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CHAPTER 1

General Introduction

CHAPTER 1
_________________________________________________________________________________

REMODELING OF BONE
Remodeling of bone is a highly controlled process that involves the synthesis of bone
matrix and its mineralization by osteoblasts and the coordinated resorption by
osteoclasts

(1;2)

. Osteocytes, the cells that are embedded in the bone matrix,
(3-6)

. Remodeling of bone is

modulate the activity of both osteoblasts and osteoclasts
essential for: (i) its adaptation to mechanical loading
strength

(9)

(7;8)

, (ii) the maintenance of its

and (iii) the maintenance of calcium homeostasis. In this introduction I will

discuss the roles played by the different bone cells in bone remodeling. Particular
attention will be paid to osteoblasts and bone lining cells.

a) Osteoclasts
Osteoclasts are the principle bone-resorbing cells constituting the smallest proportion
of the bone cells. They are multinucleated and can range in size from 10 µm up to
100 µm in diameter. As the osteoclast prepares to resorb bone it attaches to the
bone surface through specific integrins and then forms a specialized membrane area,
the sealing zone. In the center of this sealing zone the osteoclast forms another
unique membrane domain, the ruffled border. The actual degradation of bone takes
place in this ruffled border area that is sealed off the surrounding extracellular
environment. A low pH in the resorption lacuna dissolves the mineral of the bone
matrix, exposing the organic matrix for proteases secreted also in the ruffled border
area. The low pH of resorption lacunae is mediated by carbonic anhydrase II and by
the V-type ATPase proton pump

(10;11)

. Enzymes like cysteine proteinases and

probably also matrix metalloproteinases are responsible for the degradation of
demineralized bone matrix in resorption lacunae (12-15).
Osteoclasts are derived from hematopoietic cells of the monocyte-macrophage
lineage

(16)

. Initial studies on the formation of osteoclasts in vitro were performed in

co-cultures of precursors of osteoclasts with osteoblasts. These studies clearly
showed the importance of the presence of osteoblasts in osteoclastogenesis (17).
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Later, it became clear that osteoblasts express two essential molecules that are
sufficient to promote osteoclastogenesis: macrophage-colony stimulating factor (MCSF) and receptor for activator of nuclear kappa B ligand (RANKL)

(18;19)

. M-CSF

binds to its receptor c-Fms expressed by osteoclast precursors and promotes the
proliferation of these cells. RANKL binds to RANK, which is also expressed by these
precursors, and stimulates these cells to become actual osteoclasts. This process is
regulated by a secreted member of the TNF receptor superfamily, osteoprotegerin
(OPG). OPG binds to RANKL and blocks the interaction with RANK, thereby
inhibiting the differentiation of osteoclast precursors into mature osteoclasts (20). OPG
plays a pivotal role in the regulation of bone metabolism not only by inhibiting
osteoclast differentiation and activation, but also by increasing osteoclast apoptosis
(21)

.

b) Osteocytes
The osteocyte is the most abundant cell type in mature bone. Osteocytes are former
osteoblasts that are embedded in the bone matrix during the process of bone
formation. They are localized in the bone at regularly spaced distances throughout
the matrix and they connect with each other and with the cells lining the surface via
slender cytoplasmic processes within canaliculi

(22)

. The canaliculi form a

metabolically and electrically network connected via gap junctions

(23-25)

. This unique

three-dimensional organization of osteocytes throughout the bone tissue suggests an
important function for these cells in the metabolism and maintenance of bone

(26)

.

Osteocytes are situated ideally within the bone matrix to detect and respond to
mechanical loading

(27)

. Pericellular fluid in the canalicular system is the coupling

medium through which mechanical forces are translated into biochemical,
mechanochemical and electrochemical effects at a cellular level (28). Osteocytes may
also regulate osteoclast, osteoblast and bone lining cell functions by sending signals
to the bone surface (3;29).
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c) Osteoblasts/bone lining cells
Osteoblasts originate from mesenchymal stem cells present in the bone marrow and
in the periosteum. The commitment of mesenchymal stem cells to become
osteoprogenitors is regulated by the tissue-specific transcription factor Runx2/Osterix
(30;31)

and by molecules of the transforming growth factor- β (TGF-β) superfamily: the

bone morphogenetic proteins (BMPs)

(32;33)

. The BMPs as well as growth factors like

fibroblast growth factors (FGFs), influence the proliferation and differentiation of the
osteoprogenitors into osteoblasts

(34;35)

insulin-like growth factors (IGFs)

(37)

. Factors such as PTH-related peptide

and vitamin D

(38)

(36)

,

induce the bone-forming

activity of osteoblasts. This activation includes a series of phenotypical changes
resulting in the production of the bone matrix proteins by the bone-forming
osteoblasts (39). Osteoblasts are not only responsible for the deposition of bone (40)
but they also participate in a variety of other activities associated with various
aspects of the homeostasis of bone. In addition to bone formation osteoblasts play
an essential role in supporting osteoclastogenesis

(2;41)

and they have also the

capacity to digest part of their own matrix to free the bone surface of non-mineralized
matrix prior to osteoclastic bone resorption

(42;43)

resorption the lacunae are cleaned by these cells

. Finally, following osteoclastic

(44)

(Figure). During these different

activities the cells are found in one of the following morphological appearances:
cuboidal or flattened. For the sake of clarity we define the cells as follows: cuboidal
cells (true osteoblasts) are the cells responsible for bone formation (Figure, (1)) and
flattened cells (bone lining cells or surface osteocytes) are cells participating in the
other activities: (i) as a resting cell lining/covering bone surfaces (Figure, (2)), (ii) in
predisposing bone surfaces for osteoclastic bone resorption (Figure, (3)), (iii) in
supporting osteoclastogenesis (Figure, (4)) and (iv) in cleaning of the resorption
lacunae after osteoclastic bone resorption (Figure, (5)). The studies described in this
thesis focus upon the functional activities of the flattened cells, the bone lining cells.
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(1) Bone formation
OB

osteocytes

new bone

(5) Cleaning resorption pit

(2) Resting stage

BLC

BLC

undigested
collagen

(4) Induction of osteoclast
formation and activation
OPG
osteoclast

osteoclast precursor
RANK
RANKLY

c-fms
M-CSF

BLC

(3) Predisposition of bone surfaces
for bone resorption
BLC
nonmineralized
collagen

Figure. Stages of osteoblast activities during bone remodeling
(1) Osteoblasts (OB) deposit bone matrix, which subsequently mineralizes. (2). Once deposition of
bone is completed osteoblasts acquire a resting stage of activity and cover the bone surface as bone
lining cells (BLC). (3) Bone lining cells (BLC) degrade the non-mineralized bone matrix that covers the
bone surfaceand predispose the surface for bone resorption. (4) Interaction of bone lining cells (BLC)
with osteoclast precursors through M-CSF and RANKL results in the formation of osteoclasts and the
resorption of bone. OPG binds to RANKL and blocks the interaction with RANK. (5) Bone lining cells
(BLC) digest the collagen left by osteoclasts in the resorption pit.
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(1) Bone formation
OB

osteocytes

new bone

Bone-forming osteoblasts have a cuboidal shape and are ultrastructurally
characterized by a prominent rough endoplasmic reticulum, a large nucleus, and an
enlarged Golgi complex. All these features indicate a high level of protein synthesis.
Production of bone by osteoblasts occurs in two main steps: (i) deposition of bone
matrix, and (ii) mineralization of the bone matrix.
(i) Deposition of the bone matrix
Osteoblasts produce and secrete high amounts of bone matrix proteins of which the
bulk is formed by type I collagen. The network of type I collagen fibers provides the
scaffold on which bone mineral is deposited. Osteoblasts also secrete noncollagenous proteins that together with type I collagen constitute the osteoid. Noncollagenous proteins such as osteonectin, osteopontin, bone sialoprotein, fibronectin
and osteocalcin are abundantly produced by osteoblasts. Osteonectin regulates
osteoblast formation, maturation and survival

(45)

and osteopontin, bone sialoprotein

and fibronectin participate in the adhesion and migration of both osteoblasts and
osteoclasts

(46-49)

. Osteocalcin may be important for recruitment of osteoclasts to

bone surfaces as well as for regulation of osteoclast function (50;51).
Next to the production of bone matrix proteins, osteoblasts produce several
growth factors during bone formation. Among those is TGF-β that can influence bone
remodeling in different ways. This growth factor has been shown to stimulate the
recruitment of osteoblast precursors, to stimulate mature osteoblasts to produce
bone matrix and to stimulate the withdrawal of osteoblasts from bone surfaces

(52-54)

Also, TGF-β has been shown not only to inhibit but also under certain conditions to
14
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stimulate osteoclastogenesis
in the bone matrix

(55-60)

. This growth factor is entrapped in its latent form

(61)

, and subsequently released and activated when the matrix is

resorbed by osteoclasts (62).
(ii) Mineralisation of the bone matrix
The next step following deposition of bone matrix is its mineralization. Bone mineral
consists of crystals of hydroxyapatite and non-collagenous proteins modulate the
formation of these structures. Bone sialoprotein and osteocalcin have been shown to
promote the nucleation of crystals, whereas osteopontin is considered to inhibit their
formation

(50;63-66)

. Enzymes produced by osteoblasts, in particular alkaline

phosphatase (ALP), are essential for the process of mineralization. ALP regulates
phosphoprotein dephosphorylation. By hydrolyzing phosphorylated substrates, this
enzyme

provides

crystallization

the

inorganic

phosphate

necessary

for

hydroxyapatite

(67)

. The enzyme also plays a role in degrading the natural inhibitor of

mineralization, pyrophosphate (68).
The deposition and mineralization of the bone matrix by osteoblasts is a highly
polarized process. Osteoblasts secrete bone matrix proteins towards the existing
bone surface

(69;70)

. The enzyme Ca2+ - transport - ATPase is exclusively localized on

the osteoid-directed aspect of the osteoblast plasma membrane (71). This enzyme has
been suggested to provide Ca2+ ions for the mineral formation in the osteoid and to
act synergistically with the Na+/Ca+2 exchanger, which is also reported to be present
on the osteoid-directed aspect of osteoblasts (72;73).
Some of the osteoblasts become incorporated within the newly formed matrix
(74;75)

, and remain buried as osteocytes within spaces called lacunae. During the

transformation from osteoblast to osteocyte the cuboidal osteoblast shape changes
to a more dendritic-shaped cell, the osteocyte. Osteocytes embedded in the osteoid
contain abundant endoplasmic reticulum, many free ribosomes and mitochondria and
a prominent Golgi apparatus. The endoplasmic reticulum is less abundant in
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osteocytes surrounded by mineralized bone, indicative for a reduced protein
production (23).

(2) Resting stage
BLC

Once the deposition of bone matrix is completed, osteoblasts acquire a resting stage
of activity and cover the bone surface in an ‘epithelium-like’ manner. At this stage of
activity the cells are flattened and elongated and form a continuous layer, thereby
helping to create and maintain a metabolic micro-environment. The term bone lining
cells is commonly used to describe the phenotype of the osteoblasts at this stage.
Ultrastructural studies have shown that these cells contain a relatively low number of
mitochondria, free ribosomes and rough endoplasmic reticulum

(76)

. Bone lining cells

have cell processes that extend into the canaliculi and contact osteocyte cell process
(76;77)

. Although it is still unknown whether the resting bone lining cells may actively

participate in events associated with bone remodeling, it is considered that these
cells protect the bone surfaces from bone resorption. In addition, several findings
suggest that they may become active and exert a series of modulating activities

(78)

.

They may predispose bone surfaces prior to osteoclastic bone resorption (see
Figure, (3)), they may play a role in the recruitment of osteoclast precursors (see
Figure, (4)), and they may clean the resorption pit after osteoclastic resorption (see
Figure, (5)).
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(3) Digestion of bone matrix prior to osteoclastic resorption
BLC
nonmineralized
collagen

Prior to osteoclastic resorption the lining cells appear to digest part of the nonmineralized bone matrix that covers the bone surface

(42)

. This activity of bone lining

cells determines the site of initiation of osteoclast resorption and allows the
attachment of osteoclasts to mineralized surfaces. The removal of non-mineralized
matrix by bone lining cells is mediated by matrix metalloproteinase (MMP) activity,
probably MMP-13

(79)

, exposing the mineralized bone matrix to osteoclasts

(43;80)

. The

resorbing activity of the bone lining cells involves enwrapment of collagen fibrils
protruding from the bone surface and subsequent digestion in this secluded
environment

(44)

. The degradation of collagen by these cells is a highly polarized

activity only occurring along the cell surface facing the bone

(44)

. Factors that regulate

bone resorption like PTH, stimulate this cleaning activity by promoting expression of
collagenolytic enzymes

(81)

. In addition, this hormone is assumed to induce the

retraction of bone lining cells covering bone surfaces exposing the underlying bone
matrix for osteoclastic resorption (2;82).
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(4) Support of osteoclastogenesis

osteoclast

osteoclast precursor

RANK

Y

RANKL
c-fms

Y

BLC

M-CSF

Bone lining cells produce macrophage-colony stimulating factor (M-CSF) and
receptor for activator of nuclear kappa B ligand RANKL

(18;19)

. These factors are

responsible for the induction of osteoclastogenesis. M-CSF binds to its receptor cFms on osteoclast precursors, providing the signals required for the survival and
proliferation of the precursors

(83)

. RANK is expressed by osteoclast precursors and

its activation by RANKL leads to (i) expression of osteoclast specific genes such as
tartrate-resistant acid phosphatase (TRACP), cathepsin K, calcitonin receptor and
β3-integrin (84;85) and (ii) activation of resorption by mature osteoclasts. In response to
activation of RANK by its ligand, mature multinucleated osteoclasts undergo internal
structural changes that prepare them to resorb bone, such as the rearrangements of
the actin cytoskeleton and formation of the sealing zone.
Cell-to-cell contact occurs between bone lining cells and osteoclast precursors
and is required to induce osteoclastogenesis

(86)

(17;87-94)

. The contact between both cell

types is mediated by cell-adhesion molecules like ICAM-1 expressed by bone lining
cells and lymphocyte function-associated antigen-1 (LFA-1), a receptor for ICAM-1
that has been shown to be expressed by osteoclast precursors

(95)

. Although the

adhesion via ICAM-1/LFA-1 is not involved in the direct events that lead to the
formation of osteoclasts, the high affinity between both cell adhesion molecules is a
prerequisite for the interaction between RANKL and RANK (96;97).

18
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Numerous studies on the interaction between bone lining cells and osteoclast
precursors during the past decade have demonstrated that the transduction of
signals from bone lining cells to osteoclast precursors results in formation and
activation of osteoclasts. However, whether during such an interaction signals from
the osteoclast precursors to the bone lining cells are also transduced is still unknown.
In Chapter 2 the interaction between osteoclast precursors and bone lining cells was
analyzed, focusing on behavioral changes of bone lining cells after their interaction
with osteoclast precursors.

(5) Cleaning the resorption pit

BLC
undigested
collagen

After resorption osteoclasts move away from the resorption pit leaving behind a layer
of non-digested demineralized bone collagen

(12;98-101)

. The bone lining cells enter the

resorption pit and digest the collagen left by osteoclasts

(44)

. After those sites have

been cleaned, bone lining cells deposit a thin layer of fibrillar collagen
followed by the deposition of osteoid by osteoblasts and its mineralization

(44)

that is

(102;103)

.

Histochemical studies have shown that bone lining cells in close vicinity to
resorbing osteoclasts are TRACP-positive, whereas osteoblasts involved in active
bone deposition are negative for this enzyme

(104)

. These studies suggest a role of

the enzyme in activities exerted by the bone lining cells located in the vicinity of bone
resorbing areas. Furthermore, it could be that at these sites bone lining cells are
triggered to produce active TRACP. The possible involvement of osteoclast
precursors/monocytes in modulating the activity of TRACP in bone lining cells was
analyzed in this thesis and the data are presented in Chapters 3 and 4.
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TRACP
TRACP belongs to the acid phosphatases (EC 3.1.3.2), a family of enzymes that
catalyze the hydrolysis of various phosphate esters under acidic reaction conditions
(105;106)

. Resistance to inhibition by L+ tartrate distinguishes TRACP from acid

phosphatase of lysosomal or prostate origin present in virtually all mammalian cells
and tissues (107).
TRACP expression is found in cells of the mononuclear phagocyte system,
most abundantly in alveolar macrophages, dendritic cells and osteoclasts

(108;109)

. In

addition, several studies reported that in mouse as well as in human, TRACP activity
and its mRNA are expressed in spleen, liver, linings of the gastrointestinal tract, lung,
thymus and skin (110-112).
Due to its high expression in osteoclasts, the enzyme is used as a
histochemical marker for this cell type. Yet, the role of TRACP in osteoclast
functioning is not completely understood. Incubation of osteoclasts with anti-TRACP
antibodies has been shown to reduce bone resorption in vitro
in TRACP develop mild osteopetrosis
enzyme develop mild osteoporosis

(115)

(113;114)

. Mice deficient

and transgenic mice over-expressing the

(116)

. Other studies suggest that TRACP may

participate in bone resorption by dephosphorylating the bone matrix phosphorylated
proteins osteopontin and bone sialoprotein
intracellular trafficking in osteoclasts

(117-119)

. TRACP may also play a role in

(120)

. Next to its phosphatase activity TRACP is

able to generate reactive oxygen radicals

(121-123)

. It has been suggested that these

radicals degrade organic matrix components during their transcytosis from the ruffled
border to the opposite membrane (124).
As indicated above TRACP is not only expressed by osteoclasts, but its
activity was also shown in osteocytes and osteoblasts/bone lining cells

(125-128)

Furthermore, the enzyme has been purified from extracts of human osteoblasts

.

(129)

.

It has been suggested that it may play a role in the proliferation and differentiation of
these cells. Although some biochemical properties of the osteoblastic TRACP have
been elucidated (130), the factors that may modulate the activity of this enzyme are

20
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still unknown. In Chapter 5 some aspects of the modulation of TRACP expression
and activity in bone lining cells has been analyzed. Since several studies indicate
that TRACP is synthesized as an inactive pro-enzyme

(131)

and activation occurs

under the influence of certain proteinases, in particular the cysteine proteinases

(131)

;

in Chapter 6 the activity of TRACP in mice deficient for several cysteine proteinases
was analyzed. The differences in TRACP activity and its expression at different bone
sites was also analyzed in this chapter.
In summary, the following topics will be addressed in this thesis:
•

The response of bone lining cells to osteoclast precursors (Chapter 2).

•

The origin and fate of TRACP activity in bone lining cells (Chapters 3 and 4).

•

The modulation of TRACP expression and activity in bone lining cells (Chapter
5). The modulation of TRACP activity by cathepsins in vivo (Chapter 6).

•

The activity of TRACP at different sites of the skeleton (Chapter 6).
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ABSTRACT
It is well known that osteoblasts have a profound effect on (pre-) osteoclasts to
induce the formation of active bone-resorbing osteoclasts. Whether, on the other
hand, (pre-)osteoclasts also modulate osteoblast activity is largely unknown. Since
prior to resorption of bone by osteoclasts, osteoblasts/bone lining cells have to retract
from the surface, we addressed the question whether (pre-)osteoclasts have the
capacity to induce such an activity.
Rabbit calvarial osteoblasts/bone lining cells or periosteal fibroblasts were
cultured until confluency after which rabbit peripheral blood mononuclear cells
(PBMCs) were seeded on top of them. The co-cultures were maintained for up to 15
days in the presence or absence of the cytokines TGF-β1 and TNF-α and selective
inhibitors of matrix metalloproteinases and serine proteinases. The formation of cellfree areas as well as the number of TRACP-positive multinucleated osteoclast-like
cells was analyzed. In addition, formation of cell-free areas was analyzed in cocultures of osteoblasts with mature osteoclasts.
The seeding of PBMCs on a confluent layer of osteoblasts/bone lining cells
resulted in the following sequence of events: (1) A low number of PBMCs strongly
attached to osteoblasts. (2) At these sites of contact the osteoblasts retracted, thus
forming cell-free areas. (3) The PBMCs invaded these areas and attached to the
surface of the well after which they fused and formed multinucleated TRACP-positive
osteoclast-like cells. Retraction was only seen if the cells were in direct contact;
conditioned media from cultured PBMCs added to osteoblasts had no effect. Mature
osteoclasts seeded on osteoblasts similarly induced retraction but this retraction
occurred at a much faster rate (within 2 days) than the retraction effectuated by the
osteoclast precursors (after 8 days in co-culture)
Inhibition of matrix metalloproteinase activity but not of serine proteinases,
strongly reduced retraction of the osteoblasts thus indicating that this type of cell
movement depends on the activity of matrix metalloproteinases. A similar inhibitory
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effect was found with TGF-β1. TNF-α had no effect on osteoblast retraction but
enhanced the formation of multinucleated osteoclast-like cells. Addition of PBMCs to
confluent layers of periosteal fibroblasts resulted in similar phenomena as observed
in co-cultures with osteoblasts. Yet, the cell-free areas proved to be significantly
smaller and the number of multinucleated cells formed within cell-free areas was 3-4
times lower. Our results indicate that osteoclast precursors and mature osteoclasts
have the capacity to modulate the activity of osteoblasts and that, yet unknown,
membrane-bound signalling molecules are essential in inducing retraction of
osteoblasts and the subsequent formation of cell-free areas.
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INTRODUCTION
Bone remodelling is essential for the regulation and maintenance of skeletal integrity.
Specialized bone cells that have antagonistic activities control the modulation of
skeletal mass: osteoblasts synthesize and deposit bone matrix, thereby increasing
bone mass, whereas osteoclasts resorb this tissue. Osteoclasts are large
multinucleated cells that differentiate from haematopoietic precursors cells,
specifically those from the monocyte-macrophage lineage (1;2) Under the influence of
the

bone-associated

environment,

pre-osteoclasts

differentiate

into

mature

osteoclasts that are capable of resorbing bone (3).
Osteoblasts play an important role in osteoclastogenesis since it has been
shown that the interaction between these cells and pre-osteoclasts stimulates the
formation of the bone-resorbing cells

(4;5)

. This interaction involves the participation of

a membrane-bound protein, the receptor activator nuclear factor kappa B ligand
(RANKL), which is expressed by osteoblasts and certain stromal cells

(6)

. Its receptor

(RANK) is expressed by osteoclast precursors. The transduction of the RANKL signal
results in fusion of mononuclear pre-osteoclasts into multinucleated bone-resorbing
osteoclasts (7).
During the past decade considerable progress has been made in
understanding the mechanisms involved in the formation of osteoclasts

(8)

. Yet, it is

still unclear how these cells find their way to the site of the bone surface where
resorption has to occur. Since the bone surface is normally covered by osteoblasts
and bone lining cells, a withdrawal of those cells must take place before osteoclasts
exert their function

(9)

. In this respect it is of interest to note that osteoblasts may

change their shape under the influence of bone resorption inducing compounds like
parathyroid hormone (PTH). In a series of studies Jones and Boyde demonstrated
that this compound induced elongation of the osteoblasts concomitant with an
increase in intercellular gaps (10-12). In a recent study Karsdal and coworkers (13)
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demonstrated that under the influence of TGF-β osteoblasts/bone lining cells not only
elongate but retract and thus form areas free of cells.
These findings suggest that under certain conditions osteoblasts/bone lining
cells expose the site of the bone surface where resorption is likely to occur. Since
prior to resorption osteoclasts are formed adjacent to the layer of osteoblasts/bone
lining cells and/or at the bone surface, the question arises how pre-osteoclasts
interact with these bone-covering cells and whether this interaction results in
withdrawal of the bone-associated cells and a subsequent formation of osteoclasts.
In order to address these questions, we analyzed the response of a confluent layer of
rabbit

calvarial

osteoblasts/bone

lining

cells

to

mononuclear

blood

cells.

