhibit mineralization at a
concentration of 30 µM in our cell culture system. This concentration of iron was
also measured to be released from 100 µM SNP under our culture conditions.
SNP has been shown to produce oxygen radicals, which can react with hydrogen to
hydrogen peroxide [16]. Fe2+ promotes oxidative stress through reactive oxygen
species formation [30]. It is therefore possible that Fe2+ inhibits mineralization by
generating hydroxyl radicals by reduction of hydrogen peroxide by the Fenton
reaction [31]. Hydroxyl radicals are the most reactive free radicals and can induce
lipid peroxidation and cytotoxity [19;32]. Therefore it was investigated whether the
inhibiting effect on mineralization, caused by the iron moiety of SNP, was
mediated by hydrogen radicals. The possible involvement of hydroxyl radicals was
examined by testing the ability of a number of radical scavengers to antagonize the
effect of SNP [33]. Catalase, SOD and mannitol were not able to antagonize SNP,
indicating that the inhibiting effect was not mediated by induction of hydroxyl
radicals.
Decomposition of SNP to iron has been reported to stimulate calcium influx by
activation of Na+-Ca2+ exchanger preventing chemical hypoxia induced cell death.
This effect was antagonized by the Na+-Ca2+ exchanger inhibitor, bepridil [20].
However, long term exposure to bepridil has been shown to significantly inhibit
mineralization in primary osteoblasts [34]. In this study, it was found that bepridil,
when added for 24 h to the mineralization medium, could neither inhibit
mineralization nor antagonize the inhibiting effect on mineralization generated by
SNP, excluding a role the Na+-Ca2+ exchanger in the effect of SNP on
mineralization.
Taken altogether, the results obtained in this study suggest that the iron ions
generated by SNP inhibit mineralization via another unknown mechanism. Low
concentrations of Fe3+ have been shown to inhibit cardiovascular calcification
induced by bioprosthetic heart valves [35-37]. Calcification accounts for 60% of
implanted cardiac tissue failure [38;39]. Co-implantation with FeCl3 loaded
chitosan beads has been shown to be an effective treatment [35;40-42]. In these
studies it was assumed that ferric ions retard the calcification process by inhibiting
proper formation of hydroxyapatite [35;37].
Ferric compounds have also been shown to be effective dietary phosphate binders
[36]. The majority of the studies concerning the influence of ferric compounds on
phosphate binding have utilized animal studies and focused mainly on the
restriction of intestinal phosphate absorption to control hyperphosphatemia in
patients with end stage renal disease. The estimated binding capacity of ferric
compounds ranged from 88 to 181 mg phosphate per gram elemental iron [36;43].
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This indicates that the iron concentration has to be 10 times higher than the
phosphate concentration for its binding capacity. Under our cell culture conditions,
however, the iron concentration is at least 60 times lower than the phosphate
concentration. This indicates that it is unlikely that in our cell culture system iron
works as a phosphate binder.
To our knowledge no effects of iron ions on mineralization in vitro have been
described. Other metal ions have been reported to inhibit mineralization in vitro.
For example, aluminum has been reported to inhibit mineralization in vitro, as well
as manganese and fluoride at concentrations of 10 µM or greater. Depending on the
ionic status, these metals were expected to be strong inhibitors of calcium
phosphate nucleation and crystal growth [44-48]. Zinc has also been shown to
inhibit matrix vesicles-mediated mineralization, at concentrations ranging from 5100 µM [49;50]. It was speculated that the inhibitory effect of zinc was either
through blocking the intravesicular Ca2+-Pi-phospholipid complexes or through
inhibiting the function of annexin channels, which are responsible for calcium
transport [49;50]. Other investigators have suggested that once mineral nucleation
has occurred zinc ions may become incorporated into the hydroxyapatite crystal,
and interfere with crystal growth [51]. The inhibitory effect of zinc at a
concentration of 100 µM on mineralization was also found in our cell culture
system (data not shown). We therefore speculate that iron ions inhibit mineral
formation in our cell culture system by a similar mechanism as proposed for zinc
e.g. by interfering with initial entry of calcium ions through annexin channels or by
preventing hydroxyapatite crystal nucleation.
In summary, this study shows that decomposition of SNP to iron ions inhibit
mineralization. SNP is used therapeutically in heart transplantations for potent
vasodilating effects [52-54]). Based on the results of this study, it seems likely that
this treatment also induces inhibition of vascular calcification by the release of the
iron moiety of SNP.
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1. Introduction
While ectopic calcifications have long been considered to result from a mere
physiochemical precipitation of calcium and phosphate (Pi), recent studies have
provided evidence that they may actually share many molecular and cellular
features with bone and cartilage mineralization [1]. An increasing amount of
findings suggest that vascular smooth muscle cells promote calcification by
mechanisms very similar to those occurring during growth plate mineralization [1].
Vascular calcification is a manifestation of atherosclerosis and atherosclerosis is
the major cause of mortality in the western hemisphere. For now it is unclear why
atherosclerotic lesions have the tendency to calcify [2;3]. In addition, calcification
of articular cartilage contributes to significant morbidity [4]. By improving our
knowledge of the complex process of mineralization and in particular about the
beginning stages of mineralization, we might be better equipped to design rational
treatments for aging diseases like atherosclerosis and osteoarthritis.
