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What You Will Learn in This Chapter
This chapter discusses the development of the bone-forming cells that are all descendants
from the mesenchymal stem cells (MSCs). MSCs have the ability to self-renew and provide a
pool for osteoprogenitors. However, MSCs can also differentiate into cells of the mesoder-
mal cell line, which besides the bone-forming cells include chondroblasts, adipocytes, and
muscle cells. Hormones, local factors, and the extracellular matrix program the MSCs into
the distinct differentiation pathways. Especially, the inverse relationship between osteo-
genesis and adipogenesis plays a pivotal role for bone formation and maintenance of the
bone. During differentiation of the osteoblastic lineage, cells pass distinct states with dis-
tinct roles in the bone-forming process, i.e., matrix synthesis and mineralization as well as
regulation of bone remodeling which appears to be mainly directed by osteocytes.
Moreover, osteocytes have important endocrine functions as they secrete factors into circu-
lation that regulate other organs of the body.

In the second part of this chapter, several experimental systems to study bone cell dif-
ferentiation and mineralization are presented and discussed.

2.1 From Mesenchymal Stem Cells to Osteocytes

Osteoblasts, bone lining cells, osteocytes, chondrocytes, adipocytes, myoblasts, and
fibroblasts differentiate all from common precursor cells present in the non-
hematopoietic compartment of the bone marrow, the mesenchymal stem cells (MSCs).
Cells committed to skeletal cells are also referred to as adventitial reticular cells (ARCs)
or CXCL12-abundant reticular (CAR) cells in the murine bone marrow [1]. MSCs reside
in the trabecular space (stem cell niche) in common with hematopoietic stem cells,
which are the founder cells of the hematopoietic lineage, the source for the bone remov-
ing osteoclasts. Additionally, endothelial cells and their progenitors reside in the stem
cell niche as well.

Differentiation of the MSCs is regulated on the one hand by a tight interaction between
the cells but also by local and hormonal factors activating or repressing gene transcription.
This happens by cell surface-bound receptors, which can interact either with cell surface-
bound ligands or mobile ligands. Moreover, the receptors might be located intracellularly
within the cytoplasm as found with some steroid hormones like the estradiol receptor,
moving into the nuclei after hormone binding or directly bound to DNA in the nucleus as
the thyroid receptor. In addition, the MSCs are wrapped with extracellular matrix (ECM),
which not only stabilizes the three-dimensional structure of the bone marrow but also
signals to the cells. Balanced concentrations of hormonal and local factors as well as
proper ECM in the trabecular space are therefore important for the development not only
for the bone cells but also for hematopoiesis. It is now generally accepted that osteoblasts
influence hematopoiesis and vice versa [2, 3] (B Fig. 2.1).

Osteoblasts regulate not only differentiation and function of osteoclasts (as discussed
below) but also of B-cell differentiation [4] and leukemogenesis [5].

Importantly, MSCs committed to differentiation into skeletal cells are able to differen-
tiate into adipocytes as well. With increasing age there is a bias to adipocyte differentia-
tion, which is manifested in accumulation of adipocytes in the bone marrow [6]. It is
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B Fig. 2.1 Mesenchymal stem cells have the capacity to differentiate into several cell types (tissues).
These processes are regulated by transcription factors (green). This results in expression of genes typical
or specific for these tissues (blue). The surplus of mature osteoblasts, which do not become neither a lin-
ing cell nor an osteocyte, is removed by apoptosis

estimated that the bone marrow from newborn infants lacks any fat deposition, while
about 70% of the adult bone marrow is occupied by fat. This process is probably irrevers-
ible and results in a reduced capacity of bone formation and hematopoiesis [1].