Osteoblasts/bone lining cells were obtained from the inner or outer aspect of calvarial
bone and, after reaching confluency, mononuclear blood cells were seeded on top of
these cells. We analyzed the attachment of the cells to the osteoblast cell layer, their
ability to induce formation of cell-free areas and the formation of TRACP-positive
multinucleated cells. Since TGF-β was shown to promote retraction of osteoblasts
and TNF-α is known to stimulate osteoclastogenesis

(14)

(13)

the effect of these cytokines

was tested in our system. Finally, the possible involvement of proteolytic enzymes
was analyzed by using selective inhibitors of matrix metalloproteinases (MMPs) and
serine proteinases.

MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle medium (DMEM), alpha minimal essential medium (αMEM), fetal calf serum (FCS), Hank’s balanced salt solution (HBSS) and trypsin were
obtained from Gibco (Gibco Lab., Grand Island, NY). 1α,25-Dihydroxycholecalciferol,
β-glycerophosphate, dexamethasone, hexamethyldisilazane, ascorbic acid, leukocyte
acid phosphatase (TRACP) kit, antibiotic-antimycotic solution and collagenase type I
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were purchased from Sigma Chemical (St. Louis, MO). Recombinant human TGF-β1
and recombinant TNF-α were obtained from R&D Systems (Minneapolis, MN). The
matrix metalloproteinase (MMP) inhibitor CT1847 was a gift from Dr A.J. Docherty
(Celltech R&D, Slough, UK). Culture flasks, 6, 12, 24-well culture dishes and
transwell tissue culture-treated polyester membranes (0.4 µm pore size) were
obtained from Costar (Cambridge, MA). Lymphoprep (1.077 ± 0.001 g/ml) was
obtained from Axis-shield Po CAS (Oslo, Norway). Aprotinin was from Fluka (Fluka
Chemie, Buchs, Germany). ALEXA-conjugated phalloidin was purchased from
Molecular Probes (Eugene, OR). 4’,6’-Diamino-2-phenylindole (DAPI) was obtained
from Vector Laboratories (Peterborough, England). Vectashield was purchased from
Instruchemie (Hilversum, The Netherlands).
The cell cultures were performed in DMEM supplemented with 10% FCS and 1%
antibiotic-antimycotic solution, indicated as “culture medium”, unless stated
otherwise.

Cell isolation and culture
Osteoblast isolation
New Zealand White rabbits (5 day old) were killed by injecting sodium pentobarbitone
(150 mg/kg) intrapertoneally. Calvariae were aseptically dissected and the
periosteum was removed from the inner and outer aspect of the bones. In order to
obtain cells from one side of the calvariae only, the calvariae were placed on top of
4% partially-solidified agar dissolved in PBS (30°C). The tissue was placed in such a
way that either the concave or the convex side was embedded, thus leaving the other
side accessible for cell isolation. A collagenase solution (2 mg/ml collagenase/0.25%
trypsin in PBS) was added to the uncovered aspect of the bone and the tissue was
subjected to a sequential digestion for 20, 40 and 90 min at 37°C. The cells obtained
in the last digestion step were plated in culture medium in six well culture plates and
cultured until confluency. This was reached after approximately 15 days. The
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confluent layer of osteoblasts was dispersed with 0.25% trypsin and plated in culture
medium at a density of 1x 105 cells/well in 24 well culture plates or onto slices of
bovine cortical bone (650 µm thick) placed in 24-well plates. For all experiments cells
from the first passage were used. In preliminary experiments the osteoblast nature of
the cells was assessed by determining alkaline phosphatase activity and their ability
to form mineralised nodules, when cultured with osteogenic medium (50 µg/ml
ascorbic acid, 10 mM β-glycerophosphate and 10-8 M dexamethasone).
Fibroblast isolation
Periosteal fibroblasts were isolated in two different ways. (1) Endo- and ectoperiostea
of rabbit calvariae were incubated in culture medium until outgrown fibroblasts
reached confluency. Cells were dispersed with 0.25% trypsin and plated in culture
medium at a density of 1 x 105 cells/well in 24 well culture plates and cultured until
they reached confluency. (2) Endo- and ecto-periostea were incubated with a
collagenase solution (2 mg/ml collagenase/0.25% trypsin in PBS) for 90 min. The
released cells were plated in culture medium in six well culture plates and cultured
until confluency, which was reached after approximately 15 days. The fibroblasts
were dispersed with 0.25% trypsin and plated at a density of 1 x 105 cells/well in 24
well culture plates or onto slices of bovine cortical bone (650 µm thick). Comparison
of the periosteal fibroblasts with the osteoblasts revealed the former cells to be more
elongated and spindle shaped. We further analyzed whether the fibroblast had the
capacity to form mineralised nodules. Incubation of fibroblasts with osteogenic
medium (see above) did not result in formation of mineralised nodules and alkaline
phosphatase activity was found to be much lower compared to osteoblasts.
Peripheral blood mononuclear cell (PBMC) isolation
The rabbit heart was exposed by opening the chest cavity aseptically, and blood was
aspirated into a 5 ml syringe to which a 0.8 mm x 40 mm needle was attached. The
blood sample was transferred immediately into a sterile tube containing heparin (5
U/ml). The blood was diluted 1:1 with DMEM, overlaid onto 10 ml Lymphoprep in a
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50 ml tube and centrifuged at 1000 g at 20°C for 30 minutes. The mononuclear cell
fraction was collected, resuspended in culture medium and centrifuged at 400 g at 20
°C for 10 minutes. A fraction of the obtained mononuclear cells was collected on
glass slides, dried and stained for TRACP activity. The remaining cells were counted,
resuspended in culture medium to which 1x10-7 M 1α,25(OH)2D3 was added and
seeded on top of confluent cultures of osteoblasts or fibroblasts.
Osteoclast isolation
Long bones were dissected from rabbits, cleaned of their periosteum, and minced in
α-MEM and 1% antibiotic-antimycotic solution. The minced bone fragments were
sedimented, the supernatant was collected and centrifuged for 10 min at 500 rpm.
The osteoclast-enriched cell population was collected and seeded on top of confluent
layers of osteoblasts.
Co-culture of osteoblasts and fibroblasts with PBMCs
PBMCs (1x106 cells) were added to confluent layers of osteoblasts or fibroblasts and
co-cultured for up to 15 days. In another series of experiments, PBMCs were cultured
separately from the osteoblasts by seeding them on the bottom of an insert (1x106
cells/insert).
Some co-cultures were performed in the presence of the matrix metalloproteinase
inhibitor CT1847 or the serine proteinase inhibitor aprotinin, both at a final
concentration of 10 µM. Also, co-cultures were performed in the presence of 10 ng/ml
of TGF-β1 or 10 ng/ml of TNF-α.
Cultures of osteoblasts/fibroblasts with or without PBMCs were performed in
culture medium to which 1x10-7 M 1α,25(OH)2D3 was added. The media were
changed every 3 days.
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Cultures with conditioned media
Filter–sterilized medium from cultured PBMCs (cultured for 7 days) was added (1:1
with fresh culture medium) to confluent layers of osteoblasts or fibroblasts. These
cells were cultured for a period of 15 days. In addition, filter–sterilized conditioned
medium from osteoblast or fibroblast cultures (cultured for 7 days) (1:1 with fresh
culture medium) was added to 1x106 PBMCs/well. The media of both types of
cultures were changed every 3 days.
After a culture period of 15 days TRACP activity, the pattern of actin filament
organization as well as the number and area of cell-free areas were analyzed.
Actin staining
For F-actin staining, cells were fixed with 4% formaldehyde in PBS for 10 min, rinsed
with PBS for 10 min and incubated with ALEXA-conjugated phalloidin (5 U/ml) in
PBS for 1 h. For visualization of the nuclei, cells were incubated with 1.5 µg/ml DAPI
for 10 minutes. After washing with PBS, cells were covered with Vectashield and
examined with a light microscope equipped with epifluorescence.
TRACP staining
Cultured cells (on plastic dishes or bone slices) were fixed with 4% formaldehyde in
PBS for 10 min, washed with PBS and stained for TRACP according to the
manufacturer’s instructions.
Quantification of monocytes, multinucleated cells and cell-free areas
After TRACP staining the following parameters were quantified: (1) the total area as
well as the number of cell-free areas, (2) the number of TRACP-positive
mononuclear cells within the cell-free areas and (3) the number of TRACP-positive
multinucleated cells (more than 3 nuclei) in cell-free areas. In order to assess these
parameters, digital images were obtained with a Leica DM IL microscope equipped
with a x20 objective. Micrographs of randomized and pre-determined 5 fields/well
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(24-well plate) were analyzed using a computerized X-Y tablet (Qwin, Leica, Wetzlar,
Germany).
Scanning electron microscopy (SEM)
Co-cultures on bone slices were fixed in 1% glutaraldehyde-4% formaldehyde in 0.1
M sodium cacodylate buffer (pH 7.4) at room temperature for 1 h and rinsed twice in
0.1 M sodium cacodylate buffer for 10 min. Samples were dehydrated in increasing
concentrations of alcohol (70% v/v, 80% v/v, 90% v/v, 96%v/v, 2 × 100% v/v) for 10
min each. The specimens were dried using pure hexamethyldisilazane for 60 min,
and finally air-dried overnight. The specimens were mounted on metal stubs using
carbon glue, coated with gold and inspected in a Philips scanning electron SEM 505
microscope. Image acquisition was obtained with an Orion frame grabber.
Data analysis
Statistical analysis was performed by Student’s t-test. Differences were considered
significant when p<0.05 (two-tailed).

RESULTS
PBMCs induce retraction of cells
Co-culture with osteoblasts
During the first 3 days of co-culturing a relatively low percentage (5%) of PBMCs
proved to attach strongly to the osteoblast cell layer. The non-attached PBMCs were
washed away. The attached PBMCs were easily recognized due to their round
morphology. Moreover, these cells proved to be TRACP-positive (Fig. 1A). Since
freshly isolated PBMCs were TRACP-negative, this observation indicates that the
interaction of osteoblasts with the PBMCs induced TRACP activity in the latter cells.
Between the 4th and 8th day of culturing, osteoblasts retracted from the bottom of the
well and thus formed cell-free areas (Fig.1B). Retraction of osteoblasts was only
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found at sites where osteoblasts were in direct contact with PBMCs. Osteoblasts
bordered the cell-free areas in a circular configuration and they were characterized
by an elongated morphology. Following the formation of cell-free areas the PBMCs
started to migrate from the top of the osteoblast layer to the cell-free bottom of the
plate.

These PBMCs strongly attached to the plastic and spread (Fig. 1C).

A

characteristic feature of these cells was their round shape. In many instances the
PBMCs that were attached to the bottom were in close contact to each other and
also to the surrounding osteoblasts (Fig. 1D).
After approximately 8 days in co-culture, the PBMCs started to fuse and to
form TRACP-positive multinucleated cells (Fig. 2A). The formation of these cells was
only seen in the cell-free areas; the cells still on top of the osteoblasts did not form
multinucleated cells. It was of interest to note that the osteoblasts in contact with the
mononuclear cells expressed also TRACP activity although the level proved to be
lower than the activity seen in the mononuclear cells. Actin staining of the
multinucleated cells attached to the bottom revealed in the peripheral cytoplasm, at
the sites where the cells attached to the culture dish, a dotted pattern of staining,
resembling podosomes of osteoclasts (Fig. 2B) (15). The osteoblasts encircling the cell
free-areas were characterized by actin filament stress fibers, whereas actin staining
in osteoblasts not associated with the cell-free areas was more diffuse.
In all cultures with osteoblasts, which were either obtained from the inner or
outer aspect of the bone or by different sequential enzymatic digestions, the
phenomena observed were similar. By comparing osteoblasts obtained from the
inner and outer aspect of the bone, no significant differences were found in the
number of cell-free areas (inner: 22.7± 4.4 and outer: 17.7 ± 5.7; n=4), mean area
per cell-free site (inner: 1.1 ± 0.2 mm2 and outer: 1.2 ± 0.4 mm2) and mean number of
TRACP-positive multinucleated cells within a cell-free area (inner: 1.4 ± 0.4 and
outer: 1.6 ± 0.6).
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Fig. 1. Co-cultures of osteoblasts with PBMCs. (A) After 3 days of co-culture non -attached PBMCs
were washed away and the co-cultures were stained for TRACP activity. Note the TRACP-positive
PBMCs (arrows) attached to osteoblasts (OB). (B) Retraction of osteoblasts and formation of cell-free
areas at sites of direct contact with PBMCs (4-8 days of co-culture). (C) Attachment and spreading of
PBMCs to cell-free areas. Note the elongated osteoblasts encircling the cell-free areas. (D) Formation
of multinucleated cells (MNC) in the osteoblast-free areas. Phase-contrast. Magnification, A-D: x 200.
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Fig. 2. Co-cultures of osteoblasts with PBMCs. (A) A large TRACP-positive multinucleated cell in a
cell-free area. Note the close spatial relationship between the encircling osteoblasts (OB) and the
multinucleated cell (MNC). (B) Actin staining of a multinucleated cell in a cell-free area. Note the
dotted pattern of actin staining at the sites were the cell attaches to the culture dish and the stress
fibers in osteoblasts surrounding the cell-free area. Nuclei were counterstained with DAPI.
Magnification, A: x 200 and B: x 400.

Co-culture with fibroblasts
The interaction of PBMCs and fibroblasts resulted, as with osteoblasts, in attachment
of PBMCs, retraction of the fibroblasts and formation of TRACP-positive
multinucleated cells in the cell-free areas. These phenomena were similar for all
fibroblasts irrespective whether they were collected by enzymatic digestion or by
outgrowth. There were, however, differences between the different populations of
fibroblasts. In co-cultures of periosteal fibroblasts obtained from the concave aspect
of the calvarial bone the total cell-free area as well as the area per site was much
larger than that in co-cultures with periosteal fibroblasts from the convex aspect (Fig.
3). However, per site similar numbers of TRACP-positive multinucleated cells were
formed (0.3 ± 0.2 in the convex side vs 0.1 ± 0.1 in the concave side)
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Fig. 3. Number (A) and size of cell-free areas (B) after 2 weeks of co-culture of periosteal fibroblasts
isolated from the concave or convex aspect of calvarial bone and PBMCs. Results are presented as
mean ± SD (n=4). Statistical analysis was performed by Student’s t-test. * p<0.05.

By comparing co-cultures of osteoblasts with fibroblasts, both obtained from the
convex aspect of the calvariae, we found that in the osteoblast co-cultures the
number and area of cell-free sites were 4-5 times larger (Fig. 4A, B). Also the number
of attached TRACP-positive monocytes and multinucleated cells within the cell-free
areas proved to be significantly higher (3-4-fold) in the osteoblast cultures (Fig. 4C,
D).
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Fig. 4. Number (A), size of cell-free areas (B), number of TRACP-positive multinucleated cells (C) and
number of TRACP-positive mononuclear cells within cell-free areas (D) after 2 weeks of co-culture of
osteoblasts (OBs) or periosteal fibroblasts (FBs), and PBMCs. Osteoblasts and fibroblasts were
obtained from the convex aspect of calvarial bone. Results are presented as mean ± SD (n=4).
Statistical analysis was performed by Student’s t-test. *p<0.05, **p<0.01.
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PBMCs in the absence of osteoblasts or fibroblasts
Formation of multinucleated cells was not observed in cultures of PBMCs in the
absence of osteoblasts or fibroblasts. Without the latter cells a small fraction of
PBMCs attached to the bottom of the well but they did not attain the flattened and
round morphology characteristic for PBMCs cultured with osteoblasts/fibroblasts.
However, conditioned medium from cultured osteoblasts or fibroblasts added to
PBMC cultures induced attachment and spreading of PBMCs comparable to the
situation noted in the co-cultures. In some instances the appearance of
multinucleated cells, some of which were TRACP-positive, was noted after a 2-week
culture period.
A direct contact between PBMCs and osteoblasts/fibroblasts is needed for the
formation of cell-free areas
If confluent layers of osteoblasts or fibroblasts were cultured with PBMCs separated
in a transwell system, formation of cell-free areas did not occur and changes in the
pattern of actin filaments were not observed. Similarly, the addition of conditioned
medium from cultured PBMCs did not affect osteoblast or fibroblast morphology
and/or retraction.
Native osteoclasts accelerate retraction of osteoblasts
Isolated native osteoclasts that were added to confluent layers of osteoblasts
strongly adhered to the osteoblasts. This was apparent already after 1 day in coculture.

Within a period of 2 days osteoblasts in direct contact with osteoclasts

retracted and the osteoclasts subsequently migrated into the cell-free areas. The
morphological aspect of the osteoblasts surrounding the cell-free areas was similar to
those observed in co-cultures with PBMCs (see above). Again not only the
osteoclasts expressed TRACP activity but also the osteoblasts in close vicinity to
these osteoclasts proved to express a low level of activity of the enzyme.
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TGF-β1 and TNF-α induce morphological changes in both osteoblasts and
fibroblasts.
When osteoblasts or fibroblasts were cultured in the presence of TGF-β1 or TNF-α
the morphology of the cells changed. They became more elongated after a culture
period of 6-7 days and the actin staining pattern changed from a diffuse staining into
positively staining stress fibers (Fig. 5). However, neither TGF-β1 nor TNF-α induced
formation of cell-free areas.

Fig. 5. Effect of TGF-β1 and TNF-α on actin organization
in osteoblasts. Cells were maintained in the absence (A)
or presence of TGF-β1 (10 ng/ml) (B) or TNF-α (10
ng/ml) (C) for 1 week and stained with ALEXAconjugated phalloidin to visualize actin filaments. Note
the elongation of cells and the increase in actin stress
fibers when cultured with TGF-β or TNF-α. Magnification,
A-C: x 400
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TGF-β1 and TNF-α affect the formation of multinucleated cells in co-cultures of
osteoblasts and PBMCs
In co-cultures of osteoblasts and PBMCs to which TGF-β1 was added, formation of
multinucleated cells was completely blocked. The PBMCs did attach to the confluent
layer of osteoblasts but the latter cells did not retract and hence cell-free areas and
multinucleated cells were not formed. Yet, as seen with osteoblasts cultured with
TGF-β1 alone (see above) the cells became more elongated and the occurrence of
stress fibers was obvious.
In contrast to the inhibiting effect of TGF-β1 on formation of cell-free areas and
multinucleated cells, TNF-α stimulated the latter event in co-cultures of osteoblasts
and PBMCs. The cytokine had no effect on the formation of cell-free areas but high
numbers of multinucleated cells were already present at the 8-day time interval,
whereas in control cultures such numbers were only found after a longer period of
culturing (approximately 15 days). Although multinucleated cells with extremely high
numbers of nuclei (up to 70 nuclei) were formed under the influence of TNF-α, over
60% of these cells proved to be TRACP-negative. In control cultures this was only
20%. Another remarkable phenomenon in co-cultures with TNF-α was the 8 times
lower number of TRACP-negative and positive mononuclear cells within cell-free
areas (Table 1).
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CONTROL
2

TNF-α

Size of cell-free area (mm )

0.6 ± 0.4

0.6 ± 0.2

number of cell-free areas/well

9.0 ± 2.0

9.3 ± 2.3

15.2 ± 10.7

1.7 ± 1.9*

1.9 ± 1.1

0.1 ± 0.3*

0.8 ± 0.4

0.6 ± 0.6

0.2 ± 0.4

1.2 ± 0.4*

Number of TRAP-positive
mononuclear

cells/cell-free area

number of TRAP-negative
mononuclear cells/cell-free area
number of TRAP-positive MNC/cellfree area
number of TRAP-negative MNC/cellfree area

Table 1. Effect of TNF-α on multinucleated cell formation in co-cultures of
osteoblasts and PBMCs
Osteoblasts were co-cultured with PBMCs for 2 weeks in the presence or absence of TNF-α (10
ng/ml). Co-cultures were stained for TRAP activity and the parameters listed in the table were
quantified. MNC: multinucleated cells
Results are presented as mean ± SD (n=6). Statistical analysis was performed by Student’s t-test.
*p<0.05 (vs control).

Inhibition of MMP-activity inhibits osteoblast retraction
Since matrix metalloproteinases (MMPs) are known to be involved in cell migration
(reviewed by Seiki)

(16)

, we analyzed their possible involvement in osteoblast

migration/retraction and formation of cell-free areas by using a selective MMP
inhibitor. In addition, with aprotinin we blocked the activity of serine proteinases of
which plasmin is a well-known activator of most MMPs

(17)

. The serine proteinase

inhibitor aprotinin did not have any effect on the attachment of PBMCs to osteoblasts,
retraction of these cells or formation of TRACP-positive multinucleated cells. In the
presence of the MMP-inhibitor CT1847, attachment of PBMCs to the confluent layer
of osteoblasts was also not affected. Retraction of the osteoblasts, however, was
strongly inhibited as was shown by the significantly reduced formation of cell-free
areas (Fig. 6A, B). Not only the number was lower but also the size of the cell-free
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areas found in the presence of CT1847 was smaller compared to the controls (Fig.
6A). Finally, a lower number of TRACP- positive multinucleated cells within cell-free
areas was found (Fig. 6C).
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**
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Fig. 6. Effect of the MMP-inhibitor CT1847 on cell-free area formation in co-cultures of osteoblasts and
PBMCs. Co-cultures were maintained for 2 weeks in the presence or absence of CT1847 (10 µM) and
both the area (A) and the number (B) of cell-free areas as well as the number of TRACP-positive
multinucleated cells within cell-free areas (C) were analyzed. Results are presented as mean ± SD
(n=6). Statistical analysis was performed by Student’s t-test. *p<0.05, **p<0.01.

Co-cultures of PBMCs and osteoblasts/fibroblasts on bone slices
PBMCs added to a confluent layer of osteoblasts on bone slices resulted in similar
phenomena as found in the tissue culture dishes. Analysis of TRACP-activity of a
series of bone slices revealed the presence of multinucleated TRACP-positive cells
within cell-free areas. Scanning electron microscopic examination of the co-cultures
demonstrated mononuclear and multinucleated cells attached to the bone surface
within cell-free areas (Fig. 7A, B). The osteoblasts encircling the cell-free areas had
an elongated morphology and were characterized by smooth upper surfaces. The
large multinucleated cells showed numerous small cytoplasmic extensions (ruffles)
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on the upper surface and long slender protrusions contacted surrounding
osteoblasts. Signs of bone resorption were not seen.
In contrast to the similarities between the response of osteoblasts to PBMCs either
on plastic or on bone, periosteal fibroblasts responded differently. Fibroblasts
cultured on bone slices to which PBMCs were added did not form cell-free areas and
large (multinucleated) cells were not found. Some mononuclear cells were attached
to the fibroblast layer, but signs of withdrawal of the latter cells were not found (Fig.
7C).
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Figure 7. Scanning electron micrographs
of PBMCs co-cultured with osteoblasts or
fibroblasts

on

bone

slices.