Many investigations have contributed greatly to a basic understanding of the
mechanisms regulating cell-mediated mineralization, either with a focus on the
formation of skeletal tissue, or with a focus on pathological soft tissue
mineralization. The use of cell culture systems made it possible to investigate
mineralization at a cellular level. There is still much debate regarding the
biochemical mechanisms that initiate mineralization subsequent to the increase in
calcium and/or Pi. As described in chapter 1, one theory proposes that
mineralization is initiated within matrix vesicles (MVs) [5]. A second not mutually
exclusive theory, suggests that Pi induces apoptosis, and that apoptotic bodies
nucleate calcium and Pi [6;7]. A third theory proposes that mineralization is
mediated by soluble phosphoprotein nucleators, which associate with the
extracellular matrix [8-10]. Regardless of the way mineralization is initiated,
vertebrates may also actively inhibit mineralization by secreting specific proteins.
Therefore removal or inactivation of an inhibitor may also promote mineralization
[11]. In view of on these different hypotheses, the aim of this study was to gain
more insight in the processes that take place during the initiation of cell-mediated
mineralization (chapters 2 and 3) and the effectors involved in these processes
(chapters 4 and 5). The mouse embryonal carcinoma-derived ATDC5 cell line was
used in our studies, since it is known to be a suitable model to investigate cellmediated mineralization [12;13].
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2. How is cell-mediated mineralization initiated in ATDC5 cells?
As described in chapter 2, ATDC5 cells form large mineralizing structures (LMS)
in 2 hours in medium containing additional Pi in the absence of serum. Serum is
known to contain the mineralization inhibitor fetuin, which may explain the
relatively short time period required for mineral crystal formation [14-16].
Excluding serum from the medium also shortened the cell culture period, since
LMS formation is independent of the presence of an extracellular matrix.
The hydroxyapatite crystals (or LMS) in the serum-free cell culture system were
able to expand rapidly to sub millimeter dimensions in the medium, which to our
knowledge has never been reported before. LMS were shown to contain cells,
which were observed to be stretched apart and integrated in the crystal. If the
mineral crystals had developed onto extracellular matrix proteins, we would not
expect cells to be stretched apart. Since non-collagenous phosphoproteins are
generally extracellular matrix proteins, the formation of LMS does not fit in the
theory of nucleating non-collagenous phosphoproteins (third theory) [8-10]. By
that same reasoning we suggest that these crystals also did not develop in
extracellular vesicles, like MVs (first theory) or apoptotic bodies (second theory).
For comparison, mineralizing structures observed in staurosporin-treated cells,
which may be nucleated in secreted apoptotic bodies [17-19], do not resemble
LMS and do not contain disordered nuclei. We speculate that the most likely
explanation for the formation of LMS is that various crystal nucleation cores are
formed inside the cell in different subcellular locations and subsequently grow into
different directions, stretching the cell apart. The presence of multiple
mineralization cores inside a cell was indeed observed under circumstances that the
mineralization process was stalled by the inclusion of serum in the medium. Based
on these observations, we suggest an alternative theory of the initiation of
mineralization, which is that the first crystal formation may start intracellularly as
proposed by Stanford et al. (1995) [20]. Of note, we could only clearly observe
intracellular crystals in apoptotic or leaky cells (e.g. Fig. 7 chapter 2 and Fig. 2
appendix A), which suggest that Pi-induced mineralization results in cell death.
Since mineral crystals may be toxic to the cell, it may also be possible that the cells
subsequently secrete the intracellularly formed crystals, as a protective mechanism
to remove the crystals. In view of the suggestion that mineralization may start
intracellularly, it is intriguing that annexin V was translocated from the cytosol to
the membrane after addition of Pi. This translocation was partly inhibited by the Pi
transporter inhibitor phosphonoformic acid in parallel with inhibition of LMS
formation. Translocation of annexin V to the membrane has been shown to be
calcium dependent and reported to result in the formation of calcium transport
channels in a PS rich membrane [21-23]. This suggests that Pi may induce calcium
transport into the cells, and subsequently crystals may develop intracellularly.
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Therefore, in chapter 2, appendix B cytosolic free calcium was measured after
addition of Pi. However, the cytosolic free calcium concentration was not
significantly increased in the ATDC5 cells after addition of Pi compared to the
control cells (without addition of Pi). Explanations for this result may be that Pi
induced Annexin V translocation is mediated via another pathway than cytosolic
calcium influx or that Pi raises calcium concentrations only locally close to the
membrane.
The cytoplasmic free calcium is normally maintained at about 0.1 µM, which is
very low relative to the extracellular fluid ([Ca2+] =1.2 mM) [24]. Therefore, it
seems likely that for the intracellular induction of mineralization calcium and Pi are
compartmentalized in an intracellular organelle. Such an organelle must have the
capacity to increase its calcium and Pi concentration. Furthermore, distortion of
this particular organelle is likely to result in apoptotic cells, because we observed
calcium containing crystals predominantly in apoptotic cells (chapter 2, appendix
A). Since intracellular concentrations of calcium and Pi are regulated by
mitochondria and mitochondrial dysfunction is known to trigger apoptosis,
mitochondria may be candidates for the formation of the first crystal nuclei in
ATDC5 cells [25;26]. Pi influx into the mitochondria is necessary during oxidative
phosphorylation for conversion of adenosine diphosphate (ADP) to adenosine
triphosphate (ATP) [27].
Calcium influx is required to activate certain
hydrogenases coupled to the Krebs cycle [25]. In addition, the import of calcium
into the mitochondria may also be important for removing calcium from the cytosol
[26]. When the calcium concentration in the mitochondria becomes too high it may
induce the irreversible opening of the permeability transition pore (PTP). This will
then result in calcium release from mitochondria, collapse of the membrane
potential and uncoupled ATP synthesis [26]. It has been reported that addition of Pi
(> 1 mM) to cultured chondrocytes causes a decrease in mitochondrial membrane
potential, which indicates that Pi signals to the mitochondria [6;28]. In addition, it
has been shown that elevated cytosolic Pi can induce mitochondrial membrane
permeability transition [29]. In this altered state, proteins on the inner and outer
mitochondrial membranes dissociate with a loss of selective permeability, resulting
to the death pathway [30;31]. However, the free calcium concentration in
mitochondria is normally approximately 40 µM [32], which is possibly too low to
complex with Pi, unless other unknown nucleating factors, such as increase in pH,
exclusion of mineralization inhibitors, or specific nucleating proteins are present in
the mitochondria.