2.2 Inverse Relationship Between Osteogenic and Adipogenic
Programming

After commitment the osteoblast precursor cells differentiate along the osteoblastic lin-
eage that involves the development of osteo-chondroprogenitor cells representing the com-
mon precursor of osteoblast and chondrocytes. These osteo-chondroprogenitors
differentiate either into chondroblasts or osteoblasts. These cells express two master tran-
scription factors, SOX9 and Runt-related transcription factor 2 (RUNX2) that are essen-
tial for chondrogenesis and osteogenesis, respectively, and interact mutually [7-9].
RUNX2 is the master gene of bone formation (although not sufficient for osteoblast matu-
ration) directing MSCs to the osteogenic lineage and inhibiting differentiation into the
adipocyte fate. SOX9 is the transcriptional activator of chondrocyte-specific genes. In the
osteoprogenitor cells, SOX9 and RUNX2 are co-expressed, whereas SOX2 represses the
activity of RUNX2. In proliferating preosteoblastic cells, SOX9 is not any more expressed,
and RUNX2 directs the osteogenic cells toward the mature osteoblastic phenotype pro-
moting matrix synthesis and maturation in concert with many other factors like Osterix
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and ATF4. Conversely, Runx2-deficient mice have a heavily disturbed endochondral bone
formation, lacking functional osteoblasts and having only a cartilaginous skeleton. In
addition the mice fail to form growth plate calcification since Runx2 directs also the late
stages of chondrocyte differentiation triggering chondrocyte hypertrophy. These animals
are not viable and die after birth.

Osteoblasts proliferate and form the bone matrix. They start producing high levels of
bone/liver/kidney alkaline phosphatase (ALPL). Alkaline phosphatase was described in
1923 by Robison who first suggested that the enzyme is essential for bone mineralization.
This was confirmed later on by the discovery of hypophosphatasia, an inborn metabolic
disorder characterized by undermineralized bone due to loss-of-function mutation(s) of
the enzyme. Alkaline phosphatase is a membrane-bound glycoprotein, anchored in the
outer plasma membrane of osteoblasts (and chondrocytes) capable of dephosphorylating
a wide range of molecules. Deficiencies of ALPL lead to local accumulation of inorganic
pyrophosphate (PP,), a potent inhibitor of mineralization. Moreover, alkaline phosphatase
seems necessary for the phosphorylation status of non-collagenous proteins involved also
in the mineralization process (like osteopontin; see below). Nevertheless, the exact way of
action of alkaline phosphatase is still not completely elucidated.

Matrix-forming osteoblasts also express osteoprotegerin (OPG), a decoy receptor for
RANK-ligand that blocks osteoclast formation (for further details, see, e.g., [10]).

In addition, osteoblasts have receptors for many systemic hormones and most impor-
tantly for the traditional mineral-regulating hormones (parathyroid hormone (PTH),
parathyroid hormone-like hormone, calcitonin, 1,25-dihydroxyvitamin D3, thyroid hor-
mones, growth hormones, androgens, estrogens, etc.).

During extracellular matrix secretion, the cells synthesize collagen and their accessory
proteins to form stable collagen fibrils. This includes proteins for post-translational colla-
gen modification (procollagen-lysine, 2-oxoglutarate-5-dioxygenases, PLOD1-PLOD3)
important for folding and cross-linking (lysyl oxidase, LOX). Additionally the cells pro-
duce non-collagenous proteins (NCPs) with different functions, which are integrated into
the bone matrix.

Here are some important NCPs. For more details, refer, for example, to [11]:

Growth factors like TGFf3, bone morphogenetic proteins, and IGF1. These proteins

are often integrated as precursors and/or associated with binding proteins and play

multiple roles in cell signaling.

Osteonectin is the most abundant NCP. It is a phosphorylated glycoprotein (35-45 kD

protein) regulating collagen organization probably mediating mineral deposition.

Proteoglycans are macromolecules containing acidic polysaccharide side chains

(glycosaminoglycans) attached to a central core protein. In the bone (and skin!),

the predominant proteoglycans are decorin, lumican, and biglycan belonging both

to the family of secreted small leucine-rich proteoglycans (SLRPs). These proteins
bind to collagen and regulate the activity of TGF-f as well as of other growth fac-
tors. Perlecan is a very large heparin sulfate proteoglycan with a core protein of
over 4000 amino acids and plays an essential role for the maintenance of osteocyte

functionality [12].

Osteopontin, bone sialoprotein, dentin matrix protein 1 (DMP1), and matrix

extracellular phosphoglycoprotein (MEPE) belong all to the small integrin-

binding ligand N-linked glycoprotein (SILBING) superfamily. They are mostly



21
Osteoblasts and Osteocytes: Essentials and Methods

highly phosphorylated and play an important role in initiation and regulation of
mineralization. Note that DMP1 and MEPE are important regulators of osteocyte
function [13].