(A)

Attachment and spreading of some
PBMCs in a cell-free area created by
osteoblasts (OB). Bar: 100 µm. (B) Large
multinucleated cell (MNC) attached to the
bone surface (BS) within a cell-free area.
Osteoblasts (OB) encircle the cell-free
area and show a smooth upper surface.
Note

the

multinucleated

protrusions
cell

of

the

contacting

surrounding osteoblasts. Bar: 10 µm. (C)
PBMCs attached to fibroblasts (FB). Bar:
10 µm.
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DISCUSSION
In the present study we show an intriguing interaction between mononuclear cells
from peripheral blood and osteoblasts. A small fraction of mononuclear cells strongly
attached to osteoblasts and activated the latter cells in such a way that they moved
away from the surface. After this induction of withdrawal, the mononuclear cells
invaded the cell-free areas, attached to the surface, spread and fused to form
multinucleated cells. These multinucleated cells proved to be TRACP-positive and
had a dot-like pattern of actin staining resembling podosomes of osteoclasts (15).
Our data indicate that only a fraction of the blood-derived mononuclear cells
attached to the osteoblasts. Whether this is a specific subset of precursors cells
primed to become osteoclasts needs clarification in further studies.
Many studies of the past decade have focused on the mechanisms by which
osteoblasts regulate osteoclast formation (reviewed by Chambers)

(18)

. These

investigations have clearly shown that a direct interaction of osteoblasts with preosteoclasts results in the differentiation of these precursors into multinucleated
osteoclasts

(4,19)

. In the present study we show for the first time that upon interaction

of osteoblasts with PBMCs, not only signals are transduced from osteoblasts to
PBMCs, resulting in the formation of osteoclast-like cells, but that prior to this,
PBMCs activate osteoblasts which results in their retraction and formation of cell-free
areas. The osteoblast movement reported in our system is comparable to that
observed by Vesely and coworkers

(20)

. These authors showed retraction of

osteoblasts after their contact with osteoclasts. The processes described in these in
vitro systems are likely to occur also in vivo. Before osteoclasts adhere to bone (21,22),
osteoblasts and bone lining cells covering the bone surface have to retract freeing
the surface for osteoclasts to attach and exert their activity (23).
Our finding that osteoclast-like cells were formed only in cell-free areas and
not on top of osteoblasts indicates that the attachment of PBMCs to the surface
(plastic or bone), is necessary for osteoclast-like cell formation. Although co-culturing
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of osteoblasts with PBMCs is a system widely used to generate osteoclasts, a
withdrawal of osteoblasts and the formation of cell-free areas has not been described
previously. The use of a confluent layer of osteoblasts to which pre-osteoclasts were
added may explain why these phenomena were not noted before.
Retraction of osteoblasts and formation of TRACP-positive multinucleated
cells within cell-free areas occurred not only on a plastic bottom of culture dishes but
also on bone slices. Yet, signs of bone resorption were not found. A possible
explanation for the absence of this event could be that the bone surface to which the
osteoclast-like cells attached was modified somehow. Since osteoblasts were
seeded on top of the bone slices for 14 days prior to addition of PBMCs, it is not
unlikely to assume that some modifications, like protein deposition, occurred.
Our findings show that a direct contact between PBMCs and osteoblasts is
essential for the latter cells to retract. The retraction was not observed when they
were cultured in the presence of conditioned medium obtained from cultured PBMCs.
This phenomenon was also not observed when osteoblasts and PBMCs were
separated by a membrane which allowed only soluble factor(s) to pass. So, it
appears that a cell-cell interaction, probably through adhesion molecules, is essential
for the observed sequence of events. The nature of the adhesion molecule(s)
involved in this process is not known yet. Possible candidates are intercellular
adhesion molecules (e.g. ICAM-1) and vascular cell adhesion molecule (VCAM-1).
Tanaka and co-workers

(24;25)

reported that ICAM-1 and VCAM-1 expressed by

osteoblasts may participate in the adhesion of osteoblasts to monocytes. Moreover,
ICAM-1-expressing osteoblasts have been shown to induce osteoclastogenesis,
whereas those not expressing ICAM-1 lacked this capacity

(26)

. Further studies are

needed to assess whether these molecules are indeed involved in the processes
described in the present study.
In addition to a direct cell-cell interaction also soluble factors like TGF-β and/or
TNF-α may be involved. In this respect it is of interest that TGF-β was shown to
induce elongation of the mouse osteoblast cell line MC3T3-E1 and this elongation
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(13)

. In our system in which

was accompanied by the occurrence of cell-free areas

primary cells were used, TGF-β did not induce retraction of osteoblasts. Yet, this
cytokine proved to induce a change in morphology of the cells. Their flat and spread
appearance changed into an elongated one. Concomitantly, actin stress fibers
became pronounced after culturing with TGF-β. This morphological aspect was
comparable to that observed in osteoblasts encircling cell-free areas in co-cultures
with PBMCs. As with TGF-β, also TNF-α induced a change in osteoblast morphology
being comparable to the effect seen with TGF-β. Again no cell-free areas were
formed.
Yet, if TNF-α was added to the co-cultures, the cytokine affected the formation of
multinucleated cells. Even though the number and area of cell-free areas was not
influenced by TNF-α, high numbers of multinucleated cells were already present at
the 8-day time interval, whereas in control cultures such numbers were found after a
period of 15 days. A possible explanation for this finding is that TNF-α increases the
expression of RANK in pre-osteoclasts

(27)

. This may result in a more efficient fusion

upon stimulation by RANKL, in our system provided by osteoblasts. Also the
observation that TNF-α increases IL-6 expression by osteoblasts

(28)

, a cytokine that

stimulates differentiation of osteoclast precursors, may help to explain our results.
The finding that in the presence of TNF-α the number of TRACP-positive mono- and
multinucleated cells was lower than in control cultures suggests that this cytokine
down-regulates TRACP expression.
TGF-β added to the co-cultures completely prevented retraction of
osteoblasts. Hence the formation of cell-free areas followed by attachment and fusion
of PBMCs within the cell-free areas did not occur. This finding may be explained by
the suppressing effect of TGF-β on the expression of RANKL and the stimulating
effect on osteoprotegerin expression by osteoblasts

(29)

. Alternatively it is possible

that TGF-β down-regulates certain cell adhesion molecules, e.g. VCAM-1

(30)

, that

are involved in PBMC-induced osteoblast retraction.
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Finally, it is possible that TGF-β down-regulated the expression of MMPs

(31)

. Our

data showed that retraction of osteoblasts and thus the formation of cell-free areas
was completely blocked by inhibiting MMP-activity, whereas attachment of PBMCs to
osteoblasts was unaffected. Our study supports the finding of Karsdal and coworkers (13) that MMPs participate in this type of movement of osteoblasts. A possible
MMP involved in this process may be stromelysin-1 (MMP-3) since this enzyme has
the capacity to cleave cell-cell recognition molecules such as E-cadherin.(32) An
attractive alternative candidate is MMP-13, an enzyme that is highly expressed by
bone lining cells at sites where they border osteoclasts (33).
Not only PBMCs but also native osteoclasts when seeded on top of a
confluent layer of osteoblasts induced retraction of osteoblasts. Osteoclasts adhered
strongly to the confluent layer of osteoblasts and the latter cells retracted, formed
cell-free areas and the osteoclasts migrated into those areas. The rate by which
these processes occurred, however, was much faster (1-2 days) than in co-cultures
with PBMCs (8 days). This difference in rate of responses of the osteoblasts is
probably due to the difference in the stage of maturation of the added cells.
Osteoclasts are mature cells and fully equipped to attach to and to resorb bone,
whereas the PBMCs first need to differentiate, to fuse, to form multinucleated cells
and finally to resorb bone.

The fast response of osteoblasts towards mature

osteoclasts may also be effective in vivo where movement of osteoclasts to different
sites where resorption has to occur is important.
Although it is known that the concave side of a growing calvarial bone
contains primarily bone lining cells next to osteoclasts and the convex side mostly
osteoblasts

(9)

, differences in the response of both osteoblast-like cell populations to

PBMCs were not noted. These findings strongly suggest that the cells attain a similar
phenotype upon isolation and culturing.
Phenomena similar to those observed with osteoblasts co-cultured with
PBMCs were found also to occur in co-cultures with periosteal fibroblasts, indicating
that the latter cells may have the capacity to induce osteoclastogenesis. Yet, in
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fibroblast co-cultures a lower number of cell-free areas and multinucleated cells was
formed. Although a number of studies have demonstrated the ability of fibroblasts to
support osteoclastogenesis

(34;35)

they appear to be less effective than osteoblasts. In

this respect, it was of interest to note that in co-cultures on bone slices, formation of
osteoclast-like cells was absent in the presence of fibroblasts.
When periosteal fibroblasts from the two different bone aspects were cultured
with PBMCs, considerable differences were found. Fibroblasts from periosteum
obtained from the concave -resorption- side of the bone tissue formed under the
influence of PBMCs significantly larger cell-free areas than those seen with
fibroblasts from the apposition side. If a similar reaction pattern also occurs in vivo,
the fibroblast layer present in the periosteum may be regarded as another level of
regulation of osteoclast formation/activity. Pre-osteoclasts may pass easily through
the periosteum covering the resorption side and become osteoclasts, whereas the
fibroblasts present in the periosteum covering the appositional side may prevent their
penetration thus preventing osteoclast formation at sites where bone formation
prevails.
The data obtained in this study reveal a series of novel aspects by which
osteoblasts and precursors of osteoclasts interact with each other. Although the cell
adhesion molecules participating in the interaction between both cell types need to
be elucidated, it is clear that cell to cell signals are transduced from osteoclast
precursors to osteoblasts resulting in the retraction and formation of cell-free areas
by the latter cells. Our data further demonstrate that the retraction of the osteoblasts
depends on activity of MMPs. Finally, we have shown considerable differences in
the response of osteoblasts and periosteal fibroblasts to PBMCs, thus suggesting
that within the bone-surrounding tissue different cell types play their own specific role
in directing (pre-)osteoclasts towards the bone surface.
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ABSTRACT
Tartrate-resistant acid phosphatase (TRACP) is produced by macrophages and other
cells of the monohistiocytic lineage. In particular osteoclasts are characterized for a
high expression of this enzyme. Yet, several data suggest that other bone cell types,
such as osteocytes and osteoblasts, may also express activity of this enzyme. This is
particularly obvious at sites where osteoclasts resorb bone, suggesting that
osteoclasts (or their precursors) somehow induce TRACP activity in osteoblasts. In
the present study we investigated this by culturing human osteoblast-like cells with
and without conditioned medium (MCM) from human blood monocytes (as a source
of osteoclast precursors). High levels of TRACP activity were found in osteoblast-like
cells cultured with MCM. Depletion of TRACP from this medium resulted in the
absence of its activity in osteoblast-like cells, thus suggesting that the TRACP activity
in these cells was the result of endocytosed TRACP that was released by the
monocytes in the MCM. Osteoblast-like cells cultured in control (non-conditioned)
medium contained very low levels of TRACP-like activity. However, the cells
expressed TRACP mRNA and incubation of extracts of these cells with active
cathepsin B did induce activity of a TRACP-like enzyme. Inhibition of the activity of
cysteine proteinases in general and of cathepsin B in particular, completely blocked
TRACP activity of the osteoblast-like cells. This TRACP-like enzyme but not the
alleged endocytosed fraction of TRACP was inhibited by fluoride, suggesting that the
fractions may be different isoenzymes.
Our data seem to indicate that osteoblast-like cells may contain two different
fractions of TRACP, one that is released by monocytes and subsequently
endocytosed by osteoblast-like cells and a second endogenous fraction that is
present in an inactive proform. We hypothesize that the capacity of osteoblast-like
cells to endocytose TRACP is important for the removal of this enzyme during or
following the bone resorptive activity of the osteoclast.
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INTRODUCTION
Macrophages and other cells of monohistiocytic lineage express band 5 isoenzyme
of tartrate-resistant acid phosphatase (TRACP; EC 3.1.3.2)

(1; 2)

. The isoenzyme is

identified by its unique cathodal mobility at pH 4 and is further defined by its
resistance to inhibition by L(+)-tartrate

(3)

Analysis of TRACP in human serum

revealed two isoforms designated 5a and 5b, that have a different pH optimum (5a:
pH 4.9; 5b: pH 5.5-6.0)

(4)

. These isoforms are structurally and antigenically identical,

but they differ in their carbohydrate content; 5a contains sialic acid, which is not
found in 5b (5).
TRACP is a binuclear iron containing protein that promotes the hydrolysis of
nucleotides, aryl phosphates and phosphoproteins

(6;7)

. The enzyme has been shown

to partially dephosphorylate the bone matrix phosphoprotein osteopontin

(8)

. In

addition to acting as a phosphatase, the enzyme is capable of generating oxygen
radicals in the presence of hydrogen peroxide (9-11).
Mice deficient in TRACP demonstrated that the enzyme is essential for a
proper mineralization of cartilage in developing bones and for maintenance of the
adult skeleton

(12)

. These knockout mice also display an impairment of macrophage

function with abnormal immunomodulatory cytokine responses

(13)

. Transgenic mice

overexpressing TRACP exhibit increased osteoclastic resorption of bone, which is
largely compensated by an increase in the rate of bone formation (14).
Although TRACP is widely used as a histochemical marker for osteoclasts
Hayman and co-workers

(16-18)

(15)

,

have shown that in mouse as well as in human both

TRACP activity and TRACP mRNA are expressed in spleen, liver, linings of the
gastrointestinal tract, lung, thymus and skin. Yet, the highest expression of TRACP
appears to be present in bone tissue. Apart from osteoclasts some reports suggest
TRACP activity in other bone-associated cells, such as osteoblasts and osteocytes
(19; 20)

. An enzyme with TRACP characteristics has been purified from extracts of

human osteoblasts

(21)

. Based on the following characteristics Lau and Baylink

(22)

suggested that the osteoblastic enzyme differs from osteoclastic TRACP: (i)

65

CHAPTER 3

___________________________________________________________________
osteoclastic and osteoblastic TRACP have a different pI (osteoclast TRACP: pI > 9;
osteoblast TRACP: pI 4.5-5), (ii) osteoblastic, but not osteoclastic TRACP is sensitive
to osteogenic concentrations of fluoride, (iii) contrary to osteoclastic TRACP, which is
a secretory enzyme, osteoblastic TRACP appears to be an intracellular enzyme, (iv)
osteoclastic

TRACP

dephosphorylates

phosphotyrosyl

and

phosphoseryl/phosphothreonyl containing proteins whereas osteoblastic TRACP
dephosphorylates only phosphotyrosyl containing proteins, and finally (v) anti-human
osteoclastic TRACP does not recognize osteoblastic TRACP

(22)

. Although these

findings indicate that TRACP activity may be found in osteoblasts, not all osteoblasts
appear to contain the enzyme activity. Histochemical analyses have shown sitespecific differences in TRACP activity in osteoblasts. Osteoblasts involved in active
bone deposition are negative for TRACP activity, whereas osteoblasts located in the
vicinity of areas of bone resorption proved to be positive

(23)

. This observation may

suggest that at these sites osteoblasts are triggered to produce active TRACP. In line
with this possibility is a recent finding in our group. Addition of osteoclast precursors
or mature osteoclasts to a monolayer of osteoblasts resulted in a high level of
TRACP activity in the osteoblasts. Highest activity was found in cells in close vicinity
to the osteoclasts or their precursors

(24)

thus suggesting that TRACP activity in

osteoblasts is modulated by osteoclasts and their precursors.
This observation can be explained in different ways: (1) osteoclasts induce
expression of the enzyme by osteoblasts; (2) osteoblasts express the enzyme in an
inactive form that is activated upon contact with osteoclasts; or (3) as osteoclasts are
known to secrete TRACP

(25)

, osteoblasts may take up the enzyme secreted by the

osteoclasts. In the present study, we have analyzed these possibilities in human
osteoblast-like cells cultured with and without conditioned medium obtained from
human peripheral blood monocytes.
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MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle medium (DMEM), fetal calf serum (FCS), Hank’s
balanced salt solution (HBSS) and trypsin were obtained from Gibco (Gibco Lab.,
Grand Island, NY). β-Glycerophosphate, dexamethasone, ascorbic acid, leukocyte
acid phosphatase (TRACP) kit, antibiotic-antimycotic solution, pepstatin, aprotinin,
para-nitrophenylphosphate (pNPP), cycloheximide, E-64 (inhibitor of cysteine
proteinases), purified cathepsin B and FITC-labeled sheep anti-mouse IgG were
purchased from Sigma Chemical (St. Louis, MO).

The matrix metalloproteinase

inhibitor CT 1847 was a gift from Dr. A.J. Docherty (Celltech R&D, Slough, UK). The
cathepsin B inhibitors Ca074 and Ca074Me were purchased from Calbiochem (San
Diego, CA). The monoclonal mouse anti-human TRACP 95O1A has been described
previously

(26)

. The cathepsin B substrate Z-Ala-Arg-Arg-4-methoxy-β-naphtylamide,

cathepsin L substrate Z-Phe-Arg-methoxy-β-naphthylamide-HCl and cathepsin K
substrate Z-Leu-Arg-4-methoxy-β-naphtylamide were from Bachem AG (Bubendorf,
Switzerland). CELLelectionTM Pan Mouse IgG Dynabeads were from Dynal Biotech
(Oslo, Norway). The monoclonal mouse anti-human Runx2 was a generous gift from
Dr. A.L.J.J. Bronckers (Dept. of Oral Cell Biology, Academic Centre for Dentistry
Amsterdam (ACTA), Universiteit van Amsterdam and Vrije Universiteit). 4’, 6’ –
Diamino-2-phenylindole

(DAPI)

was

obtained

from

Vector

Laboratories

(Peterborough, UK). Vectashield was purchased from Instruchemie (Hilversum, The
Netherlands). Culture flasks, and 6, 12, 24-well culture dishes were obtained from
Costar (Cambridge, MA). Lymphoprep (1.077 ± 0.001 g/ml) was obtained from Axisshield (Oslo, Norway).

Percoll gradient (1.076, 1.059, and 1.045 g/ml) was

purchased from Pharmacia (Uppsala, Sweden). The BCA Protein Assay Kit was
obtained from Pierce (Pierce, Rockford, IL). The PicoGreen and the RiboGreen kits
were from Molecular Probes (Molecular Probes, Eugene, OR) and the RNeasy Mini
Kit was from Qiagen (Qiagen, Hilden, Germany). The MBI Fermentas cDNA
synthesis kit was purchased from Vilnius (Vilnius, Lithuania).
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Cell isolation and culture
Osteoblast-like cell isolation
Fragments of trabecular bone were obtained from healthy patients during hip
replacement surgery. Informed consent was obtained from each patient.
Primary cultures of human osteoblasts were obtained by culturing trabecular bone
fragments from which the soft tissue was removed. After removal of soft tissue, the
bone fragments were thoroughly rinsed in Hank’s balanced salt solution (HBSS),
placed in 6-well culture plates and incubated with 1.5 ml DMEM supplemented with
10% FCS and 1% antibiotic-antimycotic solution in a humidified atmosphere of 5%
CO2 in air at 37°C. After a culture period of 4-6 weeks cells surrounding the tissue
explants were confluent and collected by use of 0.25% trypsin and 0.1% EDTA (pH
7.3), transferred to 25 cm2 culture flasks and designated as ‘passage one’. The cells
of this passage and subsequent passages showed a typical trapezoidal shape. Prior
to their use in the experiments, the osteoblastic phenotype of the cells was assessed
by determining alkaline phosphatase activity, expression of the transcription factor
Runx2

(27)

, and their ability to form mineralized nodules, when cultured with

osteogenic medium (50 µg/ml ascorbic acid, 10 mM β-glycerophosphate and 10-8 M
dexamethasone). Cultures that were positive for these parameters were used in the
experiments. Analyzing mRNA expression of carbonic anhydrase II and cathepsin K
activity assessed the possible presence of cells of the monocyte/macrophage lineage
in the osteoblast cultures. Neither carbonic anhydrase II mRNA nor cathepsin K
activity were found to be expressed in the osteoblast cultures.
For all experiments, subcultures between the 4th and 6th passage were used.
The cells were seeded in 24-well culture plates at a density of 1x105 cells/well in
culture medium. All cultures were performed in DMEM supplemented with 10% FCS
and 1% antibiotic-antimycotic solution, indicated as “culture medium”, unless stated
otherwise.
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Monocyte isolation
Peripheral blood mononuclear cells (PBMCs) from buffy coats obtained from healthy
donors (Sanquin, Amsterdam, The Netherlands) were isolated by density
centrifugation with Lymphoprep. Briefly, the buffy coat preparations were diluted 1:1
with HBSS. Twenty ml of diluted buffy coat was overlayered onto 15 ml of
Lymphoprep and centrifuged at 1000 g for 30 min at ambient temperature. PBMCs
were recovered from the interface and washed twice with HBSS supplemented with 2
% FCS.
PBMCs were separated on a Percoll gradient consisting of three density layers
(1.076, 1.059, and 1.045 g/ml). The fraction present in the middle layer, which
contained predominantly monocytes was either co-cultured with osteoblasts or
cultured without osteoblasts to obtain conditioned medium. To obtain this conditioned
medium, monocytes were seeded in 6-well culture plates at a density of 3x106
cells/well and cultured in DMEM supplemented with 10% FCS and 1% antibioticantimycotic solution. The cells were cultured in the absence of any cytokines like
RANKL and/or MCSF. After an incubation period of 3 h, the non-adherent cells were
washed away. The adherent cells were cultured for 4 weeks in DMEM supplemented
with 10% FCS and 1% antibiotic-antimycotic solution. After 10 days of culturing a
relatively low number of multinucleated cells was observed. TRACP histochemistry
showed that mononuclear as well as multinucleated cells were positive for the
enzyme. The monocyte-conditioned medium (MCM) was harvested every third day of
culturing during the 4-week culture period. These supernatants were centrifuged,
pooled and divided in aliquots and frozen at -80°C until used.
Co-cultures of osteoblasts and monocytes
Monocytes (1x106 cells) were added to confluent layers of osteoblast-like cells and
after 6 h of culturing the non-attached monocytes were washed away. Cultures of
osteoblast-like cells with or without monocytes were performed in culture medium
and maintained for up to 3 days. After the culture period the cultured cells were
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washed with PBS, fixed with 4 % formaldehyde in PBS for 10 min and stained for
TRACP activity according to the manufacturer’s instructions.
Cultures with MCM
Osteoblast-like cells were cultured with or without MCM (diluted 1:1 with fresh culture
medium) for periods up to 7 days. For incubation periods of more than 1 day the
medium was changed every 2 days and collected. Similar experiments were
performed in the presence and absence of the cysteine proteinase inhibitor E-64 (40
µM), the selective inhibitors of cathepsin B Ca074 (1 µM) and Ca074Me (1 µM), the
MMP inhibitor CT1847 (10 µΜ), the serine proteinase inhibitor aprotinin (10 µM), and
the aspartic proteinase inhibitor pepstatin (35 µM). The final concentrations of
proteinase inhibitors used were shown to be sufficient to block enzyme activity in
tissue explant model systems (28-31).
After the culture period, cells were either fixed in 4 % formaldehyde in PBS for
enzyme histochemistry or immunolocalization or used to assess TRACP activity
colorimetrically or to isolate mRNA.
In another set of experiments osteoblast-like cells were cultured with (a) MCM,
(b) osteogenic medium (see above) or (c) both MCM and osteogenic medium for
periods up to 21 days. After the culture period, cells were used to assess TRACP
activity colorimetrically or to isolate mRNA.
Immunolocalization
For the immunolocalization of TRACP, cells were fixed for 10 min with 4%
formaldehyde, thoroughly washed in PBS containing 1 % BSA, and incubated with
anti-TRACP monoclonal mouse antibody 95O1A