Alternatively, the first mineral crystals may form in the endoplasmatic reticulum
(ER) in ATDC5 cells. The ER is the most important calcium storage compartment
in most cells and acts as an intracellular calcium buffer, which is important for the
removal of excess cytosolic calcium that may be accumulated during physiological
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stimulation [24;33]. Calcium is sequestered into the ER by ATP consuming pumps
known as the sarco-endoplasmic reticulum calcium ATPases (SERCAs) [33]. The
calcium concentration varies in the ER between 0.1 – 1 mM [24;34]. In addition,
emerging evidence suggests that the ER also regulates apoptosis, since calcium
release from the ER, has been implicated as a key regulator event in many
apoptotic models [35]. Depending on the mode of calcium release it may either
directly activate death effectors or influence the sensitivity of mitochondria to
apoptotic transitions [35]. Based on these properties, the ER is also a candidate for
the first mineral crystal formation. However, little is known about the Pi
concentration in the ER and eventually Pi transport into the ER lumen when
cytosolic Pi is increased.
It may also be possible that ATDC5 cells precipitate calcium and Pi by taking up
tissue fluid by endocytosis or pinocytosis (cellular drinking). Pinocytosis involves
the ingestion of tissue fluid and solutes via small vesicles (≤ 150 nm) [36]. These
vesicles then contain tissue fluid with 1.2 mM calcium and an elevated Pi
concentration. Subsequently, molecules in these vesicles may be delivered to early
endosomes were mineralization may start. Alternatively, endosomes may fuse with
lysosomes and it may be possible that calcium and Pi ions are sequestered in
lysosomes, which may subsequently form residual bodies [36]. Calcium Pi
precipitation in these subcellular compartments may be normally inhibited due to
the acidic pH in the lumen (lysosomal pH ~5). This acidic pH is generated by an
H+ ATPase in the lysosomal membrane that pumps H+ into the lumen [36]. When
for any reason (Pi-induced) these pumps are not functioning anymore, the
subsequent increased pH may result in calcium Pi precipitation in the
lysosomes/residual bodies.
3. Effectors involved in the mineralization process
3.1 Factors that affect the formation of calcium phosphate crystals
The results obtained in the study described in chapter 3 show that soluble factors
released by ATDC5 cells can affect the formation of calcium Pi crystals. In this
study, subconfluent cultured ATDC5 cells were incubated for 1 hour in medium
without serum. Subsequently, medium was harvested and incubated for 24 hours in
the presence of additional Pi. This resulted in the formation of flat mineralizing
structures (FMS), consisting of complex irregularly shaped flat crystals, which
occasionally contained fiber-like structures. Without pre-incubation of medium
with cells, only small punctuate calcium Pi crystals formed. The formation of FMS
was shown to be caused by soluble factures constitutively released by ATDC5
cells. FMS formation is different from LMS formation described in chapter 2, since
FMS do not contain cells. Furthermore, the incubation period for mineral crystal
115

Chapter 6

formation was 24 hours for FMS versus 2 hours for LMS and LMS (sub millimetre
size range) were bigger than FMS (approximately 40 µm in size).In the 2 hour time
period required for LMS formation calcium Pi precipitation did not occur in
medium without cells, in contrast to the 24 hour time period required for FMS
formation. This may suggest that LMS contain cell specific crystal nucleating
factors. The secreted factors involved in FMS formation may possibly play a role
in the growth phase of LMS formation once in the initial phase the crystal nucleus
has been formed.
3.2 Effect of the nitric oxide donor drug sodium nitroprusside on mineralization
In our search for agents that can affect mineralization we found that the NO donor
sodium nitroprusside (SNP) inhibits mineralization by more than 60% at a
concentration of 10 µM. This is described in chapter 4. The relevance of this study
is that SNP is used therapeutically in heart transplantations for its potent
vasodilating effects [37-39]. Based on the results of this study, it seems likely that
this treatment also induces inhibition of vascular calcification. However, the
inhibition of mineralization by SNP was not affected by inhibitors of guanylyl
cyclase nor mimicked by a cGMP analog, as observed in the case of vasodilating
effect of SNP [40]. Furthermore, sodium nitroprusside did not inhibit Pi uptake nor
inhibited apoptosis in the ATDC5 cells. Therefore, a follow up study was
performed in chapter 5, which led to the conclusion that, although SNP is generally
described as an NO donating drug in biological and medical literature, its inhibiting
effect on mineralization is not mediated by NO, but rather by releasing iron. To our
knowledge no effects of iron ions on mineralization in vitro have been described.
Other metal ions have been reported to inhibit mineralization in vitro. For example,
aluminum has been reported to inhibit mineralization in vitro, as well as
manganese, fluoride and zinc at concentrations of 10 µM or greater [41-46]. An
inhibitory effect of zinc at a concentration of 100 µM on mineralization was also
found in our cell culture system (data not shown). The mechanism by which iron
inhibits mineral formation is as yet not known. Possibly iron may become
incorporated into the hydroxyapatite crystal, and interfere with crystal growth [46].