Osteocalcin (or bone Gla protein) is a gamma-carboxyglutamic acid-containing 5 kD
protein. Osteocalcin is exclusively expressed by mature osteoblasts, binds strongly

to hydroxyapatite the mineral of the bone matrix, and is thought to have multiple
functions in regulating bone turnover. More recently, it has emerged that osteocalcin
is not only stored in the bone matrix but also released into the circulation, acting as
a glucose metabolism regulating hormone on pancreatic B-cells to enhance insulin
production and secretion and on muscle cells to increase insulin sensitivity and glu-
cose uptake and decreasing visceral fat [14].

It is important to note that metabolically active, matrix-secreting osteoblasts do not func-
tion individually but are found in clusters on the bone surface where they deposit new
collagen and non-collagenous proteins within a cavity that has been previously resorbed
by osteoclasts (see » Chap. 1). Not all matrix-forming osteoblasts present on the bone
surface will share the same fate:
During matrix formation, some cells stop making matrix, are left behind the other
active osteoblasts, become embedded within the (still non-mineralized!) organic
matrix, and will differentiate toward the osteocyte phenotype.
At the end of the matrix formation process (e.g., when the resorption cavity on the
bone surface is filled), alkaline phosphatase activity declines, and some cells will
become flatter and metabolically less active. These cells become lining cells, form
tight junctions with each other, and cover the bone surface forming a natural barrier
toward the bone marrow space or stem cell niche. The lining cells, although consid-
ered as postosteoblastic, are quiescent cells that retain the ability to redifferentiate
into matrix-forming osteoblasts upon exposure hormones or mechanical condi-
tions [15]. As lining cells are connected to the osteocyte via the canalicular network
and gap junctions, they could also signal to osteocytes when stress and damage are
sensed (see below). Other functions attributed to the lining cells are regulation of the
influx and efflux of mineral ions [16] and the ability of cleaning and deposition of a
thin layer of a collagenous matrix along the Howship’s lacuna to enable new matrix
formation [17].
However, most of the former active osteoblasts will undergo apoptosis and express
genes regulating apoptosis. Apoptosis (programmed cell death, very different from
necrosis) is a regulated process to maintain bone homeostasis. It is important to
realize that the balance of osteoblast proliferation, differentiation, and apoptosis
determines the size of a cell population [18]. Conversely, the lifespan of the osteo-
blasts determines the amount of bone that is formed and can be controlled physi-
ologically by hormones and local factors. For example, intermittent treatment with
PTH prevents apoptosis of osteoblasts and osteocytes leading to an increase in
bone mass. Similarly, androgens decrease the rate of apoptosis in osteoblasts and
osteocytes as other bone anabolic agents like insulin-like growth factors (IGFs) do.
Pharmacologic levels of glucocorticoids, however, induce apoptosis of osteoblasts
and osteocytes, and this is thought to be the mechanism by which these steroids
cause bone loss [19] (B Fig. 2.2).
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B Fig2.2 Apoptosis is an actively and genetically controlled process, which is ATP dependent. Charac-
teristically, apoptosis leads to enzymatically controlled DNA fragmentation. a This fragmentation can be
detected by fluorescent TUNEL assay, which uses enzymatic addition of FITC-labeled Bromodeoxyuridine
(green) to the free 3'-hydroxyl termini of DNA fragments. The cell nuclei are stained with propidium
iodide (red). b Morphologically, apoptotic cells undergo shrinkage and separation from their neighbors;
plasma membrane blebbings and a characteristic form of chromatin condensation occur; there is nuclear
membrane breakdown and cytolysis into condensed apoptotic bodies which are phagocytized by sur-
rounding cells and macrophages (From Varga et al. [39], with permission from BioScientifica Ltd)

2.3 From Osteoblasts to Osteocytes

The question whether the mature osteoblast-directed mineralization in vitro is physiolog-
ical or not might be overcome by the assumption that the mineralizing cell in vivo is rather
the osteocyte than the osteoblast.