(26)

(1 µg/ml) in PBS/BSA for 120

min. The cultures were washed in PBS/BSA and incubated with FITC-conjugated
anti-mouse IgG (4 µg/ml) for 60 min. For visualization of the nuclei cells were
incubated with 1.5 µg/ml DAPI for 10 min. After washing, cultures were covered with

70

TRACP in osteoblast-like cells
_________________________________________________________________________________

Vectashield and examined with a light microscope equipped with epifluorescense.
Control cultures were incubated with an irrelevant mouse IgG.
TRACP activity assay
For colorimetric analyses the cultures were washed with PBS and 200 µl sodium
acetate buffer (50 mM, pH 5.5) containing Triton X-100 (0.1 % v/v) was added to
each well. The culture plates were stored at -20 ºC. Cell extracts were collected and
centrifuged after thawing. Protein concentration and TRACP activity were assayed in
the supernatant of the extracts. Protein concentration was assessed by using the
BCA Protein Assay Kit according to the manufacturer’s instructions. All samples were
equalized to the amount of protein.
TRACP enzyme activity in cell extracts and in conditioned media was assayed in 96well plates using p-nitrophenylphosphate (pNPP) as substrate in an incubation
medium (150 µl) containing the following: 10 mM pNPP, 0.1 M Na-acetate (pH 5.8),
0.15 M KCl, 0.1 % (v/v) Triton X-100, 10 mM Na-tartrate, 1 mM ascorbic acid and 0.1
mM FeCl3. In some assays TRACP activity was measured in the presence of NaF
(10 to 80 µM). The p-nitrophenol liberated after 1 h of incubation at 37 °C was
converted into p-nitrophenylate by the addition of 100 µl of 0.3 M NaOH, and the
absorbance was immediately read at 405 nm using a multilabel counter (Wallac 1420
Victor2, Perkin Elmer Life Sciences, Turku, Finland). One unit of TRACP activity
hydrolyzes 1 µM of pNPP per minute at 37 °C. This assay proved to be linear both
within the range of enzyme dilutions used and for the time of incubation (up to 1 h)
(data not shown).
ALP activity assay
For colorimetric analyses the cultures were washed with PBS and 200 µl
diethanolamine buffer (1 M diethanolamine, 0.5 mM MgCl2, pH 9.8) containing Triton
X-100 (0.1 % v/v) was added to each well. The culture plates were stored at -20 ºC.
Cell extracts were collected after thawing and an overnight incubation at 4 ºC whilst
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shaking continuously. Since the diethanolamine buffer used to extract the cells
interfered with the BCA Protein Assay Kit, the samples were equalized to the amount
of DNA. DNA concentration was assessed by using a PicoGreen kit. To 10 µl cell
extract p-nitrophenylphosphate (pNPP) (final concentration 6 mM) in 200 µl
diethanolamine buffer was added as a substrate and incubated at 37 ºC. The
extinction was read every 10 min for 2 h at 405 nm using a multilabel counter.
Cysteine proteinase activity
Extracts of osteoblast-like cells cultured with control medium or MCM were subjected
to a fluorometric assay to determine cathepsin B, L and K activity. 10 µl aliquots of
cell extracts were incubated in 50 µl in 100 mM phosphate buffer (pH 6.0) containing
1

mg/ml

of

enzyme

substrate

(Z-Ala-Arg-Arg-4-methoxy-β-naphtylamide

for

cathepsin B, Z-Phe-Arg-methoxy-β-naphtylamide-HCl for cathepsin L and Z-Leu-Arg4-methoxy-β-naphtylamide for cathepsin K), 1.3 mM EDTA, 1 mM dithiothreitol, and
2.67 mM L-cysteine. Incubation took place at 37 °C, and readings were performed
every 10 min. Substrate hydrolysis was determined using a multilabel counter (λex=
355 nm; λem= 430 nm). Both cathepsin L and K activities were measured in the
presence of the cathepsin B inhibitor Ca074 (40 µM).
TRACP activation by cathepsin B
Extracts of control osteoblast-like cells (not cultured in the presence of MCM) were
incubated with purified active cathepsin B (0.02-0.1 U/µl) at 37 ºC for 15, 30, 45 and
60 min. After each incubation period with the enzyme, cathepsin B activity was
blocked with Ca074 (40 µM) and the activity of TRACP was measured as described
above.
RNA isolation and cDNA synthesis
RNA from cultured cells was isolated using the RNeasy Mini Kit according to the
manufacturer’s instructions. RNA concentration was measured with the RiboGreen
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kit. 100 ng RNA was used in the reverse transcriptase reaction which was performed
according to the MBI Fermentas cDNA synthesis kit, using both the Oligo(dT)18 and
the D(N)6 primers.
Quantitative Real Time PCR
Real time PCR primers of TRACP, cathepsin B, alkaline phosphatase (ALP) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed using the
Primer Express software, version 2.0 (Applied Biosystems, Foster City, CA) (Table
1). To avoid amplification of genomic DNA, each amplicon spanned at least one
intron.
The external standard curve used in the PCR reactions was cDNA from the
quantitative PCR human reference total RNA (Stratagene, La Jolla, CA,), which is
composed of total RNA from 10 human cell lines.
Real time PCR was performed on the ABI PRISM 7000 (Applied Biosystems).
The reactions were performed with 5 ng cDNA in a total volume of 25 µl containing
SYBR Green PCR Master Mix, consisting of SYBR Green I Dye, AmpliTaq Gold DNA
polymerase, dNTPs with dUTP instead of dTTP, passive reference and buffer
(Applied Biosystems) and 300 nM of each primer.
After an initial activation step of the AmpliTaq Gold DNA polymerase for 10 min at 94
°C, 40 cycles were run of a two-step PCR consisting of a denaturation step at 95 °C
for 30 seconds and annealing and extension step at 60 °C for 1 min. Subsequently,
the PCR products were subjected to melting curve analysis to test if any unspecific
PCR products were generated. The PCR reactions of the different amplicons had
equal efficiencies. Relative expression was calculated using the comparative Ct
method. Samples were normalized for the expression of GAPDH by calculating the
∆Ct (Ct

gene of interest

- Ct

GAPDH),

subsequently the ∆Ct values were calculated by

∆Ctsample - ∆Ctcalibrator, where the calibrator is the control sample (unstimulated
osteoblast-like cells at day 1). Relative expression of the different genes is expressed
as 2^-(∆∆Ct).
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TABLE 1. Sequence of primers used in Quantitative RT-PCR

Forward and reverse primers

Gene
TRACP

(5’→3’)
CACAATCTgCAgTACCTgCAAgAT

Amplicon (bp)

Accession
Number

128

J04430

101

BC021289

104

BC010240

68

BC025925

100

ENSG00000104267

CCCATAgTggAAgCgCAgATA
ALP

gCTTCAAACCgAgATACAAgCA
gCTCgAAgAgACCCAATAggTAgT

Cathepsin B

CATCTCTgACCggATCTgCAT
TTACAgCCgTCCCCACACAT

GAPDH

ATggggAAggTgAAggTCg
TAAAAgCAgCCCTggTgACC

CAII

TggACTggCCgTTCTAggTATT
TCTTgCCCTTTgTTTTAATggAA

Depletion of TRACP from MCM
MCM that contained active TRACP was incubated with anti-TRACP-coated beads.
The coated beads were prepared by incubating anti-TRACP monoclonal mouse
antibody 95O1A

(26)

with anti-mouse IgG-coated beads (10 µg antibody/6 x 106

beads). This bead/antibody suspension was rotated for 24 h at 4 ºC. After washing
with PBS, 6 x 106 anti-TRACP or anti-IgG coated beads were incubated with 2.5 ml of
MCM for 2 h at 4 ºC. The beads were removed by using a magnet and the medium
was tested for enzyme activity.
The activity of TRACP in the MCM prior to its incubation with anti-TRACPcoated beads was 0.175 U/µl and after incubation was 0.049 U/µl (a decrease of >
75%). The level of TRACP activity in MCM incubated with anti IgG-coated beads was
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not affected. The TRACP-poor medium and the TRACP-rich medium were 1:1 diluted
with culture medium and added to osteoblast-like cells. After 1, 3, 5 and 7 days of
incubation the levels of TRACP activity as well as the levels of TRACP mRNA were
analyzed as described above.
Statistical Analysis
Data were statistically analyzed using Kruskal-Wallis nonparametric analysis of
variance (ANOVA) test followed by Tukey-Kramer’s multiple comparison test or for
Fig. 10 by the Dunnett’s multiple comparison test. Effects were considered
statistically significant at p<0.05 (two-tailed).

RESULTS
Characterization of osteoblast-like cell cultures
The cultured osteoblast-like cells proved to be positive for ALP activity and
mineralized nodules were formed when the cells were cultured with osteogenic
medium. Another indication for the osteoblastic nature of the cells was their staining
with anti-Runx2. Since this protein is considered to be selective for cells of the
osteoblast lineage

(27)

these data indicate the osteoblastic phenotype of the cells. To

investigate whether the cultures contained precursors of osteoclasts, expression of
carbonic anhydrase II (CAII)

(32)

and activity of cathepsin K

(33)

was analyzed. Neither

CAII mRNA nor activity of cathepsin K was detected in the osteoblast-like cells
cultures.
TRACP activity in co-cultures of osteoblast-like cells and monocytes
Mononuclear cells obtained from peripheral blood added to a confluent layer of
osteoblast-like cells proved to attach to these cells. TRACP histochemistry showed
that the attached monocytes were positive for the enzyme. In addition, enzyme
activity was found in some osteoblast-like cells (Fig.1A). In the absence of
monocytes osteoblast-like cells proved to lack detectable TRACP activity (Fig.1B).
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Since in these cultures osteoblast-like cells were cultured with blood mononuclear
cells obtained from another person, a response of the two types of cells due to a
difference in their MHC expression could not be excluded. Therefore, we decided to
perform all other experiments with medium obtained from cultured monocytes. These
monocytes were cultured in the absence of any osteoblast-like cells thus an
immunological response was avoided.

Fig.1. Co-cultures of osteoblast-like cells and monocytes. (A) After 3 days the co-cultures were stained
for TRACP activity. Note TRACP activity in monocytes (arrow) as well as in osteoblast-like cells
(asterisks). (B) In osteoblast-like cells cultured in the absence of monocytes TRACP activity was not
detectable. Phase-contrast. Bar, 30 µm.

TRACP activity in osteoblast-like cells cultured with monocyte-conditioned
medium (MCM)
TRACP histochemistry showed that after 1 day of incubation with monocyteconditioned medium (MCM) all osteoblast-like cells stained positive for the enzyme
(Fig. 2A). No activity was observed in osteoblast-like cells cultured with control
medium (Fig. 2B). Quantitative assessment of TRACP activity of cell extracts showed
high levels of activity in osteoblast-like cells cultured with MCM during the 7-day
incubation period (Fig. 2C). In another series of experiments in which we incubated
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cells for much shorter periods of time an increased level of activity was already
observed after 15 min in osteoblast-like cells in the presence of MCM. (TRACP
activity in osteoblast-like cells cultured with control medium: 0.036 ± 0.002;
osteoblasts-like cells with MCM: 0.061 ± 0.010; n=5, p<0.05).

Fig. 2. TRACP activity in osteoblast-like cells
cultured with medium obtained from cultured
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activity. Phase-contrast. Bar, 30 µm.
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TRACP activity in cell extracts of osteoblast-
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like cells cultured during 1, 3, 5 and 7 days
with MCM (▲) or control medium (■). Results

are presented as mean value ± SD (n=5) and are representative for 4 experiments. The asterisks
indicate significant difference (*p<0.05, **p<0.01, ***p<0.001) as compared with cells incubated
with control medium for the same culture period.
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Alkaline phosphatase activity and mRNA expression in osteoblast-like cells
cultured with MCM
Analysis of the activity and mRNA expression of alkaline phosphatase of osteoblastlike cells cultured in the presence of MCM revealed that this medium had no effect on
these parameters (Fig. 3A, B).
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Fig. 3. Quantitative RT-PCR analysis of alkaline phosphatase (ALP) mRNA expression (A) and ALP
activity (B) in osteoblast-like cells cultured with MCM (▲) or with control medium (■) for 1, 3, 5, and 7
days. Results are presented as mean value ± SD (n=5) and are representative for 3 experiments.
Statistical analysis did not reveal significant difference.

TRACP mRNA expression
Real time PCR analysis showed that osteoblast-like cells express TRACP mRNA.
Expression was found in all osteoblast-like cells either cultured with or without MCM
(Fig. 4). There were, however, some time-dependent differences in the expression
under the influence of MCM. At the later time intervals (5 and 7 days of culture)
significantly higher levels of TRACP mRNA were found. The messenger levels of
control osteoblast-like cells (cultured in the absence of MCM) did not change (Fig. 4).
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In a separate set of experiments we compared TRACP mRNA expression of
osteoblast-like cells with the expression by in vitro generated human osteoclasts and
found that the latter cells had a 7.5-fold higher TRACP mRNA expression.

TRACP mRNA EXPRESSION
(RELATIVE TO DAY 1 CONTROL)

Fig. 4. Quantitative RT-PCR analysis of
7

*
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6
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value ± SD (n=5) and are representative

*
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for 4 experiments. The asterisk indicates

1
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compared with
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3

DAYS

5

7

difference
cells

(*p<0.05)

as

incubated with

control medium for the same culture
period.

Effect of osteogenic medium on TRACP expression
In order to analyze whether MCM modulates the activity of TRACP in osteoblast-like
cells at different stages of differentiation, osteoblast-like cells were cultured with
osteogenic medium in the absence and presence of MCM. As a measure of the
differentiation stage of the cells, we first analyzed the expression of alkaline
phosphatase. Significantly higher levels (2.5-fold) of ALP activity were found in
osteoblast-like cells cultured with osteogenic medium and MCM compared to cells
cultured with MCM alone (data not shown). Also the level of TRACP activity proved
to be higher in cells cultured with both osteogenic medium and MCM. (TRACP
activity of cells at 21 day time-interval: osteogenic medium and MCM: 0.41 ± 0.06
U/mg; MCM: 0.23 ± 0.02 U/mg; osteogenic medium: 0.07± 0.02; n=4, p<0.01).
Differences in the level of TRACP mRNA, however, were not found.
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Immunolocalization of TRACP
Immunolocalization of TRACP revealed its presence in osteoblast-like cells cultured
with MCM. Under these conditions all osteoblast-like cells were found to be positive
for TRACP (Fig. 5A). The enzyme was localized in dot-like structures and found
throughout the cytoplasm. The dot-like localization suggests its presence in small
vesicles. The presence of TRACP was not observed in control osteoblast-like cells
(Fig. 5B).

Fig. 5. Immunolocalization of TRACP in osteoblast-like cells. (A) Osteoblast-like cells cultured with
MCM. Note the dot-like localization of TRACP. (B) Osteoblast-like cells cultured with control medium.
Nuclei were counterstained with DAPI. Bar, 10 µm.

Proteinases involved in activation of TRACP
The high level of activity found in cells cultured with MCM suggests that the
increased TRACP activity was due to an activation of pro-TRACP. Several authors
have shown indeed that the enzyme can be present in an inactive proform

(34)

.

Activation of this pro-enzyme may occur under the influence of certain proteinases
(34)

. Therefore, we analyzed a possible activation of TRACP and the involvement of

the different classes of proteinases.
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Osteoblast-like cells were cultured with or without MCM for up to 7 days in the
presence of (i) CT1847, an inhibitor of MMPs, (ii) aprotinin, an inhibitor of serine
proteinases, (iii) pepstatin, an inhibitor of aspartic proteinases, and (iv) E-64, an
inhibitor of cysteine proteinases.
The level of TRACP activity was not affected by CT 1847, aprotinin or
pepstatin (Fig. 6). However, the cysteine proteinase inhibitor E-64 significantly
decreased TRACP activity by approximately 70 % (Fig. 6).

Fig. 6. Effect of E-64 (40 µM), CT 1847 (10
µM), aprotinin (apr; 10 µM) and pepstatin
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Activation of TRACP by cathepsin B
Since we found an effect on the level of activity of TRACP with the cysteine
proteinase inhibitor E-64 we argued that one or more members of this class of
enzymes, in particular the cathepsins, are involved in activating TRACP. We
therefore analyzed the activity of the cathepsins B, L and K.
Activity of cathepsin L or K was not detectable in extracts of osteoblast-like
cells that were cultured with or without MCM. Cathepsin B activity, on the other hand,
was found in control osteoblast-like cells and in cells cultured in the presence of
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MCM (Fig. 7). In the latter cultures the activity was higher than in control cultures at
all time points analyzed (Fig. 7). In addition, in these cultures a time-dependent
increase in cathepsin B activity was found. MCM proved to modulate only the activity
of cathepsin B; neither the level of mRNA nor the amount of protein was affected by
MCM (data not shown).
To investigate whether it was indeed cathepsin B being involved in the activation of
TRACP, we made use of a selective inhibitor of this enzyme, Ca074

(35)

. We

incubated osteoblast-like cells with and without MCM in the presence of Ca074,
which is active extracellularly, or with its methylated form (Ca074Me) that is active
intracellularly. After a culture period of 48 h, TRACP activity was significantly reduced
by approximately 30% (p<0.01) with Ca074 and by 50% (p<0.001) with Ca074Me.
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TRACP activity in osteoblast-like cells cultured with TRACP-poor MCM
Since in the presence of the inhibitor of cysteine proteinases a considerable fraction
of enzyme activity was still present, we wondered whether this fraction was
endocytosed by the osteoblast-like cells from the MCM. To analyze this, TRACP was
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immunoprecipitated from the medium and this TRACP-poor medium was added to
osteoblast-like cells.
At all time intervals studied a significantly lower level of TRACP activity was
found in osteoblast-like cells cultured with TRACP-poor medium compared to cells
cultured with TRACP-rich medium (Fig. 8A). In osteoblast-like cells cultured with
TRACP-poor medium the level of TRACP activity was similar to the levels found in
osteoblast-like cells cultured with control medium.
In line with the data shown above (see Fig. 4), MCM stimulated the expression of
TRACP mRNA. This stimulation was also found in the presence of TRACP-poor
medium (Fig. 8B).
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Fig. 8. TRACP activity (A) and quantitative RT-PCR analysis of TRACP mRNA expression (B) in
osteoblast-like cells cultured with TRACP-poor MCM (▼), TRACP-rich MCM (▲) or control medium
(■) for 1, 3, 5, and 7 days. Results are presented as mean value ± SD (n=5) and are representative for
3 experiments. The asterisks indicate significant difference (*p<0.05, ***p<0.001) as compared with
cells incubated with TRACP-poor medium for the same culture period.

Activation of a TRACP-like enzyme in control osteoblast-like cells
An enzyme with TRACP activity is known to be present in human osteoblast-like cells
(21)

. Yet, activity of this enzyme was not detected in cells cultured in control medium.

In order to analyze whether these cells contained an inactive pro-form of the enzyme
and knowing that cysteine proteinases are able to activate the pro-enzyme (34) we
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analyzed the effect of purified active cathepsin B on the possible activation of an
enzyme with TRACP activity. Incubation of extracts of control osteoblast-like cells
with cathepsin B (0.02 U/ml) significantly increased the activity of TRACP. A maximal
level of activation of TRACP was observed already after an incubation period of 15
min (Fig. 9).

Fig. 9. TRACP activity in cell extracts of
unstimulated osteoblast-like cells, which were
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Effect of NaF on TRACP activity
Since it has been shown that osteoblastic TRACP, but not osteoclastic TRACP, is
sensitive to inhibition by fluoride

(36)

, we analyzed the effect of fluoride on the

cathepsin B-activated TRACP-like enzyme in extracts of control osteoblast-like cells
and in extracts of osteoblast-like cells cultured with MCM.
NaF significantly decreased the TRACP-like enzyme activity in osteoblast-like
cells cultured with control medium. This decrease proved to be fluoride-dose
dependent; at a fluoride concentration of 80 µM inhibition was almost 80 % (Fig. 10).
TRACP activity of osteoblast-like cells cultured with MCM, however, was only slightly
decreased (30 %) (Fig.10). Yet, in absolute values in both sets of osteoblasts a
decrease in activity of 0.04 U/mg was found.
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Fig 10. Dose-dependent effects of NaF on
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DISCUSSION
The data presented in this study strongly suggest that osteoblast-like cells have the
capacity to endocytose TRACP released by blood derived mononuclear cells. Our
study also supports the notion that osteoblasts produce an enzyme with TRACP
characteristics

(22;36)

. So, it appears that osteoblast-like cells may contain two

different fractions of TRACP: an endocytosed active fraction and an inactive
endogenous fraction. The latter fraction can be activated by cathepsin B. The two
fractions differ from each other in that the endogenous fraction was shown to be
sensitive to fluoride

(36)

, whereas the TRACP taken up from the extracellular

environment proved to be insensitive to this compound.
Modulation of the expression and activity of TRACP by monocyte-conditioned
medium (MCM)
Although it has been shown that osteoblasts contain an enzyme with TRACP
characteristics

(22;36)

, our data demonstrate for the first time that mRNA for TRACP is

expressed by these cells. Although contamination with TRACP-expressing cells such
as osteoclast precursors should be taken into consideration, we were unable to
obtain indications for the presence of these cells in our cultures. Neither carbonic
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anhydrase II mRNA nor the activity of cathepsin K was detected. In contrast
herewith, Runx2, which is expressed by cells of the osteoblast lineage and not by
osteoclast precursors, was immunolocalized in all cells present in the cell cultures.
TRACP mRNA expression was found in osteoblast-like cells irrespective of the
culture conditions. However, in the presence of MCM the level of mRNA was found to
be up-regulated. This occurred with medium containing a high or low level of TRACP.
This finding indicates that the MCM contains one or more factors that have a
modulating effect. Yet, an increase in expression of TRACP mRNA was found at later
time points (≥ 5 days), thus strongly suggesting that the modulation is not due to a
direct effect. It appears that the MCM may first activate a yet unknown factor in
osteoblast-like cells that subsequently up-regulates TRACP mRNA expression. A
possible candidate is IL-4, since this cytokine has been reported to increase TRACP
mRNA expression in macrophages
osteoblasts

(37)

and a receptor for IL-4 is expressed by

(38)

.