Alternatively, iron might block the intravesicular Ca2+-Pi-phospholipid complexes
or through inhibiting the function of annexin channels [47;48].
4. Future directions
Although we observed intracellular mineral crystals in our ATDC5 model system
(chapter 2 and appendix A to chapter 2) we were unable to define in which
subcellular compartment the initial crystals develop. Therefore, an interesting
future direction is to investigate whether and in which subcellular compartment the
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first mineral crystal forms. This can be performed by live cell calcium imaging of
organelles like the ER, mitochondria and lysosomes [32;34]. It is also interesting to
perform live cell imaging studies with a pH indicator to investigate whether a local
intracellular increase in pH is occurring during the induction of mineralization.
Electron microscopy studies with antibodies for the putative mineralizing
organelles at earlier stages of mineralization may also clarify in which subcellular
compartment mineralization is initiated. Alternatively, it is worth trying to isolate
the calcein labeled mineral crystals by a fluorescent-activated cell sorter (FACS)
and subsequently analyze the proteome. Using this approach an interesting
nucleating protein might also be identified.
To investigate which soluble factors released by ATDC5 cells affect the formation
of calcium Pi crystals, one can fractionate the soluble proteins released by ATDC5
cells by column chromatography. Fractionated proteins can then be tested for the
effect on calcium Pi formation in the model described in chapter 3. Alternatively, it
is interesting to investigate whether the soluble factors, contain other factors than
proteins, like for example phospholipids.
Based on the results of the studies in chapters 4 and 5, it seems that vasodilating
therapeutic treatment with SNP during heart transplantations also induces
inhibition of vascular calcification. Calcification accounts for 60% of implanted
cardiac tissue failure [49;50]. An interesting future direction is to investigate the
therapeutic use of SNP to inhibit calcification in cardiac tissue transplantation.
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Inleiding
Mineralisatie in een organisme is het afzetten van kalkzouten (die voornamelijk
bestaan uit calcium en fosfaat) in dood of levend weefsel. Mineralisatie of
verkalking is essentiëel voor de ontwikkeling van botten en wordt gemediëerd door
specifieke cellen in het bot. Botten zijn cruciaal voor het menselijke lichaam en
hebben een skelet- (bescherming interne organen, steun en biomechanische
beweging), een beenmerg- (hematopoëtisch) en een metabole functie (reservoir
mineralen). Normaal gesproken mineraliseren andere organen dan bot niet, maar
onder bepaalde pathologische condities mineraliseren organen als
gewrichtskraakbeen en bloedvaten toch. Mineralisatie van gewrichtskraakbeen
(artrose) leidt tot afbraak van gewrichtskraakbeen, ontsteking (artritis),
biomechanische stijfheid en ernstige pijn. Daarentegen leidt mineralisatie van de
bloedvaten (aderverkalking) tot vernauwing van de bloedvaten. Dit is het
gevaarlijkst als bijvoorbeeld de bloedvaten van de hersenen en het hart dichtslibben.
Doordat de doorgang in de bloedvaten nauwer is geworden, kan het bloed
moeilijker het gebied achter de vernauwing bereiken. Bij vaatvernauwing kan
achterliggend weefsel te weinig zuurstof krijgen en afsterven. Dit kan in een
ernstig geval leiden tot het sterven van een organisme. Over het algemeen werd er
in het verleden gedacht dat pathologische mineralisatie het gevolg was van
fysiochemische precipitatie (geen cellen voor nodig) van een te hoge calcium en
fosfaat concentratie. Recente onderzoeken hebben echter aangetoond dat
pathologische mineralisatie een gereguleerd proces is dat veel gelijkenissen heeft
met het gereguleerde proces van botvorming.
In een organisme wordt tijdens de embryogenese 2 anatomisch verschillende typen
bot gevormd: pijpbeenderen (bv. een dijbeen) en platte beenderen (bv. de schedel).
Deze typen ontstaan op verschillende wijzen. Pijpbeenderen ontwikkelen zich door
een proces van botvorming uit kraakbeen: endochondrale ossificatie. Tijdens de
endochondrale ossificatie differentiëren mesenchymale stamcellen (een type
stamcel uit het beenmerg) zich op een bepaald moment in kraakbeencellen
(chondrocyten) (Hfst 1, Fig. 1, panel 2). Deze cellen zijn ingebouwd in een
collageen matrix die voornamelijk bestaan uit water, suikers en type-II collageen
en vormen door middel van celdeling het eerste been model. Op een bepaald
moment gaan de chondrocyten mineraliseren. Vervolgens invaseren bloedvaten het
gemineraliseerde kraakbeen. Via deze bloedvaten migreren botcellen (osteoblasten)
naar het gemineraliseerde kraakbeen. Osteblasten groeien dan op de
gemineraliseerde matrix en zetten een botmatrix af dat voornamelijk bestaat uit
Type-I collageen. De chondrocyten verdwijnen voor een groot deel, maar in een
specifiek gebied van het gevormde bot, de groeischijf, blijven de chondrocyten
bestaan en delen. Aan de uiteinden van de groeischijf mineraliseren chondrocyten
en uit het bloed dringen vervolgens weer osteoblasten het beginnende botstuk
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binnen die groeien op de gemineraliseerde matrix. In het centrum van de
groeischijf blijven chondrocyten delen (zo word je langer). Dit proces gaat door tot
het einde van de puberteit. Dan mineraliseert de groeischijf volledig.
Platte beenderen ontstaan door zogenaamd intramembraan ossificatie (Hfst 1, Fig.