Mikuni-Takagaki et al. [20] characterized already in 1995 the different cell population
in newborn rat calvaria after sequential digestion with collagenase and made the following
observations:

1. The mature osteoblastic cells on the bone surface do not mineralize but rather
separate themselves from the mineralization front by a 10-20 pm layer of unmineral-
ized matrix (8-10 pm in adult remodeled bone).

2. The mineralizing cells are not (or very weakly) positive for alkaline phosphatase.

3. The initiation of mineralization coincides with the phenotypic transformation of
cuboidal osteoblastic cells to stellate osteocytes (formation of dendritic processes)
within the collagenous matrix, a differentiation state qualified as osteoid-osteocyte.

It has to be stated that about one decade ago, very little was known about osteocyte func-
tion. One reason is that unlike osteoblasts, the in vitro study of osteocytes is complicated
by the fact that isolated osteocyte from bone tissue does not proliferate [20, 21]. The estab-
lishment of osteocyte-like cell lines has greatly improved the knowledge about osteocyte
differentiation and function [22].

24 The Osteocyte

Osteocytes have been defined during decades by their morphology (cells with cytoplasmic pro-
cesses) and location (cells embedded within the mineralized bone matrix). They were thought
to be passive cells that become «buried alive» in the matrix formed by mature osteoblasts.
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B Fig.2.3 Osteocyte network in osteonal equine bone (With courtesy of the Max Planck Institute of Colloids
and Interfaces, Department of Biomaterials, Golm, Germany For further details see Kerschnitzki et al. [46])

One of the first suggested functions postulated was that osteocyte senses mechanical
deformation. Julius Wolft in 1867 suggested that bone adapts its external shape and inter-
nal structure in response to the mechanical forces that are required to support it. The
remodeling of the bone in response to loading is achieved via mechano-transduction, a
process through which forces or other mechanical signals are converted into biochemical
signals (B Fig. 2.3).

2.5 Some Essential Facts About Osteocytes

== They are differentiated cells of the osteoblastic lineage that become embedded within
the mineralizing matrix.
== They share many markers with osteoblasts but do not make matrix.
== They are the most abundant (90-95%) and the longest-lived cells in the bone. Their
number in the human adult skeleton is estimated to 42 billion [23].
== They are connected through dendritic processes called canaliculi (about 89 + 25 per
cell, in total human skeleton about 3.7 trillion! [23]) via gap junctions (= transmem-
brane channels that connect cytoplasm of two adjacent cells allowing the passage of
molecules <1 kDa) [24]:
To each other
To cells on the bone surface (osteoblasts, lining cells)
To the bone marrow (osteoblast and osteoclast recruitment!)
To blood vessels (!)
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Cell body and dendritic processes form a functional network, the lacunocanalicular

system, which is surrounded by an unmineralized space filled with interstitial fluid pro-

viding oxygen and nutrients to maintain cell viability in the mineralized environment.
Dendritic osteocytes convert from polygonal matrix-producing mature osteoblasts by
progressing through different transitional stages and sequential expression of marker
genes reflecting changes in morphology and functionality.

Osteocyte
differentiation
stage

Young osteoid-
osteocyte:

Cell embedded in
non-mineralized
matrix, beginning to
generate dendritic
processes

Late mineralizing
osteoid-osteocyte:
Cell embedded
within the osteoid
with small, calcified
spheres forming
along the cell
membrane toward
the mineralization
front

Mature osteocyte:
Cell is completely
embedded within
the mineralized
matrix

Numerous dendritic
processes connect
the osteocytes to
each other

Some important marker genes

Podoplanin (PDPN): transmem-
brane protein, the

earliest known marker of
osteocyte differentiation

Membrane-anchored protein-
ase that cleaves collagen
(MMP14)

Dentin matrix protein1 (DMPT):
secreted serin-rich acidic
protein with many phosphoryla-
tion sites

Phosphate-regulating gene
with homologies to endopepti-
dase on the X chromosome
(PHEX)

Matrix extracellular phospho-
glycoprotein (MEPE)

Osteopontin (SPPT)

Sclerostin, secreted factor.
Highly and specifically
expressed in the late osteocyte
(SOST)

Function

Regulates formation of dendritic
processes

Important for dendritic formation
and morphology

Regulates osteocyte maturation,
phosphate metabolism, and
mineralization

Inactivation mutations cause
autosomal recessive hypophosphate-
mia and osteomalacia