Although osteoblast-like cells expressed TRACP mRNA, activity of the
enzyme was not detected in these cells. However, by incubating extracts of these
cells with purified active cathepsin B, TRACP activity became apparent. The findings
that (i) an incubation with cathepsin B may result in an activation of pro-TRACP, and
(ii) that selective inhibition of cysteine proteinases (in particular cathepsin B) results
in a decreased activity, are in line with data presented by Ljusberg et al.
Funhoff and coworkers

(39)

(34)

and

who showed activation of recombinant TRACP by

cysteine proteinases. Our data are first to demonstrate that a cysteine proteinasemediated activation may indeed occur in osteoblast-like cells.
Little is known about the role of TRACP in osteoblasts. It has been suggested
that the protein tyrosine phosphatase activity of this enzyme may play a regulatory
role in he proliferation and differentiation of osteoblasts

(22;36)

.

Alternatively, it could

be that the TRACP-like enzyme of osteoblast-like cells plays a role in the intracellular
processing/digestion of internalized bone phosphoproteins. Such an activity may
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occur during cleaning of the bottom of a resorption pit that is vacated by the
osteoclast (40).
Endocytosis of TRACP
The fact that active TRACP was not only found in the osteoblast-like cells but also in
the medium conditioned by the monocytes, the osteoclast precursors, prompted us to
investigate whether the enzyme was endocytosed by osteoblast-like cells. Our data
strongly suggest that osteoblast-like cells may indeed endocytose TRACP. These
cells incubated in medium of which the bulk of TRACP had been removed, contained
very low levels of TRACP activity. So, it seems that most of the TRACP activity seen
in osteoblast-like cells was actually taken up from the extracellular environment. An
alternative explanation could be that the complete conditioned medium induced an
increased synthesis of TRACP and that depletion of TRACP resulted also in the loss
of the compound responsible for this induction. This does not seem very likely,
however, since the mRNA expression proved to be similar for cells cultured with
either medium. The TRACP activity found in the presence of the MCM seems to
imply that this enzyme activity was not due to an activation of endogenous enzyme
by cysteine proteinase activity. Yet, a decrease in TRACP activity occurred
(approximately 70 %) in the presence of the cysteine proteinase inhibitor E-64
suggesting that this inhibitor not only interfered with activation of endogenous
TRACP but also with the actual endocytosis of enzyme.
Our data suggest that cathepsin B is one of the cysteine proteinases involved
since in the presence of a selective inhibitor (Ca074) of this enzyme a significant
decrease in TRACP activity was found. This decrease was found with the inhibitor
active intracellularly as well as with the one active in the extracellular environment.
Since it has been shown that a fraction of cathepsin B can be associated with the
plasma membrane

(41;42)

it is possible that this enzyme plays a role in the

internalization of TRACP.
It is of interest that TRACP activity was also found in osteoblast-like cells
cultured in MCM in combination with osteogenic medium. This suggests that the
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alleged endocytosis of TRACP by osteoblast-like cells may occur at different stages
of their differentiation. The higher level of TRACP activity found in osteoblast-like
cells cultured with both osteogenic medium and MCM suggests a stimulated uptake,
or alternatively, the finding can be explained by the presence of ascorbic acid in the
osteogenic medium that is known to activate the enzyme (43;44).
Whether the proposed uptake of TRACP involves a specific recognition site at the
plasma membrane of osteoblast-like cells or occurs in a nonspecific way, is not
known yet. A preliminary set of observations that TRACP activity was not detected in
human osteoblast-like cells cultured with TRACP-rich MCM obtained from other
species (mouse and rabbit) suggests that TRACP is specifically recognized by the
cells (data not shown). It may thus be that osteoblast-like cells express a receptor for
TRACP on their plasma membrane as proposed by Sheu and co-workers (45).
Endocytosis of TRACP is likely to take place at sites along the bone surface
characterized by active resorption. After all, activity of this enzyme has been primarily
found in osteoblasts located in the vicinity of areas of osteoclastic bone resorption
(23)

. We therefore propose that osteoblasts endocytose TRACP released by actively

resorbing osteoclasts. It has been reported that osteoblasts actively migrate into
resorption pits vacated by osteoclasts

(46)

and it has been proposed that TRACP

deposited by osteoclasts in the resorption pits

(47;48)

may act as chemoattractant for

the osteoblast-like cells.
Proposed roles of TRACP activity expressed by osteoblast-like cells in areas of
bone resorption
The present findings suggest the following roles of TRACP activity in osteoblast-like
cells (Fig. 11):
(1) Osteoclasts vacate the resorption pit leaving behind TRACP associated with
non-digested remnants left by the osteoclast in the resorption pit.
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(2) Osteoblast-like cells enter the resorption pit and subsequently clean its
bottom. During this process TRACP left by the osteoclasts is endocytosed by
the osteoblast-like cells.
(3) The endocytosed TRACP is inactivated by the osteoblast-like cells and
endogenous TRACP is, following its activation by cathepsin B, used in the
digestion of the remnants left by the osteoclasts in the resorption pit.

osteoclastic
TRACP

inactive osteoblastic TRACP
activated by cathepsin B

3

2

1
bone surface

non-collagenous
proteins possibly
degraded by osteoblastic
TRACP

3

Fig. 11. Schematic presentation for the proposed roles of TRACP activity expressed by osteoblast-like
cells in areas of bone resorption. (1) An osteoclast leaves the resorption pit and a high level of TRACP
is left behind associated with the bottom of the pit. (2) Osteoblast-like cells in close vicinity of the
osteoclast enters the resorption pit. The osteoblast-like cell starts cleaning the bottom of the
excavation and during this process TRACP left by the osteoclast is endocytosed. (3) The endocytosed
enzyme is inactivated by the osteoblast-like cell. Inactive endogenous TRACP is activated by
cathepsin B and used in the digestion of the remnants left by the osteoclast in the resorption pit.
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ABSTRACT
Tartrate-resistant acid phosphatase (TRACP) is generally used as a marker of
osteoclasts. Yet, other bone associated cells such as osteoblasts and osteocytes
may also express activity of this enzyme. Osteoblasts containing TRACP activity
were particularly seen in the vicinity of areas of bone resorption, suggesting that
osteoclasts somehow induce TRACP activity in osteoblasts. In a recent study we
found that osteoblast-like cells appeared to have the capacity to endocytose TRACP
released by osteoclast precursors. In the present study we investigated the
endocytosis of TRACP in more detail as well as the fate of the endocytosed enzyme.
We report that the incubation of osteoblast-like cells with TRACP-coated beads
resulted in their attachment to the cells. After culturing osteoblast-like cells with
medium conditioned from blood monocytes that contain TRACP, activity of the
enzyme was found in the cells. After the medium was replaced by medium that did
not contain TRACP, a decrease in the level of TRACP in osteoblast-like cells
occured.
Our data strongly suggest that osteoblast-like cells recognize TRACP released by
osteoclast precursors and that upon endocytosis an inactivation of the enzyme
occurs. We propose that the uptake of the enzyme is important for the control of
enzyme activity, thereby preventing degradation of matrix constituents.
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INTRODUCTION
Tartrate-resistant acid phosphatase (TRACP), or type 5 acid phosphatase (ACP 5,
EC 3.1.3.2), is highly expressed in bone resorbing osteoclasts and antigen
presenting cells such as alveolar macrophages and dendritic cells (1;2).
TRACP is a binuclear iron containing protein that promotes the hydrolysis of a
variety of phosphomonoesters such as β-casein, the bone matrix phosphoserinecontaining proteins osteonectin, osteopontin and bone sialoprotein and also
nucleotide tri-and diphosphates

(3)

. In addition to acting as a phosphatase, the

enzyme is capable of generating oxygen radicals in the presence of hydrogen
peroxide (4-7). Furthermore, there is evidence suggesting that TRACP may function as
a protein tyrosine phosphatase (8-11).
Recently a number of aspects of the biological functions of TRACP have been
elucidated. By making use of transgenic animals in which expression of the enzyme
was knocked out, it became clear that the absence of TRACP resulted in mild
osteopetrosis
osteoporosis

(12)

,

whereas

TRACP

over-expressing

mice

developed

mild

(13)

. It became subsequently clear that the enzyme is essential for the

processing of some non-collagenous proteins present in the extracellular matrix of
bone

(14;15)

. Altogether the data indicate that the enzyme has an important role in

bone resorption.
Although TRACP is generally used as an histochemical marker for osteoclasts
(16)

, several studies demonstrate that other bone cells such as osteocytes and

osteoblasts may express also TRACP activity

(17;18)

. However, not all osteoblasts

and/or osteocytes express enzyme activity. Yamamoto and Nagai

(19)

suggested site-

specific differences in TRACP activity of osteoblasts. They demonstrated the
presence of TRACP-positive osteoblasts in the vicinity of bone resorption sites but
not in areas characterized by active bone deposition. This observation suggests that
osteoblasts are triggered to produce TRACP at sites where resorption occurs. In line
with this possibility are the findings recently reported by our group (20). Co-culturing of
osteoblast-like cells with osteoclast precursors or mature osteoclasts resulted in high
97
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levels of TRACP activity in osteoblast-like cells

(20)

, thus suggesting that TRACP in

these cells is modulated by osteoclasts and their precursors. We showed also that
osteoblast-like cells have the capacity to endocytose TRACP released by osteoclast
precursors

(21)

and proposed that the endocytosed fraction was taken up by the

osteoblasts in order to inactivate the enzyme. Relatively large amounts of the
enzyme are released by osteoclasts during bone resorption and it may be
hypothesized that (partial) inactivation has to occur to avoid negative effects of an
active enzyme. The present study was performed to analyze in more detail
endocytosis of TRACP and to elucidate the fate of the endocytosed enzyme.

MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle medium (DMEM), fetal calf serum (FCS), Hank’s
balanced salt solution (HBSS) and trypsin were obtained from Gibco (Gibco Lab.,
Grand Island, NY). β-Glycerophosphate, dexamethasone, ascorbic acid, antibioticantimycotic solution and para-nitrophenyl phosphate (pNPP) were purchased from
Sigma Chemical (St. Louis, MO). The monoclonal mouse anti-human TRACP 95O1A
(22)

and the recombinant TRACP

(23)

were generous gifts of Dr. S.L. Alatalo and Dr.

J.M. Halleen (Institute of Biomedicine, Department of Anatomy, University of Turku,
Turku, Finland). CELLelectionTM Pan Mouse IgG Dynabeads were from Dynal
Biotech (Oslo, Norway). Culture flasks, 6, 12, 24-well culture dishes were obtained
from Costar (Cambridge, MA). Lymphoprep (1.077 ± 0.001 g/ml) was obtained from
Axis-shield (Oslo, Norway).

Percoll gradient (1.076, 1.059, and 1.045 g/ml) was

purchased from Pharmacia (Uppsala, Sweden). The BCA Protein Assay and the EZLabel TM FITC Protein Labeling Kits were obtained from Pierce (Pierce, Rockford,
IL).
Osteoblast-like cell isolation
Osteoblast-like cells were isolated and cultured as described before (21). In short cells
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Fate of endocytosed TRACP in osteoblast-like cells
__________________________________________________________________________________________

were obtained from trabecular bone fragments and cultured in DMEM supplemented
with 10% FCS and 1% antibiotic-antimycotic solution in a humidified atmosphere of
5% CO2 in air at 37°C. After a culture period of 4-6 weeks cells surrounding the
tissue explants were confluent and collected by use of 0.25% trypsin and 0.1% EDTA
(pH 7.3), transferred to 25 cm2 culture flasks and designated as ‘passage one’. The
cells of this passage and subsequent passages showed a typical trapezoidal shape.
Prior to their use in the experiments, the osteoblastic phenotype of the cells was
assessed as indicated (21).
For all experiments, subcultures between the 4th and 6th passage were used.
The cells were seeded in 24-well culture plates at a density of 1x105 cells/well in
culture medium. All cultures were performed in DMEM supplemented with 10 % FCS
and 1 % antibiotic-antimycotic solution, indicated as “culture medium”, unless stated
otherwise.
Monocyte isolation
Peripheral blood mononuclear cells (PBMCs) from buffy coats obtained from healthy
donors (Sanquin, Amsterdam, The Netherlands) were isolated by density
centrifugation with Lymphoprep. The monocytes were obtained following separation
on a Percoll gradient (see

(21)

) and cultured to obtain conditioned medium. Therefore

monocytes were seeded in 6-well culture plates at a density of 3x106 cells/well. After
an incubation period of 3 h, the non-adherent cells were washed away. The adherent
cells were cultured for 4 weeks in DMEM supplemented with 10 % FCS and 1 %
antibiotic-antimycotic solution. The monocyte-conditioned medium (MCM) was
harvested every third day of culturing during the 4-week culture period. These
supernatants were centrifuged, pooled and divided in aliquots and frozen at -80 °C
until use.
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Incubation with TRACP-coated beads
Beads were prepared by incubating anti-TRACP monoclonal mouse antibody 95O1A
(22)

or irrelevant mouse IgG (as a control) with anti-mouse IgG-coated beads (10 µg

antibody/3 x 106 beads). This bead/antibody suspension was rotated for 24 h at 4 ºC
and washed with PBS. After washing with PBS, 2.5 ml of MCM was incubated with 6
x 106 anti-TRACP coated beads for 2 h at 4 ºC. The thus TRACP-coated beads were
removed by using a magnet and washed with PBS. The activity of TRACP of the
TRACP-coated beads was 0.070 U/µl and only 0.004 U/µl of the control beads.
TRACP-coated and control beads (150 coated beads/well) were added to osteoblasts
and incubated for 6 h. After this period the non- attached beads were washed away.
The number of attached beads per cell was quantified with a light microscope
equipped with a 20 x objective (Leica DM IL). The analysis was assessed in 5
randomized and predetermined fields/well.
Internalization of FITC-TRACP
0.5 mg/ml of recombinant TRACP

(23)

was labelled with the EZ-Label TM FITC

Protein Labeling Kit according to the manufacturer’s instructions. Briefly, recombinant
TRACP was incubated with the FITC labelling reagent for 1 h and the excess of
labelling was removed by dialyzing in PBS for 1 h.
Osteoblast-like cells were incubated with 1, 3, 5, 7, and 9 µg/ml FITC-TRACP
for 24 h. As a control, osteoblast-like cells were incubated with similar concentrations
of FITC. After the incubation period the cells were washed with PBS and trypsinized
with 0.25% trypsin and 0.1% EDTA in PBS for 8-10 min. By using trypsin, the noninternalized FITC-TRACP was removed from the cell membrane. The cells were
washed with DMEM and centrifuged for 5 min at 1500 rpm. The cell pellet obtained
was dissolved in 500 µl 1% BSA in PBS and vortexed. Fluorescence was determined
using a multilabel counter (λ EX= 490 nm; λ EM = 535 nm).
In order to analyze whether the TRACP contained in the MCM could interfere
with the uptake of the labeled TRACP, in another set of experiments osteoblast-like
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cells were incubated with 2 µg/ml FITC-TRACP in the presence of different
concentrations of MCM for 24 h. The amount of internalized FITC-TRACP was
assessed as indicated above.
Localization of TRACP activity
In a previous study we showed that osteoblasts cultured with MCM stained positive
for TRACP activity. This proved to be due to endocytosis of the TRACP present in
the MCM that was released by the osteoclast precursors

(21)

. In order to localize the

activity of the endocytosed TRACP in osteoblasts in more detail, CeCl3 was used as
a capture agent for the reaction product of TRACP (24). Osteoblasts were incubated
with and without MCM (1:1) for 24 h. After the culture period the cultured cells were
washed with PBS, fixed with 4% formaldehyde in PBS for 10 min and stained for
TRACP activity using the leukocyte acid phosphatase kit (Sigma Chemical, St. Louis,
MO). Activity of the enzyme was assessed in the presence and in the absence of
CeCl3 (1 mM) and visualized with a light microscope equipped with a 63 x objective
(Leica DM IL).
Endocytosis of TRACP
Osteoblast-like cells were cultured with MCM (diluted 1:1 with fresh culture medium)
for 24 h. After this culture period the level of TRACP was measured of a series of
cultures. In other cultures the MCM was replaced with fresh culture medium and the
cells were kept for 2, 4, 6, 8 and 10 h. Controls included osteoblast-like cells with
MCM and MCM without cells, both incubated for 2, 4, 6, 8 and 10 h. After each
incubation period the supernatant was collected, the cells were washed with PBS
and either fixed in 4 % formaldehyde in PBS for immunolocalization or used to
assess TRACP activity colorimetrically.
For the assessment of TRACP activity 200 µl sodium acetate buffer (50 mM,
pH 5.5) containing Triton X-100 (0.1% v/v) was added to each well. The culture
plates were stored at -20 ºC. Cell extracts were collected and centrifuged after
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thawing. Protein concentration and TRACP activity were assayed in the supernatant
of the extracts. Protein concentration was assessed by using the BCA Protein Assay
Kit according to the manufacturer’s instructions. All samples were equalized to the
amount of protein and further analyzed for TRACP activity.
TRACP activity assay
TRACP enzyme activity in cell extracts and in conditioned media was assayed in 96well plates using p-nitrophenylphosphate (pNPP) as substrate in an incubation
medium containing: 10 mM pNPP, 0.1 M Na-acetate (pH 5.8), 0.15 M KCl, 0.1% (v/v)
Triton X-100, 10 mM Na-tartrate, 1 mM ascorbic acid and 0.1 mM FeCl3.The pnitrophenol liberated after 1 h of incubation at 37 °C was converted into pnitrophenylate by the addition of 100 µl of 0.3 M NaOH, and the absorbance was
read at 405 nm using a multilabel counter (Wallac 1420 Victor2, Perkin Elmer Life
Sciences, Turku, Finland). One unit of TRACP activity hydrolyzes 1 µmol of pNPP
per minute at 37 °C. This assay proved to be linear both within the range of enzyme
dilutions used and for the time of incubation (up to 1 h).
Statistical analysis
Data were statistically analyzed using Kruskal-Wallis nonparametric analysis of
variance (ANOVA) test followed by Tukey-Kramer’s multiple comparison test. When
two values were analyzed Student’s t-test was used. Correlation coefficients were
determined by using linear regression analysis. Effects were considered statistically
significant at p<0.05 (two-tailed).

RESULTS
Attachment of TRACP-coated beads to osteoblasts
Beads coated with TRACP proved to attach to osteoblast-like cells. Following an
incubation period of 6 h 24.6% the TRACP-coated beads was attached to the cells.
Of the control beads this was only 7.1%. The number of TRACP-coated beads
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attached to the cells was 3.4-fold higher than the number of attached control beads

NUMBER OF ATTACHED BEADS/WELL

(Fig. 1).

50

**
Fig. 1. Number of TRACP-coated beads attached to

40

osteoblast-like cells. Results are presented as number of
beads per well as mean value ± SD (n=6). Statistical

30

analysis was performed by Student’s test. **p<0.01.
20
10
0
IgG-coated TRACP-coated
beads
beads

Internalization of FITC-TRACP
To analyze the endocytosis of TRACP by the osteoblast-like cells in more detail,
recombinant TRACP labelled with FITC was added to the cells. The data
demonstrated that uptake of TRACP was dose-dependent (Fig. 2A). So it appears
that both TRACP fractions (present in the MCM and the recombinant enzyme
labelled with FITC) were endocytosed by the cells. This finding made it possible to
analyse whether uptake of TRACP was selective. We therefore cultured cells with a
fixed concentration of FITC-labelled TRACP together with different concentrations of
TRACP-rich MCM. Under these conditions a dose-dependent decreased uptake of
labelled TRACP was found (Fig. 2B).
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Fig. 2. (A) Fluorescence level in osteoblast-like cells incubated with different concentrations of FITCTRACP for 24 h. Results are presented as mean fluorescence ± SD (n=5). Correlation analysis
r2=0.9631, p= 0.003. (B) Osteoblast-like cells incubated with 2 µg/ml FITC-TRACP in the presence of
different concentrations of MCM for 24 h. Results are presented as mean ± SD (n=5). Correlation
analysis r2=0.7937, p= 0.0172.

Localization of TRACP
In line with previous findings

(21)

immunolocalization of TRACP in osteoblast-like cells

incubated for 24 h in the presence of MCM revealed intracellular labelling (Fig. 3B).
The distribution of label strongly suggests a vesicle-related localization. By
comparing the localization of the protein with that of enzyme activity by using CeCl3
as contrasting agent, a similar distribution was found. Also the activity of the enzyme
seemed to be localized in vesicles of the cytoplasm (Fig. 3D).
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Fig.

3.

Immunolocalization

of

TRACP in osteoblast-like cells. (A)
Osteoblast-like cells cultured with
control medium. (B) Osteoblast-like
cells cultured with MCM. Note the
dot-like localization of TRACP.
Nuclei were counterstained with
DAPI.

(C,

D)

Localization

of

TRACP activity using CeCl3 as

A

B

contrasting agent. (C) Osteoblastlike cells cultured with control
medium. (D) Osteoblast-like cells
cultured with MCM. Note the dotlike localization of TRACP activity
(arrows). Magnification (A, B): x
400; (C, D): x 630.

C

D

Activity of internalized TRACP
We next investigated the fate of endocytosed TRACP. After culturing the cells in the
presence of TRACP-rich MCM for 24 h, this medium was replaced by culture medium
that did not contain TRACP and the TRACP activity in the supernatants and cultured
cells was measured at different time points following the medium renewal.
At the 2 and 4 h time intervals after withdrawal of MCM the level of TRACP
activity was significantly higher compared to the level of enzyme activity at time 0
(Fig. 4). After these first 4 h, however, the level of TRACP activity sharply decreased
and it was at the 6 h time point already significantly lower than the activity at time 0
(Fig. 4).
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Since the decreased activity could have been due to secretion of the enzyme, next
we analysed the activity of the enzyme in the supernatants of the cultured cells.
However, TRACP activity was not detected in the supernatant of these cells.
Our previous study indicated that inactive TRACP can be activated by
cathepsin B. The higher level found during the first few hours following withdrawal of
the MCM, can be explained by an inactive enzyme fraction that is taken up and
subsequently activated. In order to analyze whether a fraction of TRACP present in
the MCM is activated by cathepsin B, TRACP activity was assessed in MCM with
purified active cathepsin B (0.1 U/µl). The activity of TRACP in the MCM proved not
to be affected by cathepsin B (TRACP activity in MCM: 1.09 ± 0.16; in MCM
incubated with cathepsin B: 0.98 ± 0.19; n=4; ns).

TRACP ACTIVITY (U/mg protein)

Fig. 4. TRACP activity in osteoblast-like cells

**

1.00

cultured with MCM for 24 h (■) and replaced
with

0.75

medium

(□).