1, panel 1). Hierbij is er geen kraakbenige tussenfase, maar vormen de
mesenchymale stamcellen direct losmazig collageen. Osteoblasten komen ingebed
te liggen in het gevormde, gemineraliseerde netwerk en vormen vervolgens een
nieuwe botmatrix. Hieruit ontstaat door remodellering een georganiseerde
botstructuur, net zoals bij endochondrale ossificatie.
Osteoblasten zijn gespecialiseerde stromacellen die exclusief zorgen voor de
vorming, de afzetting en de mineralisatie van botweefsel. Ze komen voort uit
dezelfde basiscellen als de chondrocyten, namelijk de mesenchymale stamcellen.
De differentiatie van de stamcellen wordt gereguleerd door activering van
specifieke transcriptiefactoren (DNA regulatoren) en eiwitten. Wanneer de
differentiatie van osteoblasten uit mesenchymale cellen eenmaal in gang is gezet,
ontwikkelen de zogenoemde osteoprogenitoren, snel tot pre-osteoblasten. Als rijpe
osteoblasten de botmatrix hebben gevormd, gaat een deel dood (ongeveer 70%) en
wordt een deel (ongeveer 30%) ingevangen in de botmatrix. Deze ingevangen
cellen differentiëren tot osteocyten. Osteocyten kunnen geen bot vormen of
afbreken. Hun taak is de architectuur van het bot in stand te houden en ervoor te
zorgen dat bot zich kan aanpassen aan mechanische en chemische invloeden.
Naast de aanmaak van bot door osteoblasten, wordt bot ook continu afgebroken
door gespecialiseerde cellen, de osteoclasten. Osteoclasten worden gevormd door
fusie van mononucleaire voorlopercellen die voortkomen uit hematopoïetische
(bloedvormende) stamcellen. De regulering van de botafbraak door osteoclasten
omvat een complex geheel van interacties tussen hormonen, osteoblasten,
osteocyten en osteoclasten. Tijdens groei zijn voornamelijk osteoblasten actief
(opbouw van bot) en tijdens veroudering zijn de osteoclasten (afbraak van bot)
voornamelijk actief.
Recent onderzoek heeft aangetoond dat tijdens pathologische mineralisatie gladde
spiercellen uit bijvoorbeeld de bloedvaten kunnen differentiëren tot osteoblasten.
Tijdens aderverkalking wordt soms compleet bot met osteoblasten, osteoclasten en
beenmerg gevormd. Hetzelfde is inmiddels bekend van gemineraliseerd articulair
gewricht kraakbeen (artrose). Gladde spiercellen zijn net als botcellen en
kraakbeencellen afkomstig van de mesenchymale cellen. Het zou mogelijk kunnen
zijn dat om de één of andere reden deze cellen differentiëren tot botcellen, dat
theoretisch een eindstadium lijkt te zijn van mesenchymale cel differentiatie. Het is
echter tot op heden niet bekend waarom deze cellen mineraliseren en hoe dit
mechanisme gereguleerd is.
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Resultaten beschreven in dit proefschrift
In het eerste hoofdstuk wordt beschreven wat er in de literatuur bekend is over celgemediëerde mineralisatie. In dit hoofdstuk worden 4 verschillende theorieën
beschreven over hoe mogelijk cel-gemediëerde mineralisatie is gereguleerd. De
eerste theorie omschrijft de rol van matrix vesicless bij het begin proces van
mineralisatie. Matrix vesicles zijn kleine blaasjes (ongeveer 0.1-1 µm groot) die
afgesnoerd worden van de plasmamembraan van de chondrocyt, osteoblast of
gladde spiercel. Wat nu precies de cel stimuleert om deze blaasjes af te snoeren is
niet bekend. Het is wel bekend dat nadat deze blaasjes afgesnoerd zijn en
geïmmobiliseerd zijn in de extracellulaire matrix, ze calcium en fosfaat opnemen
en deze ionen precipiteren. Op deze manier zou mogelijk het eerste kristal kunnen
ontstaan tijdens het mineralisatie proces.
De tweede theorie omschrijft de rol van geprogrammeerde celdood (apoptose) bij
het beginproces van mineralisatie. Een verhoogd fosfaat concentratie zou ervoor
kunnen zorgen dat geprogrammeerde celdood geïnduceerd wordt. Tijdens
geprogrammeerde celdood splitsen kleine bollen met cytoplasma met celinhoud
zich af (apoptotische lichaampjes) waarin calcium- en fosfaat ionen mogelijk
kunnen precipiteren. Dit gebeurt waarschijnlijk omdat in deze apoptotische
lichaampjes specifieke negatief geladen vetten (phosphatidylserine) op het
oppervlak van de plasmamembraan voorkomen. Deze vetten binden calcium en
samen met een verhoogt concentratie fosfaat in de weefselvloeistof precipiteren
deze ionen tot een kristal.
De derde theorie omschrijft de rol van specifieke eiwitten bij het begin proces van
mineralisatie. De toegenomen fosfaat concentratie in de weefselvloeistof zorgt
ervoor dat de cel bepaalde eiwitten gaat uitgescheiden in de extracellulaire matrix.
Deze eiwitten kunnen calcium- en fosfaat ionen precipiteren. Daarnaast kunnen
specifieke eiwitten ook mineralisatie remmen. Als één van deze eiwitten
verminderd of afwezig is, ontstaat mineralisatie. In serum (bloedcomponenten) zit
bijvoorbeeld een hele belangrijke sterke mineralisatie remmer. Cellen produceren
zelf ook mineralisatie remmers. Samengevat staan de verbanden tussen deze
verschillende theorieën in Hfst 1, Fig. 2.
Gebaseerd op de verschillende theorieën zijn er nog veel vragen over hoe nu
precies cel gemediëerde mineralisatie begint. Daarom was de doelstelling van dit
promotieonderzoek, te bestuderen hoe mineralisatie begint in een celkweeksysteem.