Regulates osteocyte maturation,
phosphate homeostasis, and mineral-
ization

Inactivation mutations cause
hypophosphatemic rickets

(X-linked hypophosphatemia (XLH))

Regulates phosphate metabolism and
mineralization. Inhibits PHEX

Negative regulator of bone
mineralization

Negative regulator of bone formation
through inhibition of the
WNT/B-catenin signaling pathway
(regulation of transcription factors) in
a negative feedback loop [25].
Treatment of mice with a sclerostin
antibody leads to increased
osteoblast number by converting
quiescent lining cells into active
osteoblasts [26]

Inactivation mutations cause
sclerostosis and van Buchem
disease with increased bone
formation
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Osteocyte Some important marker genes Function

differentiation

stage
Fibroblast growth factor 23 Reduces serum phosphate (Pi) levels
(FGF23) by inhibiting renal phosphate
Secreted factor! Most important  reabsorption and downregulation of
organ is the kidney 1,25-dihydroxyvitamin D3 synthesis
Highly expressed in DMP1 and The osteocyte network becomes an
PHEX-associated hypophospha- endocrine gland [14]
temic rickets, chronic kidney Inactivation mutation causes
disease, and tumor-induced autosomal dominant hypophospha-
osteomalacia temic rickets
Receptor activator of nuclear Control of osteoclastogenesis — major
factor - xB ligand (RANKL, contribution to bone remodeling in
TNFSF11) adults [27]
Tartrate-resistant acid phospha- ~ Removal of perilacunar
tase (TRAP, ACP5) Cathepsin K matrix = osteocyte osteolysis.
(CTSK) Important in situation of high

calcium demand like lactation [27]

hypoxia upregulated 1 (ORP150,  Preserves viability of osteocytes in
HYOUT) hypoxic environment

2.6 Conclusion

Emerging data from osteocyte function have established a new paradigm: osteocytes
embedded within the mineralized bone matrix are extremely active and multifunctional
cells - they control bone mineralization mainly through expression of factors that regulate
phosphate homeostasis (reviewed by [22]); they secrete factors that target the kidney and
muscles; they do remodel their extracellular matrix and modify their microenvironment.
Osteocytes regulate bone remodeling through regulation of both osteoclasts and osteo-
blasts as well as their apoptosis, which is an essential tool to control skeletal damage repair
[28]. Most importantly, the lacunocanalicular system appears as a highly organized net-
work of connected osteocytes that sense mechanical strain, respond to chemical signals,
and orchestrate bone homeostasis. The discovery of these multiple signaling pathways
raises also the possibility to develop new therapeutic agents for skeletal diseases [29].

2.7 Experimental Systems to Study Osteoblastic Differentiation
and Behavior

In their pioneering work, Friedenstein and coworkers showed for the first time that a bone
marrow cell suspension contains a subset of long, plastic-adherent cells with a robust pro-
liferative activity that will give rise to single cell-derived colonies (or colony-forming
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units, CFUs) with the capacity to differentiate into the bone, chondrocytes, adipocytes,
and fibroblastic cells [6, 30, 31]. Experimentally, these cells can be used to study osteoblas-
tic differentiation and regulation. Cell behavior depends on their (micro)environment:
the substrate, the degree of contact with other cells, the constitution of the medium, the
oxygen tension, and more. Under optimal culture, cells proliferate and differentiate
in vitro to form an extracellular matrix that might become later on mineralized (reviewed
by, i.e., [32]).

Actually, primary bone cells or cell lines from chick, rat, and mouse are widely used to
study the molecular properties of the osteoblast phenotype during proliferation, differen-
tiation, and maturation. Osteoblasts and early osteocytes can be isolated from aseptically
dissected calvaria or long bones. For this purpose the bones are serially digested with
collagenase. After each sequential digestion, the cell suspension is precipitated by cen-
trifugation and, after washing the cells, suspended in culture medium and seeded into cell
culture dishes; the last fraction shows the phenotype of early osteocytes.