Under
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condition, TRACP activity was measured

*

every 2 hours during a 10 hour period.

0.50

Results are presented as mean value ± SD
(n=5). Statistical analysis was performed

***

0.25

0.00

normal

using Kruskal-Wallis nonparametric analysis
of variance (ANOVA) test followed by Tukey-

(24 h)

+2

+4

+6

TIME (h)

+8

+10

Kramer’s multiple comparison test. *p<0.05,
**p<0.01, ***p<0.001 compared to cells
cultured with MCM for 24 h.

DISCUSSION
In a previous study we found that osteoblast-like cells have the capacity to
endocytose active TRACP that is released by osteoclasts and/or their precursors

(21)

Since it was unknown whether endocytosis of the enzyme was a specific process or
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occurred in a nonspecific way, the present study was performed in an attempt to
shed some light on this issue. Our data strongly suggest that the cells do indeed
recognize TRACP. First, incubation of the osteoblast-like cells with beads coated with
TRACP resulted in a rapid and strong attachment of a high number of beads to the
cells. Second, recombinant labelled TRACP was dose-dependently taken up by the
cells and finally non-labelled TRACP dose-dependently prevented uptake of labelled
enzyme.
It was of interest to find that endocytosis of TRACP resulted in a biphasic
effect: an initial rise in enzyme activity followed by a rapid decrease. Since the initial
rise in activity was seen very rapidly following the change of medium and only
apparent during the first few hours of incubation we assume that this extra activity is
due to an activation of enzyme and not due to an increased synthesis. This additional
active fraction can be activated endocytosed enzyme or, alternatively, activated
endogenous TRACP. Others (25) and we (21) have shown that activation of pro-TRACP
can occur by cathepsin B and since the enzyme is found in small vacuoles of the
cells, we assume that activation occurs at that site. The activated enzyme is probably
the endogenous fraction since incubation of TRACP present in the conditioned
medium by cathepsin B did not result in an increased activity. This observation
indicates that the conditioned medium does not contain a cathepsin B-activated
TRACP. Endogenous TRACP, on the other hand, is readily activated by cathepsin B
(21)

.
The rapid decrease in the activity of TRACP upon its endocytosis indicates an

intracellular inactivation of the enzyme by osteoblast-like cells. The most likely sites
where this occurs are the small endocytic vesicles in which the enzyme appears to
be internalized. Since degradation of internalized proteins is known to be initiated in
such vesicles (26) it is possible that proteolytic enzymes degrade TRACP leading to its
inactivation.
Endocytosis of TRACP by osteoblast-like cells probably occurs in the vicinity
of areas of bone resorption. After all, activity of this enzyme has been found primarily
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in osteoblasts/bone lining cells located in the direct vicinity of osteoclastic bone
resorption

(27-29)

. Thus, we propose that the uptake of the enzyme is important for the

control of enzyme activity, thereby preventing degradation of matrix constituents. In
addition, as proposed by Sheu and co-workers

(30)

, endocytosed TRACP may play a

role in the signaling pathway responsible for the differentiation of osteoblast-like cells.
In this way the enzyme may play a role in coupling bone resorption to bone
formation. Following the uptake of the enzyme at the site where the osteoclast has
exerted its activity, TRACP initiates a differentiation of the osteoblast-like cells
resulting in active bone formation in the resorption pit.
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ABSTRACT
Tartrate-resistant acid phosphatase (TRACP) is generally used as a marker of
osteoclasts. Yet, other bone-associated cells such as osteoblasts and osteocytes
may also express activity of this enzyme. How the expression of TRACP by
osteoblasts is modulated is unknown. We attempted to elucidate this by culturing
osteoblast-like cells with (i) osteogenic medium (ascorbic acid, β-glycerophosphate
and dexamethasone), (ii) the cytokines IL-1 β, IL-6, and TNF-α, (iii) the growth factor
TGF-β, or (iv) PTH. We report that during the differentiation of osteoblast-like cells as
induced by osteogenic medium, the levels of TRACP activity decreased. However,
mRNA expression of the enzyme was not affected. Of the tested compounds, only IL1β and PTH had an effect. These factors induced activation of TRACP in osteoblastlike cells. Our data indicate that osteoblastic TRACP is activated by some factors that
have been shown to stimulate osteoclastogenesis and bone resorption. We propose
that the increased TRACP activity may be related to the role played by osteoblasts in
processes associated with resorption.
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INTRODUCTION
Although tartrate resistant acid phosphatase (TRACP) is widely used as a
histochemical marker for osteoclasts

(1)

, Hayman and co-workers

(2-4)

have shown

that in mouse as well as in human both TRACP activity and TRACP mRNA are
expressed in spleen, liver, linings of the gastrointestinal tract, lung, thymus and skin.
Yet, the highest expression of TRACP appears to be present in bone tissue. Apart
from its high activity in osteoclasts several reports suggest TRACP activity in other
bone-associated cells, such as osteoblasts and osteocytes

(5;6)

. Indeed an enzyme

with TRACP characteristics has been purified from extracts of human osteoblasts (7).
Recently we demonstrated that osteoblast-like cells may contain two different
fractions of TRACP: (i) a fraction that is endocytosed following its release by
osteoclasts and their precursors and (ii) an inactive endogenous TRACP-like fraction
that is activated by cathepsin B

(8)

. In the latter study we also demonstrated that

osteoblast-like cells expressed TRACP mRNA and that its level was modulated by
soluble factors present in medium conditioned by cultured blood monocytes. Since
this medium is likely to contain relatively high levels of cytokines like IL-1β, IL-6 and
TNF-α

(9)

in the present study we addressed the question whether these cytokines

affect the expression and/or activity of TRACP in osteoblast-like cells.
The higher levels of TRACP mRNA observed in osteoblast-like cells cultured
with the medium conditioned by the monocytes

(8)

suggest that under these

conditions the phenotype of the osteoblast-like cells changes. Since it is well known
that phenotypic changes of osteoblasts can be induced by culturing them in an
osteogenic

medium

containing

ascorbic

acid,

β-glycerophosphate

and

dexamethasone, the effect of this medium on TRACP expression and activity was
analyzed.
Apart from cytokines, a hormone like parathyroid hormone (PTH) has
profound effects on the activity of both osteoblasts and osteoclasts. This hormone
has been shown to reduce the capacity of osteoblasts to form bone (10;9) and to
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induce osteoclastogenesis by up-regulating the levels of RANKL in osteoblasts

(11;12)

.

The possible involvement of this hormone on the modulation of TRACP expression in
osteoblast-like cells was also analyzed.
Finally, bone has been shown to contain high levels of TGF-β

(13)

. This growth factor

is taken to be released from the bone matrix during osteoclastic bone resorption (14;15)
and data suggest that upon its release it may modulate osteoblast activity

(16)

.

Whether TGF-β may affect TRACP expression was also investigated in the present
study.

MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle medium (DMEM), fetal calf serum (FCS), Hank’s
balanced salt solution (HBSS) and trypsin were obtained from Gibco (Grand Island,
NY).

β-Glycerophosphate,

dexamethasone,

ascorbic

acid,

leukocyte

acid

phosphatase (TRACP) kit, antibiotic-antimycotic solution, para-nitrophenyl phosphate
(pNPP) and PTH 1-34 were purchased from Sigma (St. Louis, MO). Recombinant
human TGF-β1, TNF-α and IL-1β were obtained from R&D Systems (Minneapolis,
MN). Recombinant human IL-6 was purchased from PeproTech (Rocky Hill, NJ). The
monoclonal mouse anti-human Runx2 was a generous gift from Dr. A.L.J.J.
Bronckers (Dept. of Oral Cell Biology, Academic Centre for Dentistry Amsterdam
(ACTA), Universiteit van Amsterdam and Vrije Universiteit). The cathepsin B
substrate Z-Ala-Arg-Arg-4-methoxy-β-naphtylamide and cathepsin K substrate ZLeu-Arg-4-methoxy-β-naphthylamide

were

from

Bachem

AG

(Bubendorf,

Switzerland). Culture flasks, 6, 12, 24-well culture dishes were obtained from Costar
(Cambridge, MA). The BCA Protein Assay Kit was obtained from Pierce (Rockford,
IL). The RiboGreen kit was from Molecular Probes (Eugene, OR) and the RNeasy
Mini Kit was from Qiagen (Hilden, Germany). The MBI Fermentas cDNA synthesis kit
was purchased from Vilnius (Lithuania).
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Osteoblast-like cell isolation
Fragments of trabecular bone were obtained from healthy patients during hip
replacement surgery. Informed consent was obtained from each patient.
Primary cultures of human osteoblast-like cells were prepared by removing the soft
tissue of the trabecular fragments and cutting the latter into small pieces. The bone
fragments were thoroughly rinsed in HBSS, placed in 6-well culture plates and
incubated with 1.5 ml DMEM supplemented with 10% FCS and 1% antibioticantimycotic solution in a humidified atmosphere of 5% CO2 in air at 37°C. After a
culture period of 4-6 weeks cells surrounding the tissue explants were confluent and
collected by use of 0.25% trypsin and 0.1% EDTA (pH 7.3), transferred to 25 cm2
culture flasks and designated as ‘passage one’. The cells of this passage and
subsequent passages showed a typical trapezoidal shape.
Prior to their use in the experiments, the osteoblastic phenotype of the cells was
assessed by determining alkaline phosphatase activity, localization of the
transcription factor Runx2
cultured

with

(17)

osteogenic

, and their ability to form mineralized nodules, when

medium

(50

µg/ml

ascorbic

acid,

10

mM

β-

glycerophosphate and 10-8 M dexamethasone in DMEM). Only cultures that were
positive for these parameters were used. The possible presence of cells of the
monocyte/macrophage lineage in the osteoblast cultures was assessed by analyzing
(1) expression of carbonic anhydrase II mRNA and (2) activity of cathepsin K.
For all experiments, subcultures between the 4th and 6th passage were used.
The cells were seeded in 24-well culture plates at a density of 1x105 cells/well in
culture medium. All cultures were performed in DMEM supplemented with 10% FCS
and 1% antibiotic-antimycotic solution, indicated as “culture medium”, unless stated
otherwise.
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Cultures with IL-1β, IL-6, PTH, TGF-β and TNF-α
Osteoblast-like cells were cultured for 48 h in the presence and absence of IL-1β, IL6, TGF-β, TNF-α each in the following concentrations 0.1, 1, 10, 50 ng/ml and PTH
(10-8, 10-7, 10-6, 10-5 M). After the culture period, the cells were harvested and used
for TRACP- and ALP-activity colorimetrically or used to isolate RNA.
Cultures with osteogenic medium
Osteoblast-like cells were cultured with or without osteogenic medium for 7, 14, 21
and 28 days. After the culture period, cells were fixed in 4% formaldehyde in PBS for
TRACP enzyme histochemistry and Von Kossa staining. Since the 28-day cultures
showed Von Kossa positive mineralized bone nodule deposition, only 7, 14 and 21
days cultures were used for TRACP analysis.
TRACP activity assay
For colorimetric analyses the cells were washed with PBS and 200 µl 50 mM sodium
acetate buffer (pH 5.5) containing Triton X-100 (0.1% v/v) was added to each well.
The culture plates were stored at -20 ºC. After thawing, cell extracts were collected
and centrifuged. Protein concentration and TRACP activity were assayed in the
supernatant obtained after centrifugation of the extracts. Protein concentration was
assessed by using the BCA Protein Assay Kit. All samples were equalized to the
amount of protein. TRACP enzyme activity was assayed in 96-well plates using pnitrophenylphosphate (pNPP) in 150 µl incubation medium (150 µl) containing: 10
mM pNPP, 0.1 M Na-acetate (pH 5.8), 0.15 M KCl, 0.1% (v/v) Triton X-100, 10 mM
Na-tartrate, 1 mM ascorbic acid and 0.1 mM FeCl3.The p-nitrophenol liberated after 1
h of incubation at 37 °C was converted into p-nitrophenylate by the addition of 100 µl
of 0.3 M NaOH, and the absorbance was read at 405 nm using a multilabel counter
(Wallac 1420 Victor2, Perkin Elmer Life Sciences, Turku, Finland). One unit of
TRACP activity hydrolyzes 1 µM of pNPP per minute at 37 °C. This assay proved to
be linear both within the range of enzyme dilutions used and 1 h (data not shown).
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ALP activity assay
For colorimetric analyses the cultures were washed with PBS and 200 µl
diethanolamine buffer (1 M diethanolamine, 0.5 mM MgCl2, pH 9.8) containing Triton
X-100 (0.1% v/v) was added to each well. The culture plates were stored at -20 ºC.
After thawing, cell extracts were collected and centrifuged. ALP activity was
measured in the supernatant obtained after centrifugation of the extracts. Since the
diethanolamine buffer used to extract the cells interfered with the BCA Protein Assay
Kit, the samples were equalized to the amount of DNA. DNA concentration was
assessed by using a PicoGreen kit (Molecular Probes, Eugene, OR). To 10 µl cell
extract p-nitrophenylphosphate (pNPP) (final concentration 6 mM) in 200 µl
diethanolamine buffer was added as a substrate and incubated at 37 ºC. The
extinction was read every 10 min for 2 h at 405 nm using a multilabel counter.
Cathepsin B and K activities
Extracts of osteoblast-like cells were subjected to a fluorometric assay to determine
cathepsin B activity. 10 µl aliquots of cell extracts were incubated in 50 µl in 100 mM
phosphate buffer (pH 6.0) containing 1 mg/ml of enzyme substrate (Z-Ala-Arg-Arg-4methoxy-β-naphtylamide for cathepsin B and Z-Leu-Arg-4-methoxy-β-naphthylamide
for cathepsin K) (Bachem AG, Bubendorf, Switzerland), 1.3 mM EDTA, 1 mM
dithiothreitol and 2.67 mM L-cysteine. Incubation took place at 37 °C, and readings
were performed every 10 min. Substrate hydrolysis was determined using a
multilabel counter (λex= 355 nm; λem= 430 nm).
cDNA synthesis
RNA from cultured cells was isolated using the RNeasy Mini Kit according to the
manufacturer’s instructions. RNA concentration was measured with the RiboGreen
kit. 100 ng RNA was used in the reverse transcriptase reaction which was performed
according to the MBI Fermentas cDNA synthesis kit, using both the Oligo(dT)18 and
the D(N)6 primers.
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Quantitative rtPCR
Real time PCR primers of TRACP, ALP, carbonic anhydrase II and β2 microglobulin
(GenBank

accession

nos.

J04430,

BC021289,

ENSG00000104267

and

ENSG00000166710, respectively) were designed using the Primer Express software,
version 2.0 (Applied Biosystems, Foster City, Ca). To avoid amplification of genomic
DNA, each amplicon spanned at least one intron. The external standard curve used
in the PCR reactions was cDNA from the quantitative PCR human reference total
RNA (Stratagene, La Jolla, CA), which is composed of total RNA from 10 human cell
lines.
Real time PCR was performed on the ABI PRISM 7000 (Applied Biosystems,
Foster City, Ca, USA). The reactions were performed with 5 ng cDNA in a total
volume of 25 µl containing SYBR Green PCR Master Mix, consisting of SYBR Green
I Dye, AmpliTaq Gold DNA polymerase, dNTPs with dUTP instead of dTTP, passive
reference and buffer (Applied Biosystems, Foster City, Ca, USA) and 300 nM of each
primer.
After an initial activation step of the AmpliTaq Gold DNA polymerase for 10
min at 94 °C, 40 cycles were run of a two-step PCR consisting of a denaturation step
at 95 °C for 30 seconds and annealing and extension step at 60 °C for 1 min.
Subsequently, the PCR products were subjected to melting curve analysis to test if
any unspecific PCR products were generated. The PCR reactions of the different
amplicons had equal efficiencies. Relative expression was calculated using the
comparative Ct method. Samples were normalized for the expression of β2
microglobulin calculating the ∆Ct (Ct

gene of interest

- Ct (β2 microglobulin), subsequently the

∆Ct values were calculated by ∆Ctsample - ∆Ctcalibrator, where the calibrator is the
control sample (unstimulated osteoblast-like cells at 48 h or day 7 depending on the
experiment). Relative expression of the different genes is expressed as 2^-(∆∆Ct).
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Statistical analysis
Data were statistically analyzed using Kruskal-Wallis nonparametric analysis of
variance (ANOVA) test followed by Tukey-Kramer’s multiple comparison test. Effects
were considered statistically significant at p<0.05 (two-tailed).

RESULTS
Characterization of cell cultures
The cultures proved to be positive for ALP activity and mineralized nodules were
formed when the cells were cultured with osteogenic medium. Further, the
osteoblastic nature of the cells was confirmed by their positive immunostaining with
anti-Runx2

(17)

. In addition, neither CAII mRNA nor activity of cathepsin K was

detected in the cell cultures. Taken together these data indicate the osteoblast-like
nature of the cells.
Effect of cytokines on TRACP in osteoblast-like cells
Osteoblast-like cells were cultured for 48 h with different concentrations of IL-1 , IL-6,
TNF-α or TGF-β. Of these cytokines, only IL-1 β proved to affect the level of TRACP
activity (Fig. 1). In the presence of this cytokine the activity increased significantly.
This effect was only found with the lower concentrations (0.1 and 1 ng/ml) of the
cytokine. Real-time PCR showed that IL-1β did not affect the level of TRACP mRNA
(relative levels of TRACP mRNA: osteoblasts in the absence of IL-1β: 1.07 ± 0.21;
osteoblasts in the presence IL-1β (0.1 ng/ml): 1.50 ± 0.20; n=5, mean ± SEM; not
significant).
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Effect of PTH on TRACP activity and expression
Culturing osteoblast-like cells with various concentrations of PTH revealed
significantly higher levels of TRACP activity in the presence of 10-6 and 10-5 M PTH
(Fig. 2). Under these conditions the levels of TRACP mRNA were not affected (data

TRACP ACTIVITY (U/mg protein)

not shown).
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Cathepsin B activity
We previously found that cultured osteoblast-like cells contain a fraction of TRACP
that can be activated by cathepsin B

(8)

. Thus the observed higher levels of TRACP

found in the present study could have been due to an increased activity of cathepsin
B. We therefore analyzed the levels of cathepsin B activity in the presence of IL-1β
and PTH. Our data showed that in the presence of IL-1β, indeed a higher activity of
cathepsin B was present (Fig. 3A). PTH proved to have no effect (Fig. 3B).
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Fig. 3. Cathepsin B activity in osteoblast-like cells cultured for 48 h with (A) IL-1 β and (B) PTH. Data
are presented as mean value ± SEM (n=5). (A) *p<0.05 compared to cells cultured in control medium.
(B) Statistical analysis did not reveal differences.

Alkaline phosphatase (ALP) activity and mRNA expression in osteoblasts
cultured with IL-1β and PTH
In order to analyze whether the osteoblasts phenotypically changed under the
influence of IL-1 β and PTH, the levels of ALP activity and mRNA were analyzed. In
the presence of those compounds ALP activity and mRNA expression did not change
(ALP activity of cells cultured with control medium: 0.084 ± 0.006; cells cultured with
IL-1 β (1 ng/ml): 0.076 ± 0.013 or with PTH (10 -6 M): 0.123 ± 0.015; n=5, mean value
± SEM; not significant).

123

CHAPTER 5

___________________________________________________________________
TRACP in osteoblast-like cells cultured with osteogenic medium
The level of TRACP activity in cells cultured in the presence of osteogenic medium
showed a time-dependent decrease (Fig. 4A). In the presence of control medium
there was also a slight decrease at the last time point measured but this was not
statistically significant (Fig. 4A).
The level of TRACP mRNA in cells cultured with osteogenic medium was
significantly lower at the 7 day time point compared to cells cultured with control
medium (Fig. 4B).
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TRACP mRNA EXPRESSION
(relative to day 7 control)

TRACP ACTIVITY (U/mg protein)
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1.00
0.75

(2)

0.50

(1)

(3)

0.25
0.00

7
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14

21
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Fig. 4. TRACP activity (A) and mRNA expression (B) in osteoblast-like cells cultured with control
medium (□) or osteogenic medium (■) for 7, 14 and 21 days. Data are presented as mean value ±
SEM (n=5). (A) Regression analysis: osteoblast-like cells in the presence of osteogenic medium
r2=0.9960, p=0.0401; osteoblasts in the presence of control medium r2= 0.8026, not significant. (B) (1),
(2), (3) p<0.001 compared to cells cultured in control medium at day 7.

At the 14 and 21 day time intervals the levels of TRACP mRNA of cells cultured with
either control or osteogenic medium were significantly lower than those of osteoblastlike cells cultured with control medium at day 7 (Fig. 4B). At the later time intervals no
difference in the level of mRNA was found between cells cultured in control or
osteogenic medium. In order to analyze whether the osteogenic medium did indeed
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promote differentiation of the osteoblastic phenotype, the activity and expression of
alkaline phosphatase (ALP) were assessed. Both parameters proved to be upregulated relative to control medium (Fig. 5A, B).
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Fig. 5 ALP activity (A) and mRNA expression (B) in osteoblast-like cells cultured with control medium
(□) or osteogenic medium (■) for 7, 14 and 21 days. Data are presented as mean value ± SEM (n=5).
*p<0.05, **p<0.01, ***p<0.001 compared to osteoblast-like cells cultured in control medium for the
same culture period.

DISCUSSION
Several studies have demonstrated the occurrence of TRACP in osteoblasts (5-7). Our
data are the first to show that IL-1β and PTH may modulate the activity of the
enzyme. IL-6, TNF-α and TGF-β, proved not to affect the activity of the enzyme.
Although higher TRACP activity was found in the presence of IL-1β and PTH,
the mRNA expression of the enzyme remained unaffected. This suggests that these
compounds do not induce an increase in the synthesis of the enzyme but are likely to
activate an existent intracellular pool of pro-TRACP. The higher level of activity in the
presence of IL-1β coincided with an increase in cathepsin B activity. This finding
corroborates with a previous study showing that cathepsin B is important in activating
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pro-TRACP in osteoblast-like cells

(8)

. The PTH-induced higher levels of TRACP

seemed not to be mediated by cathepsin B since the hormone did not affect its
activity. In this respect it is of interest to note that PTH may activate other proteolytic
enzymes such as matrix metalloproteinases
osteoblasts

(18;19)

and serine proteinases in

(20;21)

. Whether one of these enzymes plays a role in activating TRACP

remains to be elucidated. Although our data show an effect of PTH on TRACP
activity, whether the hormone indeed affects the enzyme in vivo remains to be
elucidated since the hormone concentration was rather high.
It has been shown that osteoblasts exert a wide variety of activities associated
with the homeostasis of bone. Although their major task is the actual formation of
bone

(22)

, osteoblasts are also essential in supporting osteoclastogenesis

(23)

and

cleaning the bone surface of non-mineralized matrix prior to and following
osteoclastic bone resorption

(24;25).