Daarvoor is gebruik gemaakt van de ATDC5 cellijn. Dit is een muizen cellijn die
geschikt is om mineralisatie op cel niveau te bestuderen. In 2 weken ontwikkelen
deze cellen een extracellulaire matrix en kan mineralisatie geïnduceerd worden na
toevoeging van extra fosfaat. Mineralisatie is dan na 24 uur te detecteren.
De resultaten beschreven in het hoofdstuk 2 laten zien dat het verwijderen van
serum in het celkweek system resulteert in de formatie van grote mineralisatie
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structuren. Dit proces duurt 2 uur. Verder is waargenomen dat in het
celkweeksysteem zonder serum de grote mineralisatie structuren drijven in het
celkweek medium (vloeistof op de cellen) en ze zichtbaar zijn met het blote oog.
Tijdens microscopische studies van de grote mineralisatie structuren is
waargenomen dat de cellen in deze structuren uit elkaar getrokken zijn. Een
mogelijke verklaring hiervoor is dat het eerste calcium fosfaat kristal intracellulair
(in de cel) ontstaat. In Fig. 7 van hoofdstuk 2 en appendix A bij hoofdstuk 2 is
daarom bestudeerd waar de mineralisatie structuren met de mineralisatie remmer,
serum, zich bevinden in het celkweeksysteem. Uit microscopische studies blijkt dat
de mineralisatie structuren in het celkweeksysteem met serum klein zijn (~ 0.1 – 1
µm) en dat de mineralisatie structuren nog intracellulair liggen in cellen die
geprogrammeerd zijn om dood te gaan. Om uit te sluiten dat de formatie van de
grote mineralisatie structuren niet geïnduceerd wordt door enkele dode
(apoptotische) cellen in het medium van het celkweeksysteem, werden cellen
vooraf doodgemaakt en zonder serum geïnduceerd om te mineraliseren. Echter,
vooraf doodgemaakte cellen zonder serum kunnen geen grote mineralisatie
structuren vormen. Dit wijst erop dat een cel in eerste instantie levend moet zijn
om grote mineralisatie structuren te vormen. Verder blijkt uit de resultaten van het
hoofdstuk 2 dat een fosfaat transporter remmer (remt fosfaat transporters in de
membraan) de formatie van de grote mineralisatie structuren remt. Dit suggereert
dat een cel eerst fosfaat moet opnemen om het mineralisatie proces te starten.
Vervolgens is onderzocht of fosfaat mineralisatie in de cel (intracellulair) induceert.
Daarvoor is gekeken of annexin V transloceert van het cytosol naar de membraan.
Annexin V is een eiwit dat zich normaal gesproken bevindt in het cytosol, maar in
aanwezigheid van een verhoogd calcium concentratie in de cel aan de cel
membraan bindt. Uit de resultaten van dit onderzoek blijkt dat fosfaat annexin V
translocatie induceert van het cytosol naar de membraan in alle cellen in het
celkweek systeem. Waarschijnlijk gebeurt dit doordat fosfaat de cel stimuleert
intracellulair de calcium concentratie te verhogen. Daarom is in appendix B bij
hoofdstuk 2 de calcium concentratie gemeten in het cytosol van cellen die
geïnduceerd waren om te mineraliseren. De calcium concentratie nam in het
cytosol niet toe in de mineralisatie geïnduceerde cellen. Mogelijk induceert fosfaat
de annexin V translocatie via een ander mechanisme of wordt calcium direct door
de cellen weggepompt in specifieke organellen (bijvoorbeeld het endoplasmatisch
reticulum of de mitochondriën).
In hoofdstuk 3 is bestudeerd of de ATDC5 cellen eiwitten afgeven die de formatie
van calcium fosfaat kristallen beïnvloeden. Uit de resultaten van dit hoofdstuk
blijkt dat cellen continu oplosbare factoren afgeven die de formatie van calcium
fosfaat kristallen kunnen beïnvloeden. Deze eiwitten zijn geïsoleerd uit de
kristallen en gekarakteriseerd. Uit de proteomics data (eiwit analyse) blijkt dat er
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een specifieke set van serum eiwitten, cytosolaire eiwitten en extracellulaire matrix
eiwitten inzitten. Bulk cytosolair eiwitten afkomstig van gehomogeniseerde cellen
en serum eiwitten konden niet de formatie van calcium fosfaat kristallen
beïnvloeden. Verder is waargenomen dat fibronectin knock-out cellen (cellen die
het matrix eiwit fibronectin niet meer kunnen vormen) nog steeds de vorming van
calcium fosfaat kristal kunnen beïnvloeden, net zoals cellen die wel fibronectin
kunnen vormen. Uit de resultaten van dit hoofdstuk blijkt dat de cellen specifieke
nog niet gekarakteriseerde oplosbare factoren afgeven die de vorming van het
kristal kunnen beïnvloeden.
In hoofdstuk 4 is het effect van de stikstof mono-oxide (NO) donor sodium
nitroprusside (SNP) op mineralisatie bestudeerd. SNP is een farmacologische stof
dat veel gebruikt wordt bij harttransplantaties om de bloeddruk te verlagen. Uit de
resultaten van dit hoofdstuk blijkt de SNP bij een zeer lage concentratie (10 µM)
mineralisatie remt in het celkweeksysteem. De relevantie van dit onderzoek is dat
SNP naast het verlagen van de bloeddruk mogelijk ook pathologische mineralisatie
remt. Deze remming bleek niet via het NO/cyclisch-guanosinemonofosaat
(molecuul) gemediëerde signaal transductie route (een signaal dat wordt herkend
door de cel en vervolgens omgezet in een specifieke set van gebeurtenissen in de
cel) mineralisatie te remmen. SNP bleek noch mineralisatie te remmen door fosfaat
transport in de cel te remmen en noch door het remmen van geprogrammeerde
celdood. In hoofdstuk 6 is het effect van SNP op mineralisatie verder onderzocht.