Another experimental system is a culture of cells growing out from trabecular bone.
For this purpose, small pieces of trabecular bone, i.e., remnants from surgery, are placed
in culture dishes containing an appropriate medium for about 3-4 weeks. Thereafter, a
lawn of cells is found that can be split several times, and these cells can be frozen in liquid
nitrogen for long-term storage.

Osteosarcoma cell lines with diverse differentiation stages can be used as well for
studying osteoblastic cell behavior. It must be emphasized that these osteoblast-like cell
lines are established from tumor and consequently the system might have some limita-
tions. In particular, the genotype of these transformed and immortalized cell lines is often
partially polyploid, and some genes are possibly overrepresented, whereas some others
may be deleted or mutated. Nevertheless, these cells are very suitable for studying specific
issues. The most frequently used cell lines are U-2 OS, MG-63, and SaOS-2. They differen-
tially respond to vitamin D. While MG-63 expresses and responds to vitamin D with
increase expression and secretion of osteocalcin, the marker protein of the mature osteo-
blast and the two other cell lines do not. Mineralization, however, was demonstrated for
MG-63 and SaOS-2 [33].

For mice, several cell lines exist showing different phenotypes and differentiation
states and competence. The cell line with the curious denomination C3H10T1/C3H10T2
is an undifferentiated mesenchymal cell line with the potential to differentiate into myo-
blasts [34], adipocytes [35], chondrocytes, and osteoblasts [36]. This cell line is best suited
to study differentiation between osteoblasts and adipocytes [35]. A more differentiated
cell line on the way to osteoblasts is the stromal cell line ST2. This cell line, as suggested for
stromal cells, supports the differentiation of osteoclast-like cells [37].

An interesting and widely used cell line is MC3T3-E1 and will be discussed here a little
more in detail: the cell line was established by immortalization of newborn mouse osteo-
blasts and behaves similar as primary cells isolated from newborn mouse calvaria by
sequential digestion with collagenase [38]. The MC3T3-E1 cells have the capacity to
differentiate into mature osteoblasts as indicated by increasing expression levels of alka-
line phosphatase and osteocalcin [39]. During prolonged culture time (up to 6 weeks), the
cells form many cell layers with a tissue-like appearance [40, 41]. Moreover, the cells form
discrete three-dimensional nodular structures consisting of collagenous matrix and cov-
ered with cuboidal alkaline phosphatase positive cells [32, 38]. It is generally assumed that
the nodules become mineralized by mature osteoblasts [32].
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However, MC3T3-E1 like most osteoblastic cell cultures usually do not mineralize
spontaneously their extracellular matrix but generally require phosphate supplementa-
tion, to induce mineral deposition. For this purpose, 5-10 mM -glycerophosphate (3GP)
is added (generally designated as mineralizing medium) [42].

Although the process of mineralization is still controversial and yet not clarified, there
are some aspects that are general consents. The mineral in the bone is hydroxyapatite, a
calcium phosphate compound. The solubility product of Ca** ions with phosphate ions
(P,) of the intercellular liquid favors calcium phosphate precipitation. However, mineral-
ization is an ordered and highly regulated process where delivery of Ca** and phosphate
ions occurs only at the mineralization front. Therefore uncontrolled initiation of mineral-
ization must rather be inhibited than promoted. Matrix proteins like osteopontin,
SIBLING proteins, as well as enzymes regulating the local ratio between pyrophosphate
(PPi inhibits mineralization) and phosphate ions (Pi promotes mineralization) are impor-
tant players that in concert modulate the physiological mineralization process [43]
(@ Fig. 2.4).

Addition of PGP to MC3T3-E1 cultures provides an increase in Pi concentration, pos-
sibly by the action of enzymes synthesized by the cells, like alkaline phosphatase, promot-
ing formation of calcium phosphate. Whether the formed mineral is hydroxyapatite or
non-apatitic and ectopic (non-collagen associated) is still a matter of controversies [42]
(8 Fig. 2.5).