It is well known that during the life cycle of the

osteoblast differential expression of certain proteins may occur. For example, high
levels of ALP and osteocalcin are associated with bone formation

(26)

, whereas

osteoblasts responsible for the induction of osteoclastogenesis express high levels of
RANKL and low levels of ALP (27;28).
The different stages of osteoblast activity are modulated by different
compounds, among which IL-1β and PTH. The latter compounds have been shown
to increase the capacity of osteoblasts to stimulate osteoclastogenesis
the same time to decrease their ability to form bone

(29;30)

and at

(30)

. From the present study it

appears that factors that promote osteoclastic bone resorption activate osteoblastic
TRACP. On the other hand, ALP is under these conditions not influenced. In the
presence of compounds that activate bone formation, however, ALP levels increased
whereas at the same time TRACP activity and mRNA expression were strongly
reduced. These in vitro findings are in line with histochemical observations showing
that at sites of bone formation high levels of ALP activity coincide with an absence of
TRACP activity
(32;33)

. Activity of the latter enzyme is found at sites of bone resorption

(31)

. Taken together these findings suggest that TRACP expression in osteoblast-
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like cells is associated with osteoclast formation and/or osteoclastic bone
degradation. However, the precise role of the enzyme under these conditions
remains obscure. Perhaps it helps in cleaning the bottom of the resorption pit after
the osteoclast has left that site

(24)

. The possible involvement of osteoblastic TRACP

in bone resorption-associated activities is supported by observations in TRACP
knockout mice

(34)

. Osteoblasts of these mice produce higher levels of bone

sialoprotein and Runx2, which are known to be highly expressed in bone-forming
osteoblasts

(35)

. It is also interesting that the formation of bone nodules occurs faster

by osteoblasts lacking the enzyme than by control osteoblasts

(36)

. In summary, the

present study has demonstrated that TRACP in osteoblast-like cells is activated by
factors which promote resorption and not by factors which stimulate bone formation.
We propose that the enzyme could participate in activities involved in the induction of
osteoclastogenesis and/or in the cleaning of the resorption pit after bone resorption
(25)

.
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ABSTRACT
Bone resorption by osteoclasts depends on the activity of various proteolytic
enzymes, including cysteine proteinases and matrix metalloproteinases. Next to
these enzymes, tartrate resistant acid phosphatase (TRACP) also participates in this
process. Although its role in resorption is still not entirely clear, TRACP is likely to
dephosphorylate non-collagenous proteins of the bone matrix such us osteopontin
and bone sialoprotein.
TRACP is synthesized as an inactive proenzyme and activated in vitro by cysteine
proteinases. In the present study the possible involvement of the latter enzyme class
in the modulation of TRACP was investigated in vivo using mice deficient for the
cathepsins K and L, and in bones that differ in their level of cysteine proteinase
activity, calvaria and long bone.
The results demonstrated in mice lacking cathepsin K (but not in those deficient for
cathepsin L) higher levels of TRACP activity in long bones, whereas in calvarial
bones of those mice no difference was seen. Yet, between calvarial and long bones
irrespective of their genotype, considerable differences in TRACP activity were
found. Calvarial bones contained a 10-fold higher level of TRACP activity than long
bones. Analysis of osteoclasts isolated from these two types of bone showed that the
level of both TRACP activity and its mRNA were higher in calvarial osteoclasts
compared to long bone osteoclasts. Also the release of TRACP by these cells into
the medium proved to be higher. Analysis of osteoclasts of mice deficient for TRACP
showed that calvarial osteoclasts contained a higher number of vacuoles filled with
non-digested filamentous material and mineral crystallites than long bone osteoclasts
suggesting a decreased ability of these cells to digest bone matrix components. Our
data suggest that neither cathepsin K nor L are essential in activating TRACP. The
findings also point to functional differences between osteoclasts from different bone
sites in terms of participation of TRACP in degradation of bone matrix. We propose
that the higher level of TRACP activity in calvarial osteoclasts compared to that in
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long bone cells may partially compensate for the lower cysteine proteinase activity
found in these cells and the enzyme may help in the degradation of non-collagenous
proteins during the digestion of this type of bone.
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INTRODUCTION
Osteoclasts are multinucleated cells responsible for bone resorption. Resorbing
osteoclasts are tightly sealed to the bone surface with a specialized membrane area
known as the sealing zone

(1)

. The ruffled border, another unique membrane

compartment is formed in a central area encircled by the sealing zone. This ruffled
border arises by fusion of lysosomal vacuolar compartments. Proton pumps
incorporated within the ruffled border membrane mediate the release of hydrogen
ions. The low pH thus created results in the solubilization of bone mineral. The
organic matrix is then exposed to degrading proteinases (reviewed in (2)).
In the degradation of the organic matrix an essential role is played by cysteine
proteinases

(3-5)

. The organic material released by the action of the proteolytic

enzymes and the degraded inorganic material are endocytosed, transported in
vesicles through the cell to the functional secretory domain, where they are liberated
into the extracellular space

(6)

. Several studies indicate that apart from cysteine

proteinases the enzyme tartrate resistant acid phosphatase (TRACP) may be
involved in the degradation of bone constituents by osteoclasts. Zaidi et al.
Moonga and co-workers

(8)

(7)

and

have shown that incubation of osteoclasts with anti-

TRACP antibodies resulted in a reduction of bone resorption. Furthermore, mice
deficient for TRACP as well as for both TRACP and LAP (lysosomal acid
phosphatase) develop mild osteopetrosis

(9;10)

, whereas transgenic mice over-

expressing TRACP show the opposite, a mild osteoporosis

(11)

. The substrate for the

enzyme is likely to be some of the non-collagenous proteins of the bone matrix since
several studies have shown the capacity of TRACP to dephosphorylate the bone
matrix phosphoproteins osteopontin, osteonectin and bone sialoprotein

(10;12;13)

.

Recently a role for TRACP has been suggested in regulating intracellular vesicular
trafficking in osteoclasts

(14)

. Taken together these data indicate a clear role for the

enzyme in bone resorption.
TRACP is synthesized as an inactive proenzyme and in vitro studies have
shown its activation by cysteine proteinases such as cathepsins B (15), L (16) or K (17).
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Of these enzymes cathepsin K plays a major role in osteoclastic bone degradation.
Several studies have shown high levels of expression of this enzyme in osteoclasts
(18-21)

and its importance in bone degradation was demonstrated by using specific

inhibitors of the enzyme

(22-24)

(25)

or cathepsin K antisense oligonucleotides

.

Moreover, mice deficient in cathepsin K show a mild osteopetrotic phenotype with
excessive trabeculation of the bone marrow space

(26;27)

indicating the importance of

cathepsin K in bone resorption. Other cysteine proteinases like cathepsin B, C, S, H,
L and cathepsin L-like proteinases D and S also have been reported to be present in
osteoclasts

(28-34)

. Of these, cathepsin L is considered to act extracellularly in

subosteoclastic collagen degradation and cathepsin B intracellularly by activating
other proteinases

(35-37)

. Whether these cysteine proteinases are involved in the

modulation of the activity of TRACP is not known. This possibility was analyzed in the
present study by investigating the level of TRACP activity in bones of mice deficient
for cathepsin K and L. An alternative approach to analyze the possible role of
cysteine proteinases in modulating TRACP activity was by using bones from different
sites of the body. In a previous study we showed considerable differences in cysteine
proteinase activity by comparing long bones and calvarial bones. In long bones the
activity of cysteine proteinases was significantly higher than in calvarial bones (38).

MATERIALS AND METHODS
Materials
α-MEM (minimal essential medium) and fetal calf serum (FCS) were obtained from
Gibco (Gibco Lab., Grand Island, NY). Leukocyte acid phosphatase (TRACP) kit,
antibiotic-antimycotic

solution

and

para-nitrophenyl

phosphate

(pNPP)

were

purchased from Sigma Chemical (St. Louis, MO). Culture flasks and 96-well culture
dishes were obtained from Costar (Cambridge, MA). Mouse anti-human αvβ3 antibody
was purchased from Instruchemie (Hilversum, The Netherlands). Goat anti-rat
osteopontin was obtained from Dr. W. Butler (Houston, TX, USA). The cathepsin B
substrate Z-Ala-Arg-Arg-4-methoxy-β-naphtylamide and cathepsin K substrate Z-
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Leu-Arg-4-methoxy-β-naphtylamide were from Bachem AG (Bubendorf, Switzerland).
Protein A-gold conjugate (10nm), streptavidin-gold conjugate (10 nm), bovine serum
albumin (BSA)-C, and silver enhancement kit were from Aurion (Wageningen, The
Netherlands).
Experimental animals
Cathepsin K knock out mice (K-/-)

(27)

, the cathepsin L knock out mice (L-/-)

the TRACP knock out mice (TRACP-/-)

(9)

(39)

and

were described previously. The double

knockout mice for cathepsin K and L (K/L-/-) presented a mild osteopetrotic
phenotype (unpublished observations).
Light and electron microscopy
Mice deficient for cathepsin K, L and both K and L as well as wild type mice (3-5
months old) were killed and the calvariae and long bones were isolated. These bones
were fixed in 4 % formaldehyde and 1 % glutaraldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4) for 2 days at room temperature. After fixation the tissue samples were
postfixed for 60 minutes in 1 % OsO4 in the same buffer. The tissues were washed in
buffer, dehydrated through a series of ethanol, and embedded in epoxy resin (LX112). Semithin transverse sections were cut and stained with methylene blue.
Ultrathin sections were cut with a diamond knife, collected on formvar-coated grids
and stained with uranyl and lead. The sections were examined in a Zeiss EM-10
electron microscope (Zeiss, Jena, Germany).
For osteopontin immunolocalization bone tissues of TRACP-/- and WT mice
were fixed in 4 % formaldehyde in 0.1 M sodium cacodylate buffer, dehydrated and
embedded in LR White (see Suter et al.

(10)

). Semithin sections were collected on

glass slides, washed with PBS/BSA-C, and incubated overnight with goat anti-rat
osteopontin. The sections were extensively washed and incubated with Protein Agold conjugate or streptavidin-gold conjugate. After washing, silver enhancement
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was performed on the sections according to the description provided by the
manufacturer.

Biochemical analysis
Periosteum-free calvariae and long bones from the cathepsin knockout and wild-type
mice were cut into small pieces and immersed in sodium acetate buffer (0.1 M, pH
5.8; 0.2 % Triton X-100), sonicated (3 x 5 s) on ice, extracted overnight in the same
buffer at 4 °C, and again sonicated and centrifuged at 15,000 rpm (15 min). The
supernatant was collected and frozen at –20 °C. Protein content was assessed with
the BCA method (Pierce, Rockford, IL).
TRACP activity
Acetate-extracted tissue samples were equalized with respect to protein content and
TRACP enzyme activity was assayed in 96-well plates using p-nitrophenylphosphate
(pNPP) as the substrate in an incubation medium containing 10 mM pNPP, 0.1 M
Na-acetate (pH 5.8), 0.15 M KCl, 0.1% (v/v) Triton X-100, 10 mM Na-tartrate, 1 mM
ascorbic acid and 0.1 mM FeCl3. The p-nitrophenol liberated after 1 h of incubation at
37 °C was converted into p-nitrophenylate by the addition of 100 µl of 0.3 M NaOH,
and the absorbance was read at 405 nm using a multilabel counter (Wallac 1420
Victor2, Perkin Elmer Life Sciences, Turku, Finland). One unit of TRACP activity
hydrolyzes 1 µM of pNPP per minute at 37 °C. This assay proved to be linear both
within the range of enzyme dilutions used and for the time of incubation (up to 1 h).
Cysteine proteinase activity
Extracts of calvariae and long bones of wild type mice were subjected to a
fluorometric assay to determine cathepsin B and K activity. 10 µl aliquots of bone
extracts were incubated in 50 µl in 100 mM phosphate buffer (pH 6.0) containing 1
mg/ml of enzyme substrate, 1.3 mM EDTA, 1 mM dithiothreitol, 2.67 mM L-cysteine.
Incubation took place at 37 °C and readings were performed every 10 min. Substrate
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hydrolysis was determined using a multilabel counter (λex= 355 nm; λem= 430 nm).
Controls included incubations of substrate without extract or substrate with extract
but also with an inhibitor of cysteine proteinases (E-64, 42 µM) or of matrix
metalloproteinases (CT1166, 10 µM).
Osteoclast isolation
Long bones and calvariae were dissected from 5-day-old C57 Bl 6J mice and minced
in α-MEM and 5 % FCS. The minced bone fragments were sedimented and the
supernatant was centrifuged for 10 min at 500 rpm. The cell pellet was collected and
cultured in 96-well culture plates or onto slices of bovine cortical bone (650 µm thick).
After an incubation period of 4 h, the non-attached cells were washed away and the
attached cells, enriched by osteoclasts, were kept in culture for 24 h. After the culture
period the conditioned medium was harvested, centrifuged and analyzed for TRACP
activity. The cells were fixed for 10 min with 4% formaldehyde in PBS and stained for
TRACP activity according to the manufacturer’s instructions. The stained cultures
were visualized with a light microscope equipped with a 20 x objective and the
number of TRACP-positive multinucleated cells (more than three nuclei) was
assessed. The level of TRACP activity was related to the number of osteoclasts.
Osteoclasts were isolated from rabbit calvariae and long bones as described
in the previous paragraph. In order to obtain a highly purified osteoclast population
the cell fractions were incubated with anti-αvβ3 coated beads. The coated beads were
prepared by incubating mouse anti-human αvβ3 antibody with anti-mouse IgG-coated
beads (30 µg antibody/1.2 x 107 beads). This bead/antibody suspension was stirred
for 2 h and kept at room temperature and washed with PBS. 4 x 106 anti-αvβ3 coated
beads in α-MEM supplemented with 5 % FCS were incubated with 1 ml of cell isolate
obtained from the two types of bone for 1 h at RT. The cells coated with the beads
were isolated using a strong magnet and extensively washed with PBS. These
purified osteoclasts were used to assess TRACP activity colorimetrically or to isolate
mRNA.
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RNA isolation and cDNA synthesis
RNA from cells was isolated using the RNeasy Mini Kit according to the
manufacturer’s instructions. RNA concentration was measured with the RiboGreen
kit. 100 ng RNA was used in the reverse transcriptase reaction which was performed
according to the MBI Fermentas cDNA synthesis kit, using both the Oligo(dT)18 and
the D(N)6 primers.
Quantitative Real Time PCR
Real time PCR primers of TRACP and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Table 1) were designed using the Primer Express software, version 2.0
(Applied Biosystems, Foster City, CA).
Real time PCR was performed with the ABI PRISM 7000 (Applied
Biosystems). The reactions were performed with 5 ng cDNA in a total volume of 25 µl
containing SYBR Green PCR Master Mix, consisting of SYBR Green I Dye, AmpliTaq
Gold DNA polymerase, dNTPs with dUTP instead of dTTP, passive reference and
buffer and 300 nM of each primer.
After an initial activation step of the AmpliTaq Gold DNA polymerase for 10
min at 94 °C, 40 cycles were run of a two-step PCR consisting of a denaturation step
at 95 °C for 30 seconds and annealing and extension step at 60 °C for 1 min.
Subsequently, the PCR products were subjected to melting curve analysis to test if
any unspecific PCR products were generated. The PCR reactions of the different
amplicons had equal efficiencies. Relative expression was calculated using the
comparative Ct method. Samples were normalized for the expression of GAPDH by
calculating the ∆Ct (Ct

gene of interest

- Ct

GAPDH).

Expression of TRACP is expressed as

2^-(∆Ct).
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TABLE 1. Sequence of primers used in Quantitative RT-PCR
Gene
GAPDH

Forward and reverse primers

Amplicon

Accession

5’ Æ 3’

length (bp)

Number

gTCgTCTCCTgCgACTTCAAC

100

L23961

157

AB009340

TACCAggAAATgAgCTTCACAAAg
TRACP *

gACAAgAggTTCCAggAgACC
gggCTggggAAgTTCCAg

*The primers for TRACP were originally designed for mouse tissue.They proved to be 97.5 %
complementary to rabbit, only one base pair (the 7th upstream from the 5’ end) in the forward primer
did not match.

Statistical analysis
Data were statistically analyzed using Kruskal-Wallis nonparametric analysis of
variance (ANOVA) test followed by Tukey-Kramer’s multiple comparison test. When
two values were analyzed Student’s t-test was used. Effects were considered
statistically significant at p<0.05 (two-tailed).

RESULTS
Biochemical analysis of TRACP activity
TRACP analysis showed ~3-fold higher levels in extracts of long bones of K-/- mice
than extracts of WT long bones (Fig. 1A). Such differences were not found in extracts
of calvarial bone (Fig. 1B).
By comparing the two types of bone, long bone and calvaria, considerable
differences in TRACP activity were noted. The activity of the enzyme proved to be
10-folder higher in calvariae as compared to long bones (Fig. 1A, B). This difference
was found in cathepsin deficient as well as wild type mice.
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Fig. 1. TRACP activity in extracts of long bones (A) and calvariae (B) of WT, K-/-, L-/- and K/L-/- mice.
Data are presented as mean U per mg protein ± SEM (n=5). (A) **p<0.01 compared with WT. (B)
Statistical analysis did not reveal any significant differences

Number of osteoclasts in bones of cathepsin deficient mice
Since the higher level of TRACP activity in extracts of long bones of cathepsin K
deficient mice could have been due to a higher number of osteoclasts, the number of
these cells was analyzed. It was shown that long bones from K-/- mice contained
approximately 2 times more osteoclasts than the bones of WT mice (Fig. 2). In
calvarial bones no differences in the number of osteoclasts were found between K-/and WT mice (Fig. 2).

OCn /BONE EXPLANT

45

**

40

Fig. 2. Number of osteoclasts of long

35

bones and calvariae of WT (□), and K-/-

30

(■) mice. Data are presented as mean

25

number per bone explant ± SEM (n= 5).

20

**p<0.01 compared with WT.

15
10
5
0

LONG BONE

CALVARIA
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Biochemical analysis of cathepsin activity
The activities of the cysteine proteinases cathepsin K and B were analyzed in
extracts of calvariae and long bones of normal mice. As was found previously in
rabbit bones by Everts et al.

(38)

, the level of both cathepsins was higher

(approximately 3-fold) in long bones compared to calvarial bones (Fig. 3).

ACTIVITY (arbitratry units/µg protein)

Fig. 3. Cathepsin K and B activity
in extracts of long bones (□) and

6.0×10 4

calvariae (■). Data are presented

5.0×10 4
4.0×10

as mean arbitrary units per µg

4

protein ± SEM (n= 6).***p<0.001.

3.0×10 4
2.0×10 4

***

***

1.0×10 4
0

CATHEPSIN K

CATHEPSIN B

TRACP activity and expression in isolated osteoclasts
The finding that calvarial bones contain higher levels of TRACP activity can be
explained by assuming that osteoclasts of this type of bone express higher levels of
enzyme activity than osteoclasts of long bone. Therefore, we decided to study the
expression of TRACP by the osteoclasts in more detail. Therefore these cells were
isolated from both types of bone and TRACP activity was assessed.
By comparing enzyme activity of supernatants of cultured mouse osteoclasts
obtained from long bones or calvariae we found that calvarial osteoclasts released a
significant (2-3 fold) higher level of TRACP than long bone osteoclasts. This was
found with cells seeded on bone as well as with those seeded on plastic (Fig. 4A, B).
By comparing the level of enzyme activity of cells cultured on plastic with those
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cultured on bone, for both populations of osteoclasts a 10-fold higher level of activity
was found in cells cultured on plastic (Fig. 4A, B).

A

0.07

0.7
***

0.5
0.4
0.3
0.2

0.05
0.04
0.03
0.02
0.01

0.1
0.0

**

0.06
TRACP ACTIVITY/OC

TRACP ACTIVITY/OC

0.6

B

0.00

long bone

calvaria

long bone

calvaria

Fig. 4. TRACP activity in osteoclasts isolated from long bone and calvaria and cultured on (A) plastic
and (B) bone slices. Data are presented as mean U per mg protein ± SEM (n=3). **p<0.01,
***p<0.001.

Since the isolated mouse cell fraction contained next to osteoclasts other cell types,
we purified osteoclasts from rabbit bone. In preliminary studies we assessed that it
was relatively simple to obtain a highly purified population of these cells by using
beads coated with αv β3-antibodies. In line with the findings with the mouse cells,
analysis of the highly purified rabbit osteoclasts revealed a 10-fold higher TRACP
activity in calvarial osteoclasts compared to long bone osteoclasts (calvarial
osteoclasts: 3.71 ± 0.62 U/µg protein; long bone osteoclasts: 0.34 ± 0.03 U/µg
protein). Real-time PCR analysis showed a 2-fold higher level of TRACP mRNA in
calvarial osteoclasts than in long bone osteoclasts (expression units in calvarial
osteoclasts: 354.9 ± 109.4; in long bone osteoclasts: 189.6 ± 58.3).
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Calvarial and long bone osteoclasts of TRACP-deficient mice
Suter and co-workers

(10)

reported that osteoclasts of TRACP -/- mice showed (i)

intracellular vacuoles containing filamentous material and mineral crystallites and (ii)
high levels of osteopontin adjacent to the ruffled border. In the present study these
parameters were used to compare calvarial and long bone osteoclasts of TRACP -/mice. The number of vacuoles containing filamentous material and mineral
crystallites per osteoclast was approximately 30-fold higher in calvarial osteoclasts
than in long bone osteoclasts (TRACP-/-: nvacuoles per osteoclast in calvaria 1.65 ±
1.98 (n=20); nvacuoles per osteoclast in long bone: 0.05 ± 0.21 (n=43). Wild type:
nvacuoles per osteoclast was zero both for calvaria and long bone).
Analysis of strong osteopontin labeling adjacent to the ruffled border of
osteoclasts revealed that this was apparent for 70% of the calvarial TRACP -/osteoclasts whereas in TRACP -/- long bone this was found for 30% of the cells. In
wild type mice a strong labeling in this area was almost completely absent.

DISCUSSION
TRACP has been shown to be present in an inactive proform which can be activated
in vitro by certain proteinases, particularly cathepsins among which cathepsin K and
L

(15-17;40)

. Our data demonstrate that in the absence of those enzymes the level of

TRACP activity was not decreased, suggesting that in vivo cathepsins L and K are
not essential for activating the enzyme.
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It is interesting that long bones of K-deficient mice contained higher levels of TRACP
activity compared to bones of wild type mice. This finding can be explained by the
higher number of osteoclasts found in these bones (present study and Kiviranta et
al.(41)). The latter authors also showed an increased expression of TRACP mRNA by
the cathepsin K -/- bones. The increased osteoclast number may represent a
compensatory mechanism for the inefficient bone resorption by cathepsin K-deficient
cells. Also an elevated TRACP activity may help to compensate the lack of cathepsin
K in those cells. Several studies have shown that the activity of various enzymes,
among which TRACP, increases upon treatment with cysteine proteinase inhibitors
(42;43)

. Delaissé et al.