Uit de resultaten van dit hoofdstuk blijkt dat SNP niet mineralisatie remt door NO
af te geven, maar door uit elkaar te vallen in een ijzer component. IJzer blijkt net
als SNP bij een zeer lage concentratie mineralisatie in het celkweeksysteem te
remmen.
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Abbreviations
APase
β-GP
BAG-75
BSA
BSP
cGMP
cGK
DMP1
EDTA
FMS
FT-IR
HAP
LMS
MVs
NO
NOS
NCPs
OC
ON
OPN
PBS
Pi
PS
PFA
SDS PAGE
sGC
SNP

alkaline phosphatase
betaglycerophosphate
bone acidic glycoprotein-75
bovine serum albumin
bone sialoprotein
cyclic guanosine-3’,5’monophosphate
cGMP dependent protein kinases ()
dentin matrix protein-1
ethyleendiamine tetraacetate
flat mineralizing structures
fourier transform infrared
hydroxyapatite
large mineralizing structures
matrix vesicles
nitric oxide
nitric oxide synthase
non-collagenous proteins
osteocalcin
osteonectin
osteopontin
phosphate buffered saline
phosphate
phosphatidylserine
phosphonoformic acid
sodium dodecyl sulfate polyacrylamide gel electrophoresis
soluble guanylyl cyclase
sodium nitroprusside
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Dankwoord
Zo en dan nu het dankwoord. Natuurlijk is dit proefschrift niet door mij alleen tot
stand gekomen: daar zijn er vele mensen bij betrokken geweest. Allereerst wil ik
mijn co-promotor Bas Vaandrager bedanken. Bas, wat ben ik blij dat ik jou als
begeleider heb gekregen. Ik heb zoveel van je geleerd en dat alles op zo’n prettige
manier. Altijd stond je deur open, zodat ik de vrijheid nam regelmatig binnen te
lopen als ik iets wilde overleggen of het gewoon niet meer snapte. Ik zal de
samenwerking met jou en onze vele wetenschappelijke discussies missen. Ook
jouw enthousiasme voor de wetenschap heeft aanstekelijk gewerkt en als ik het
even niet meer zag zitten, dacht ik ‘gewoon even met Bas kletsen’ en dan zag ik
het daarna allemaal weer positief in. Verder wil ik mijn promotor Bernd Helms en
co-promotor René van Weeren bedanken. Elke maand hadden we een gezamenlijke
werkbespreking. Tijdens die werkbesprekingen was de sfeer ontspannen, gezellig,
leerzaam en werden er vooral nieuwe ideeën gecreëerd. Naar mijn mening
vormden we met zijn vieren een goed team waarin ieder zijn eigen kwaliteit had.
Mijn promotor Ab Barneveld wil ik ook bedanken. Ik heb je gedurende het project
niet vaak gezien, maar ik begreep later dat je op de achtergrond alles nauwlettend
in de gaten hielt. Als team van begeleiders wil ik jullie tenslotte bedanken voor de
grote mate van vrijheid en voor het vertrouwen dat ik van jullie heb gekregen. Dit
heeft zeker een positieve bijdrage geleverd aan mijn wetenschappelijke
ontwikkeling.
Verder wil ik de mensen bedanken die mij met het praktische werk geholpen
hebben. Ik herinner me nog goed dat toen ik aan mijn promotieonderzoek begon, ik
nog nooit een celkweek fles had gezien. Wil Klein en Martin Houweling, ik wil
jullie bedanken dat jullie mij de fijne kneepjes van deze labvaardigheid hebben
geleerd. Mijn project was er immers honderd procent afhankelijk van. Voor de hulp
bij de calcium bepaling wil ik Hugo Wouterse bedanken. Ik herinner me nog de
eerste keer dat ik met behulp van deze meting na een jaar zweet, bloed en tranen
voor het eerst mineralisatie in het celkweeksysteem waarnam. Dat was een mooi
moment. Zoals blijkt uit mijn proefschrift heb ik ook heel veel gebruik gemaakt
van de faciliteiten van het centrum voor cellulaire beeldvorming. Voor het leren
omgaan met de elektronen microscoop, fluorescentie microscoop en de multifoton
microscoop wil ik Ton Ultee, Laura van Weeren en Anko de Graaff bedanken. Ik
heb er bewondering voor met hoeveel geduld jullie de bediening van deze
apparatuur kunnen uitleggen en jullie leken ook nooit geïrriteerd als ik in het begin
jullie binnen 5 minuten tenminste 3 keer moest storen. Dan had ik weer op een
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knopje gedrukt waarvan ik de uitwerking niet begreep. Of het apparaat deed
simpelweg gewoon niet wat ik wilde. Als dan het apparaat toch deed wat het moest
doen en ik toch niet het bevredigende resultaat zag, dan ging ik naar Richard
Wubbolts. Richard, bedankt voor je tijd, uitleg en goede tips. Aan het einde van
mijn project heb ik van Remco Westerink nog een techniek geleerd voor
intracellulair calcium imaging. Remco, ik heb de samenwerking met jou als prettig
ervaren.
Ook wil ik alle collega’s van de hoofdafdeling biochemie en celbiologie bedanken
voor de gezelligheid en roddels op het lab. Het was een interessante werkomgeving.