X100
Internodular Nodular
region region

25 um
125 pm

O Fig. 2.4 Long-term culture for 6 weeks of MC3T3-E1 cells in the presence of ascorbate to enable collagen
synthesis, which is important for osteoblastic differentiation. Alkaline phosphatase-positive cells are stained
in blue. In the internodular region a, the predominant phenotype of the cells is a spindle-shaped fibroblastic
like phenotype, while in nodular region colonies densely packed cuboidal alkaline phosphatase positive cells
were observed b, c the hallmark of the mature osteoblast. Cross sections of the internodular region

c and the nodular region d (right From Fratzl-Zelman et al. [41] with permission from Elsevier)
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B Fig. 2.5 Six-week-old cultures of MC3T3-E1 treated with BGP for the last 2 weeks. The culture
was stained with the azo-dye to localize ALPL-positive cells (gray) and with von-Kossa staining for
simultaneous visualization of mineral deposition (black). T Nodule with high mineral content. 2 Nod-
ule with low mineral content. 3 Internodular region with mineral deposition. Left overview, scale bar
=1 mm right: cross section, scale bar = 0.2 mm (From Fratzl-Zelman et al. [42] with permission from
Elsevier)

Osteocytic cells are highly differentiated cells embedded within the bone matrix and
therefore more difficult to isolate and to maintain in culture. In principle, they can be
isolated from aseptically dissected long bones of 3- or 4-day-old mice as well. Therefore,
bones are serially digested with collagenase, and the isolated cells are recovered by cen-
trifugation and seeded on dishes (see above); the last fraction shows the phenotype of
early osteocytes. In fact these osteocytes were found to adhere rapidly to glass or plastic
substrates, forming numerous cytoplasmic processes and making contact with other
osteocytes [20, 21]. However, these postmitotic cells become rapidly overgrown by the
mitotic fibroblast-like cells that were co-extracted from the bone, making further func-
tional analyses very difficult. But there are now recent reports on successful isolation and
culture of human osteocytes [44, 45].

Studying osteocytes in culture became much easier with the establishment of
osteocyte-like cell lines. Actually, three characteristic osteocyte-like cell lines derived from
mouse long bones are available: the post-osteoblast, preosteocyte-like cells MLO-A5 that
spontaneously mineralize in culture, the MLO-Y4 cells that mimic a rather mature osteo-
cyte phenotype, and more recently the IDG-SW3 cell line that expresses characteristic
markers from late osteoblast to mature osteocyte phenotype in vitro. The study of these
cell lines provided within the last few years a wealth of data showing that osteocytes are
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; M hymal- Osteochondro-
Adipocyte MEERCIYNA pfo;gﬁ,t‘(’,? Gl Preosteoblasts  Mature osteoblasts Osteocytes
3T3-L1 C3H10T1/2 MC3T3-E1 MC3T3-E1 MLO-A5 MLO-Y4
C2H12 short time culture  long time culture IDG-SW3

B Fig. 2.6 Nearly every phenotype of the osteoblastic differentiation cascade can be approached by
an established cell line

extremely active cells with a complex developmental biology and multiple functions in
bone metabolism [22].

Taken together, the accurate knowledge about osteoblast phenotype and differentia-
tion shows that the choice of an appropriate cell line is crucial for a correct experimental
setup (B Fig. 2.6).

—Take-Home Message

= Osteoblasts derive from mesenchymal stem cells of the bone marrow,
differentiate in a highly regulated fashion, and secrete an extracellular matrix
consisting mainly of type | collagen and a small amount of non-collagenous
proteins. Active, matrix-secreting osteoblasts undergo one of the three fates:
the great majority dies by apoptosis, which is an important regulatory process
to maintain bone homeostasis, and some remain quiescent on bone surfaces
as flat lining cells, while about 5-20% differentiate into osteocytes.

== Osteocytes are the most abundant cells of the bone tissue. As they become
embedded within the bone matrix, they undergo a characteristic transforma-
tion from a cuboidal to a stellate cell through the formation of multiple
dendritic processes called canaliculi and start to mineralize the surrounding
matrix. Canaliculi and osteocytic cell body (also called osteocyte lacunae) form
a highly functional network, which allows communication among osteocytes,
with osteoblasts and lining cells.

= QOsteocytes secrete factors that target also osteoclasts and hormones that
affect other organs by endocrine mechanisms. The many functions of osteo-
cytes include mechanosensing, regulation of phosphate metabolism, bone
formation, and bone resorption.

== Cell cultures of osteoblasts and osteocytes allow to determine biological
functions; however, one has to be aware that all in vitro models have strengths
and limitations.
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