(44)

suggested that the lack of cathepsin K in K-/- mice could be

compensated by the activity of other enzymes. Although these authors did not
consider TRACP as one of the compensating enzymes, our data suggest that
TRACP could balance the absence of cathepsin K. Interestingly, osteonectin and
osteopontin, two phosphoproteins degraded by TRACP, have been shown to be
substrates for cathepsin K

(45-47)

. Thus, it could be that the defective bone matrix

degradation in osteoclasts lacking cathepsin K could be partially compensated by
TRACP activity.
A remarkable finding was the difference in TRACP activity between calvariae
and long bones. In calvarial bones it proved to be much higher compared to that in
long bones. We showed that this difference was due to a higher level of TRACP
activity in the osteoclasts. By comparing purified osteoclasts from the two bone
types, we showed a significantly higher activity in calvarial than in long bone
osteoclasts. This coincided with an increased expression of TRACP mRNA by these
cells. Our findings suggest that depending on the type of bone, TRACP is
differentially regulated. How this occurs is not known yet. It could be that a sitespecific release of certain cytokines in the vicinity of osteoclasts may affect TRACP
expression and activity. In this respect, it is of interest that the level of TRACP mRNA
in rabbit long bone osteoclasts has been shown to be up-regulated by RANKL and
down-regulated by OPG (48;49). Differences in TRACP expression between calvarial
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and long bone osteoclasts could be a result of different RANKL/OPG ratios in their
environment.
Alternatively, the different expression profiles could be related to a difference in origin
of the osteoclasts at the different bone sites. As suggested previously

(38)

different

osteoclast precursors may give rise to functionally different osteoclasts.
Our data also suggest that the type of substratum may affect the activity if
TRACP in osteoclasts. When cultured on plastic the osteoclasts released a much
higher level of TRACP activity than when cultured on bone. In this respect it is of
interest that intramembraneous bone contains a higher level of non-collagenous
proteins than endochondral bone

(50)

. Thus, it could be that the differences in TRACP

activity between calvarial osteoclasts and long bone osteoclasts may be related to
differences in the matrix composition.
TRACP in calvarial osteoclasts appears to have an important role in the
processing of certain matrix constituents. The present study shows that osteoclasts
lacking TRACP contained a higher level of osteopontin adjacent to them as well as a
higher number of lysosome-like vacuoles containing mineral crystallites and
filamentous material, than long bone osteoclasts. These findings strongly suggest
functional differences between osteoclasts from different bone sites in terms of the
participation of TRACP in the degradation of bone matrix.
Calvariae and long bones not only differ in their level of TRACP activity; they
also express differences in levels of cathepsins K and B. In line with previous data (38)
the present study shows that long bones contain a higher activity of cathepsin K and
B than calvariae. The data support the view that these enzymes play a more
important role in the digestion of long bone than in resorption of calvarial bone (38;51).
The present study suggests that TRACP is a significant contributor to the
resorption of calvarial bone. Since it was shown that this enzyme processes certain
non-collagenous proteins, a role also thought to be fulfilled in part by cysteine
proteinases

(35;52)

, we propose that the relatively low level of cysteine proteinases in

calvarial osteoclasts is compensated by the activity of TRACP. This is in line with the
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hypothesis that an elevated TRACP activity may compensate for the lack of
cathepsin K in bones of K-/- mice (see above). There appears to be an inverse
relationship between the activity of TRACP and that of cysteine proteinases. This
becomes apparent by the analysis of (i) calvaria and long bone (ii) cathepsin K
deficient mice and (iii) bones cultured in the presence of inhibitors of cysteine
proteinase activity (42;43).
In conclusion, the present study extends the findings reported by Everts et al.
(38;54)

, in which they demonstrated that the resorptive activity of calvarial and long

bone osteoclasts differs with regard to the relative role of cysteine proteinases and
matrix metalloproteinases in the degradation of the organic bone matrix. The present
data strongly suggest that in addition to cysteine proteinases and matrix
metalloproteinases, TRACP also contributes to the functional heterogeneity of
osteoclasts.
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GENERAL DISCUSSION
In Chapter 1 a model of bone remodeling was presented in which the roles played by
osteoblasts and, in particular, bone lining cells were discussed. The data presented
in this thesis provide new insights into the role of osteoblasts/bone lining cells in
remodeling of bone and in this chapter I will present a revised model of the
remodeling cycle (Figure).
Bone lining cells and activation of bone remodeling
Once osteoblasts have deposited bone matrix (Figure, (1); see below), they
phenotypically change into bone lining cells and acquire a resting state of activity
(Figure, (2)). At a later time point osteoclastic bone resorption is thought to be
initiated. Since the bone lining cells form a continuous layer covering the bone
surface these cells are attractive candidates for the recruitment of osteoclast
precursors

(1)

. In order to function as such, bone lining cells are likely to release

certain factors that are chemotactic for osteoclast precursors

(2)

. It is interesting that

several chemokines such as monocyte chemoattractant protein-3 (MCP-3),
macrophage inflammatory protein-1 α (MIP-1α) and RANTES (regulated on
activation, normal T-cell expressed and secreted) have been shown to be produced
by cells of the osteoblast lineage and upon their release to attract osteoclast
precursors

(3)

. These findings do indeed suggest that bone lining cells are involved in

the initiation of bone remodeling by recruiting osteoclast precursors. However, before
this occurs bone lining cells have to degrade part of the non-mineralized matrix that
covers the bone surface (4-6) (Figure, (3)).
Our view that bone lining cells are responsible for the recruitment of osteoclast
precursors (Figure, (4)) is supported by the data presented in Chapter 2. In that
study we found that osteoclast precursors are attracted to a confluent layer of bone
lining cells. It was of interest that only 5 % of the peripheral blood mononuclear cell
population added to the bone lining cells, attached to the latter cells and that these
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mononuclear cells had the capacity to fuse and form osteoclast-like cells. The data
presented in Chapter 2 strongly suggest that bone lining cells have the capacity to
select the mononuclear cells that eventually differentiate into osteoclasts.
Once osteoclast precursors are recruited to the bone surface they interact with
the bone lining cells through RANKL and differentiate into osteoclasts

(7;8)

(Figure,

(5)). We found that in this interaction not only signals are transduced from bone lining
cells to osteoclast precursors, but that prior to this, osteoclast precursors activate
bone lining cells. This activation results in their retraction and formation of cell-free
areas, thus exposing the bone surface (Chapter 2) (Figure, (4)). Since the
continuous layer of bone lining cells that covers the bone prevents direct access of
osteoclasts to the bone surface

(9)

, retraction of bone lining cells is an essential event

in the bone remodeling cycle (10).
It is not known yet how the interaction of osteoclast precursors with bone lining
cells induces their retraction. Their shape becomes more elongated and cell-cell
attachment sites are disrupted. We found that cell retraction depends on the activity
of MMPs (Chapter 2). This class of enzymes is known to be involved in cell migration
(11)

and may be involved in cleavage of cell-cell recognition/attachment molecules

expressed by bone lining cells

(12)

which could result in their retraction and formation

of cell-free areas. Karsdal and co-workers

(13)

showed that MMP activity participates

in the retraction of bone lining cells induced by transforming growth factor-β (TGF-β).
We found that the retraction of bone lining cells from bone surfaces not only exposes
the bone surface for osteoclastic attachment but is also necessary for formation of
the final multinucleated osteoclast (Chapter 2). Our work has shown that the
differentiation of osteoclast precursors into osteoclasts only occurs in direct contact
with a substratum (bone surface or the bottom of a culture dish).
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Figure. Osteoblast/bone lining cell activities during bone remodeling
(1) Osteoblasts (OB) deposit bone. During bone formation some osteoblasts are embedded into the
bone matrix and they become osteocytes. (2) Once deposition of bone is completed osteoblasts
acquire a resting stage of activity and cover the bone surface as bone lining cells (BLC). (3) Bone
lining cells (BLC) degrade the nonmineralized bone matrix that covers the bone surface predisposing it
for osteoclast attachment. (4) Bone lining cells (BLC) recruit osteoclast precursors to the bone
surfaces. Upon interaction with osteoclast precursors, bone lining cells retract from bone surfaces and
form cell-free areas. In these areas osteoclast precursors attach to the bone surface. Interaction of
bone lining cells with osteoclast precursors occurs through RANK and c-fms expressed by the latter
cells. OPG binds to RANKL and blocks the interaction with RANK. (5) Interaction of bone lining cells
(BLC) with osteoclast precursors through M-CSF and RANKL results in the formation of osteoclasts in
the cell-free areas. In these areas osteoclasts initiate the resorption of bone. This activity is also
induced by the bone lining cells. (6) Bone lining cells (BLC) digest the bone matrix left by osteoclasts
in the resorption pit. This activity is mediated by MMP activity and possibly by TRACP, both produced
by the bone lining cells. TRACP released by osteoclasts during resorption is endocytosed by bone
lining cells (BLC). The endocytosed TRACP is taken to induce the differentiation into osteoblasts that
deposit new bone at these sites.

Bone lining cells and the coupling of bone resorption to bone formation
Once bone lining cells retract from the bone surface osteoclast precursors attach to
it, fuse and form osteoclasts that, under the influence of RANKL produced by the
bone lining cells, resorb the bone matrix (see Chapter 1). Yet, the resorption of bone
by osteoclasts is not complete; after withdrawal they leave behind remnants of
demineralized non-digested bone collagen in the resorption lacunae. Bone lining
cells enter the resorption lacunae and degrade the non-digested bone matrix left by
osteoclasts

(6)

(Figure, (6)). This cleaning activity is mediated by MMP activity

(6)

.

Although the type(s) of MMPs involved in this process have yet to be determined,
several data suggest MMP-13 as a possible candidate

(14;15)

. Another enzyme

participating in this cleaning activity could be tartrate resistant acid phosphatase
(TRACP). Osteoblast-like cells containing active TRACP were found in areas where
bone resorption occurs (16). Furthermore, we found that soluble factors released by
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osteoclast precursors induce an up-regulation of the level of TRACP mRNA in bone
lining cells (Chapter 3). Since TRACP is able to dephosphorylate the bone
phosphoproteins osteonectin, osteopontin and bone sialoprotein

(17;18)

we propose

that TRACP may be involved in the cleaning activity of the resorption pit by digesting
internalized phosphoproteins (Chapter 3). This hypothesis is supported by the
finding that bone resorption-promoting factors that enhanced the collagenenwrapment activity of bone lining cells as well as their MMP-13 expression

(6;19)

stimulated also the activity of TRACP in these cells (Chapter 5).
The cleaning of the resorption pit by the bone lining cells is essential for the
deposition of new bone

(6;20)

which occurs preferentially at those sites

(21;22)

(Figure,

(6)). Bone lining cells form a cement line and deposit a thin layer of fibrillar collagen
in the cleaned resorption pits (6). This is followed by deposition of new bone matrix by
osteoblasts. As resorption pits are occupied by the bone lining cells, the question
arises whether the bone lining cells differentiate into osteoblasts or leave the
resorption pit to become replaced by osteoblasts. What factors in the resorption pit
could induce the differentiation of bone lining cells into osteoblasts or, alternatively,
attract osteoblasts to these sites? A possible candidate is TRACP. This enzyme has
been detected deep within bone matrix and at sites of resorption after the osteoclast
has left the lacunae (23;24). Furthermore, Sheu and co-workers suggested that TRACP
in resorption pits may participate in the differentiation of osteoblasts

(25)

. The latter

authors proposed that the differentiation of osteoblasts might occur by interaction of
exogenous TRACP with intracellular TGF-β receptor-interacting protein 1 (TRIP-1) in
osteoblasts. This interaction may then activate a TGF-β-dependent signal pathway
that enhances osteoblast differentiation. Our finding that bone lining cells have the
capacity to endocytose TRACP released by osteoclast precursors (Chapter 3) may
extend the hypothesis proposed by Sheu and co-workers. Thus, endocytosis of
TRACP by the bone lining cells in the resorption pit may induce their differentiation
into osteoblasts.
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It is also possible that chemoattraction of osteoblasts by TRACP occurs at the
moment that osteoclasts leave the resorption pit. Since the cement line is formed by
bone lining cells in the cleaned resorption pit, it could be that these cells next to the
components of the cement line also deposit TRACP or that TRACP secreted by
osteoclasts is deposited in the cement lines which may subsequently attract
osteoblasts.
Endocytosis of TRACP by bone lining cells in the resorption pit may not only
couple bone resorption to bone formation but it could perhaps also help in controling
enzymatic activity and thus prevent degradation of matrix constituents in the
resorption pit. In Chapter 4 we found that endocytosed TRACP is rapidly inactivated
following its uptake. Finally, the data presented in Chapter 6 make the TRACP story
even more interesting. The expression of TRACP was shown to be much higher in
osteoclasts of calvarial bone than in those of long bones. Apart from supporting the
view that different bone site-specific osteoclasts exist

(26;27)

, these data may provide

extra information on the role of the enzyme in bone digestion. By analyzing bone
from different sites (calvaria and long bone) from both normal mice and mice
deficient for cathepsin K we found an inverse relationship between the activity of
TRACP and the activity of cathepsins. A low cathepsin activity coincided with a high
TRACP activity. We propose that the resorption of bone matrix components, in
particular certain non-collagenous proteins, primarily occurs through cathepsins. In
case of a lower level of activity of these enzymes (e.g. in calvarial osteoclasts),
TRACP may compensate for this and may play a more prominent role in digestion.
Conclusion
For many years osteoblasts and osteoclasts have been considered to be the primary
cells governing the remodeling of bone. Nowadays it becomes more and more clear
that other cells belonging to the osteoblast lineage, the bone lining cells and
osteocytes, also participate in this process. The studies presented in this thesis
provide novel insights into the role of bone lining cells in bone remodeling. We
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propose that bone lining cells are important for (i) the initiation of osteoclastic bone
resorption, (ii) cleaning of the resorption pit after withdrawal of the osteoclast, (iii)
removal and inactivation of TRACP secreted by the osteoclast, and finally (iv)
coupling bone resorption to formation by initiating bone deposition in the resorption
pit.
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Summary
Bone remodeling is essential for the regulation and maintenance of skeletal integrity
and calcium homeostasis. Specialized bone cells that have antagonistic activities
control the modulation of skeletal mass: osteoclasts resorb the existing bone and
osteoblasts synthesize and deposit new bone. It is generally taken that cells of the
osteoblast lineage, either as bone lining cells or as osteocytes, play important roles in
orchestrating bone remodeling. Osteoblasts deposit new bone matrix and several
lines of evidence indicate that their interaction with osteoclast precursors results in
the transduction of signals that induce the differentiation of osteoclast precursors into
mature osteoclasts. In this thesis we investigated whether signals from osteoclast
precursors are transduced to osteoblast-like cells and whether these signals may
induce behavioral and/or functional changes in osteoblast-like cells. Since one of
these changes proved to be the induction of tartrate resistant acid phosphatase
(TRACP) activity, the modulation of the activity and expression of this enzyme by
osteoclast precursors in osteoblast-like cells was also analyzed. Finally, the
expression of TRACP in different bones like calvaria and long bone was analyzed.
For the sake of clarity, in this thesis osteoblast-like cells are referred to as bone lining
cells.
In Chapter 2 it is shown that osteoclast precursors have the capacity to
modulate the activity of bone lining cells. Through cell-cell interactions, osteoclast
precursors induce the retraction of bone lining cells and the formation of cell-free
areas to which osteoclast precursors migrate and differentiate into osteoclasts. The
retraction of the bone lining cells prior to attachment of osteoclast precursors to the
bone surface suggests an essential role for bone lining cells in the modulation of the
initiation of bone resorption.
Chapter 3 focuses on the origin of tartrate resistant acid phosphatase
(TRACP) in bone lining cells. We found that these cells may contain two different
fractions of TRACP, one that is released by osteoclast precursors and subsequently
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endocytosed by bone lining cells and a second endogenous fraction that is present in
an inactive proform that can be activated by cathepsin B. In Chapter 4 it is shown
that active TRACP is recognized by bone lining cells, probably due to the presence of
receptors for this enzyme and subsequently endocytosed. Following uptake the
enzyme is rapidly inactivated. We assume that this uptake is important for the control
of enzyme activity, thereby preventing degradation of matrix constituents.
Modulation of the activity of TRACP and its expression by bone lining cells is
shown in Chapter 5. The enzyme appears to be activated by factors which promote
bone resorption such as IL-1β and PTH and not by factors which stimulate bone
formation (ascorbic acid, β-glycerophosphate, dexamethasone). The data suggest
participation of the enzyme in activities associated with bone resorption.
As the activity of TRACP is considered to be modulated by cysteine
proteinases, in Chapter 6 we analyzed whether in mice deficient for cathepsins K and
L, TRACP activity was affected. In long bones of mice lacking cathepsin K the level
of TRACP activity was increased and could be related to the higher number of
osteoclasts in this type of bone. Such an effect was not seen in calvarial bones. Yet,
the latter type of bone contained 10-fold higher levels of TRACP activity than long
bones. These site-specific differences in TRACP activity were attributed to
differences between the respective osteoclast populations. Since we found an
inverse relationship between TRACP and cysteine proteinase activity the data
suggest that TRACP may compensate for the lack of cathepsins. In addition, our
work suggests that the contribution of TRACP to bone resorption depends on the part
of the skeleton where osteoclasts exert their activity.
Based on the data presented in this thesis, bone lining cells are suggested to
play essential roles prior to and following osteoclastic bone resorption. They appear
to recruit osteoclast precursors, expose the bone surface for the attachment of these
cells and to initiate their differentiation into osteoclasts. Our data suggest that TRACP
may participate in the cleaning of the resorption pit by bone lining cells. Furthermore,
endocytosis of TRACP may be important for the removal and inactivation of this

167

CHAPTER 8

___________________________________________________________________________
enzyme during or following the resorptive activity of osteoclasts. Finally, the data
suggest that TRACP contributes to the functional heterogeneity of calvarial and long
bone osteoclasts.

168

Samenvatting

Sammenvatting

___________________________________________________________________________

Samenvatting
Botombouw is essentieel voor behoud van de integriteit van het skelet en voor de
homeostase van het calcium. Gespecialiseerde botcellen met antagonistische
activiteiten controleren de aanpassing van het skelet: osteoclasten resorberen het
bestaande bot en osteoblasten maken nieuw bot aan. In het algemeen wordt
aangenomen dat cellen van de osteoblastfamilie, hetzij als botrandcel of als osteocyt,
een belangrijke rol spelen in het sturen van het botmetabolisme. Osteoblasten
maken nieuwe botmatrix en er zijn meerdere aanwijzingen dat hun interactie met
osteoclastvoorlopercellen resulteert in de overdracht van signalen die de
differentiatie van de osteoclastvoorlopercellen tot osteoclasten induceert. In dit
proefschrift hebben wij onderzocht of signalen van osteoclastvoorlopercellen worden
overgebracht naar osteoblast-achtige cellen en of deze signalen aanleiding geven tot
functionele veranderingen van de osteoblast-achtige cellen. Aangezien een van deze
veranderingen de inductie van tartraat resistente zure fosfatase (TRACP) activiteit
bleek te zijn, is de invloed op de activiteit en de expressie van dit enzym door
osteoclastvoorlopercellen op osteoblast-achtige cellen ook geanalyseerd. Daarnaast
is de expressie van TRACP onderzocht in verschillende botten, zoals calvarieel en
pijpbeen bot. Voor de duidelijkheid worden osteoblast-achtige cellen in dit proefschrift
botrandcellen genoemd.
In Hoofdstuk 2 wordt aangetoond dat osteoclastvoorlopercellen de capaciteit
hebben om de activiteit van botrandcellen te moduleren. Door middel van cel-cel
interacties

induceren

de

osteoclastvoorlopercellen

de

terugtrekking

van

botrandcellen en (daarmee) de vorming van cel-vrije gebieden waarnaar de
osteoclastvoorloper cellen migeren en differentiëren tot osteoclast. De terugtrekking
van de botrandcellen voorafgaand aan de hechting van de osteoclastvoorlopercellen
aan het botoppervlak suggereert een essentiele rol voor de botrandcellen bij de
initiatie van botresorptie.
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Hoofdstuk 3 richt zich op de herkomst van TRACP in botrandcellen. Wij hebben
gevonden dat deze cellen waarschijnlijk twee verschillende fracties TRACP bevatten.
De eerste fractie

wordt uitgescheiden door osteoclasten en hun voorlopers en

vervolgens geëndocyteerd door de botrandcellen. De tweede, endogene, fractie is
aanwezig in een inactieve pro-vorm (in de botrandcellen) en kan worden geactiveerd
door cathepsine B.
In Hoofdstuk 4 wordt aangetoond dat actief TRACP door botrandcellen wordt
herkend waarschijnlijk door middel van een receptor voor dit enzym, en vervolgens
wordt geëndocyteerd. Na de opname wordt het enzym snel geïnactiveerd. Wij
veronderstellen dat deze opname van belang is voor de regulering van de
extracellulaire enzymactiviteit, waarmee afbraak van matrixcomponenten voorkomen
wordt.
Modulatie van de activiteit van TRACP en de expressie daarvan door
botrandcellen wordt aangetoond in Hoofdstuk 5. Het enzym blijkt geactiveerd te
worden door factoren die botresorptie stimuleren, zoals IL-1β en PTH, en niet door
factoren die botvorming stimuleren (vitamine C, β-glycerofosfaat, dexamethason). De
data suggereren deelname van het enzym bij activiteiten die geassocieerd zijn met
botresorptie.
Aangezien cysteine proteases geacht worden TRACP activiteit te moduleren,
hebben we in Hoofdstuk 6 onderzocht of in muizen die deficiёnt zijn voor de cysteine
proteinases cathepsine K en L de TRACP activiteit was aangetast. In pijpbeen van
muizen zonder cathepsine K was de TRACP activiteit verhoogd. Dit effect was niet
terug te zien in bot van het schedeldak. Toch bevatte dit laatste type bot een 10 x
hogere TRACP activiteit dan de pijpbeenderen. Deze bottype afhankelijke verschillen
in TRACP activiteit werden toegeschreven aan het verschil tussen de respectievelijke
osteoclastpopulaties. Aangezien wij een tegenovergestelde relatie hebben gevonden
tussen de activiteit van TRACP en die van cysteine proteases, suggeren de data dat
TRACP compenseert voor het gebrek aan cathepsines. Bovendien suggereert ons
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werk dat de bijdrage van TRACP aan botafbraak afhankelijk is van het gedeelte van
het skelet waar de osteoclasten hun activiteit uitoefenen.
Gebaseerd op de data die gepresenteerd worden in dit proefschrift, wordt
gesuggereerd

dat

botrandcellen

een

belangrijke

rol

spelen

voor

en

na

osteoclastische botafbraak. Ze blijken osteoclastvoorlopercellen te rekruteren, het
botoppervlak bloot te leggen voor de hechting van deze cellen en hun differentiatie
tot osteoclasten te initiëren. Onze data suggereren dat TRACP een rol speelt in het
schoonmaken van de resorptiepit door botrandcellen. Bovendien is endocytose van
TRACP waarschijnlijk belangrijk voor de verwijdering en inactivering van dit enzym
tijdens of na de resorberende activiteit van de osteoclast. Ten slotte suggereren de
data dat TRACP bijdraagt aan de functionele heterogeniteit van schedeldak- en
pijpbeenosteoclasten.
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