Renske, Edita, Yi-lo en Patricia, ik heb leuke gesprekken met jullie gehad en jullie
waren gezellige labgenoten. Ruud, Ynske, Josse en Mijke, ik heb hele leuke tijden
met jullie op het lab gehad en ik wil nog even kwijt dat meer dan je denkt om de
pH draait. Michiel, Suus, Anita, Koen v G. jullie waren gezellige kamergenoten.
Verder wil ik ook Kim, Onno, Klaas-Jan, Martin v E., Danny, Evert, Karin, JanWillen en Sonja bedanken voor de gezelligheid op de afdeling. Wat ik vooral
prettig aan jullie allemaal heb gevonden is dat er altijd wel iemand was waarbij je
kon klagen of zeuren als je daar behoefte aan had. Meestal bleek je dan niet de
enige te zijn en gedeelde smart is halve smart. De humor die daaruit voortkwam
vond ik echt geweldig. Voor de feedback, betrokkenheid en interesse wil ik ook
Dora, Jaap, Bart, Jos, Coos, Lodewijk en Marion bedanken. Judith, jou wil ik ook
nog bedanken voor het regelen van praktische zaakjes zoals: waar kan ik het beste
subsidies aanvragen, ik wil een nieuwe computer, mijn stoel is verrot, wanneer
heeft Bernd nou eens tijd, wie moet ik hebben van personeelszaken, waar staan nu
de huidige promotie reglementen op de website en hoe werkt nu dat nieuwe
systeem enz, enz. Je handelde dit soort zaakjes altijd verbazingwekkend
doortastend en snel af.
Harry Otter van de afdeling Multimedia wil ik bedanken voor de lay-out van mijn
proefschrift. Dat deed je binnen een paar uur en waardoor ik veel sneller klaar was
met het proefschrift dan ik van te voren gedacht had.
Naast de mensen van het lab ben ik ook dank verschuldigd aan andere mensen in
mijn omgeving. De uitslag van mijn experimenten had een behoorlijk effect op
mijn humeur, zeker de eerste paar jaar. Voor de steun in deze perioden wil ik mijn
paranimfen Lot en Thirza bedanken. Ik heb het als heel prettig ervaren dat jullie
altijd klaar voor me staan en achter mij staan. Als ik met één van jullie gesproken
had, was de donkere wolk die boven mijn hoofd hing weer weggewaaid. Ook wil ik
Linda, Petra, Ingrid, Leonie B., Marieke van de V. en mijn vrienden die ik ontmoet
heb in Nieuw Zeeland (Ariëtte, Marieke K, Renske v T., Tamara, Janneke, Erik,
Dennis en Evert) bedanken voor een luisterend oor.
Lieve Koen hoe ik jou moet bedanken zou ik gewoon niet weten. Allereerst was je
in mijn eerste jaar een gezellige humoristische collega, waar vooral mee te lachen
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viel. Dat werd al gauw een interessante collega waar meer in zat. Daarna heb ik
zoveel steun van je gehad. Zowel inhoudelijke ideeën voor het project dat zeer
nuttig was als ook een luisterend oor wanneer er tegenslag was in het project. Een
kunst van jou is, dat wanneer mijn humeur echt een diepte punt heeft bereikt, je me
toch nog aan het lachen kunt maken.
Dan nog mijn broer en lieve ouders. Wat ben ik blij met jullie en wat hebben jullie
mij goed gesteund. Altijd staat bij jullie de deur open, is het er warm, gezellig en
vertrouwd. Dat geeft toch zo’n prettig geborgen gevoel. Zodat wanneer ik bij julie
ben, me realiseer dat alles maar relatief is.
Leonie
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Curriculum Vitae
De auteur van dit proefschrift werd geboren op 30 juli 1978 te Soest. De HAVO en
daaropvolgend het VWO werden doorlopen op het Baarnsch Lyceum te Baarn,
waar in 1995 het HAVO diploma werd behaald en in 1997 het VWO diploma. In
augustus datzelfde jaar werd begonnen met de studie Medische Biologie aan de
Vrije Universiteit van Amsterdam. Tijdens de studie Medische Biologie voerde zij
haar eerste stage uit bij de hoofdafdeling Gezelschapsdieren in samenwerking met
de hoofdafdeling Gezondheidszorg Paard aan de Faculteit der Diergeneeskunde
aan de Universiteit Utrecht onder begeleiding van Prof. Dr. B. van Oost en Dr. W.
Back. Het project betrof genetisch onderzoek naar osteochondrose bij het KWPN
paard en onderzoek naar de overerving van de vachtkleur bij het Nederlands
Trekpaard. Haar tweede stage voerde zij uit aan de Faculty of Veterinary Medicine
aan de Massey University in Nieuw Zeeland onder begeleiding van Prof. Dr. E.
Firth en Dr. C. Rogers. Het project betrof de kwantificatie van de impact op het
musculoskelet systeem tijdens de training van Engels Volbloed renpaarden. Na het
afronden van deze stage werd het docteraal diploma in 2002 gehaald. Direct
aansluitend werd een aanstelling verkregen als Assistent in Opleiding (AIO) bij de
hoofdafdeling Biochemie en Celbiologie in samenwerking met de hoofdafdeling
Gezondheidszorg Paard aan de Faculteit der Diergeneeskunde aan de Universiteit
Utrecht. Tijdens deze aanstelling is promotieonderzoek verricht onder begeleiding
van Prof. Dr. J.B. Helms, Prof. Dr. A. Barneveld, Dr. A.B. Vaandrager, Dr. P.R.
van Weeren, Dr. C.H.A. van de Lest.
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