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ABSTRACT
The calcified tissues, comprising bone and cartilage, are metabolically active tissues
that bind and release calcium, bicarbonate and other substances according to systemic
needs. Understanding the regulation of cellular metabolism in bone and cartilage is an
important issue, since a link between the metabolism and diseases of these tissues is
clear. An essential element in the function of bone-resorbing osteoclasts, namely
regulation of bicarbonate transport, has not yet been thoroughly studied. Another
example of an important but at the same time fairly unexplored subject of interest in
this field is cartilage degeneration, an important determinant for development of
osteoarthritis. The link between this and oxidative metabolism has rarely been studied.
In this study, we have investigated the significance of bicarbonate transport in
osteoclasts. We found that osteoclasts possess several potential proteins for bicarbonate
transport, including carbonic anhydrase IV and XIV, and an electroneutral bicarbonate
co-transporter NBCn1. We have also shown that inhibiting the function of these
proteins has a significant impact on bone resorption and osteoclast morphology.
Furthermore, we have explored oxidative metabolism in chondrocytes and found that
carbonic anhydrase III (CA III), a protein linked to the prevention of protein oxidation
in muscle cells, is also present in mouse chondrocytes, where its expression correlates
with the presence of reactive oxygen species. Thus, our study provides novel
information on the regulation of cellular metabolism in calcified tissues.

Keywords: bone, osteoclast, chondrocyte, bicarbonate, carbonic anhydrase
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YHTEENVETO
Luu ja rusto ovat kovakudoksia, joissa tapahtuu jatkuvasti aktiivista aineenvaihduntaa,
mikä takaa elimistölle muun muassa kalsiumin, bikarbonaatin ja muiden elektrolyyttien
saatavuuden ja varastoimisen tarvittaessa. On tärkeää ymmärtää, miten kovakudoksen
solutason aineenvaihduntaa säädellään, koska sitä tuntemalla voidaan saada
uudenlainen näkökulma myös luun ja ruston sairauksiin. Esimerkiksi osteoklastien
luunhajotukseen olennaisena osana liittyvää bikarbonaatin kuljetusta on tutkittu tähän
mennessä vasta hyvin vähän. Toinen tärkeä mutta vielä huonosti tunnettu tutkimusaihe
on ruston kuluminen, joka nykykäsityksen mukaan aiheutuu rustosolujen
ennenaikaisesta rappeutumisesta. Ruston oksidatiivista aineenvaihduntaa, joka saattaa
liittyä tähän rappeutumisprosessiin, ei tunneta juuri lainkaan.
Tässä väitöskirjatyössä selvitettiin osteoklastisolujen bikarbonaatin kuljetusta.
Havaitsimme, että osteoklasteissa on useita bikarbonaatin kuljetukseen soveltuvia
proteiineja, muun muassa hiilihappoanhydraasit IV ja XIV ja natriumbikarbonaattivaihtaja NBCn1. Näiden proteiinien toiminnan estäminen johti
merkittäviin muutoksiin luun hajotusnopeudessa ja osteoklastien solumorfologiassa.
Tutkimme myös oksidatiivista aineenvaihduntaa rustossa tarkastelemalla
hiilihappoanhydraasi III:n (CA III) ilmenemistä eri-ikäisten hiirten rustokudoksessa.
CA III, joka lihassoluissa toimii suojaavana tekijänä estäen proteiinien hapettumista,
esiintyy havaintojemme mukaan hiiren rustossa proteiinitasolla samoilla alueilla kuin
reaktiiviset happiradikaalit, joita kyseisessä kudoksessa ilmenee. Näin ollen
tutkimuksemme on tuottanut uutta tietoa kovakudoksen aineenvaihdunnan säätelystä.

Avainsanat: luu, osteoklasti, kondrosyytti, bikarbonaatti, hiilihappoanhydraasi
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Introduction

1 INTRODUCTION
Bone is a fascinating tissue with multiple functions, all crucial to the well-being of an
individual. First of all, bone protects fragile inner organs from mechanical damage.
Secondly, bone carries the weight of the body, constantly remodeling itself to respond
to mechanical loading. Thirdly, bone stores and supplies multiple minerals, mostly
calcium and phosphate, the amounts of which in plasma are tightly regulated at the
systemic level. Fourthly, bone acts as an endocrine organ, secreting hormones, and
fifthly, bone actively buffers changes in the systemic pH.
Bone turnover rate is largely defined by the rate of osteoclastic bone resorption. Thus,
understanding molecular mechanisms for bone resorption may provide a key to the
pathophysiology of diseases related to excess osteoclastic activity such as osteoporosis.
Osteoclasts resorb bone by creating a closed space between their cell membrane and
the bone surface, where they excrete acid to dissolve minerals from the organic bone
matrix. Therefore, osteoclasts possess a variety of proteins for proton production and
transport, both essential processes for the acidification of the resorption lacuna. As
minerals are dissolved at the resorption site from the bone matrix, great amounts of
carbonate and bicarbonate are released as well. The released bicarbonate would rapidly
alkalize the resorption pit, ceasing bone resorption if it remained in the resorption
lacuna. Thus, bicarbonate transport mechanisms are necessary in functional osteoclasts
for effective bone resorption.
The properties of chondrocytes, in turn, are major determinants for fetal bone
formation and postpartum bone growth. Chondrocyte proliferation and maturation are
tightly regulated processes, and during endochondral ossification these processes
eventually lead to the replacement of hypertrophic cartilage with newly formed bone.
Cellular metabolism of chondrocytes has been shown to be highly dependent on
environmental factors such as hypoxia, which primes mesenchymal stem cells to
become chondrocytes and regulates the expression of cartilage-specific proteins.
Furthermore, reactive oxygen species (ROS) arising due to alterations in cartilaginous
oxygen levels during chondrocyte maturation have been found to impinge on
chondrocyte function. The mechanisms of how chondrocytes survive and escape
harmful effects of hypoxia and ROS have remained mostly unclear, however.
This study concentrated on exploring two aspects of the role of carbonic anhydrases in
metabolism in calcified tissues: bicarbonate transport in osteoclasts and oxidative
metabolism in chondrocytes. The study provides novel information on the regulation of
cellular metabolism in these tissues.
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2 REVIEW OF THE LITERATURE
2.1 Introduction to bone and cartilage
2.1.1 Bone structure and bone cells
Bone can be divided into two types: cortical (compact) and trabecular (cancellous)
bone. Cortical bone is located on the surfaces of bones where it lines the inner
trabecular bone to provide mechanical support. It has a well-organized structure with
bone tissue arranged in concentric lamellae to surround channels for veins and blood
vessels, known as Haversian canals. Trabecular bone is mostly located in the
epiphyseal plates of long bones and in the inner parts of smaller bones. It consists of
thin trabeculae which serve as a metabolic reservoir in bone turnover but also
contribute to the weight-carrying function of bones.
Bone matrix mainly consists of extracellular calcified matrix composed of collagen
type I and inorganic minerals. Very few other collagen forms than type I are present in
bone, this being a special feature of bone compared to other connective tissues. Only
10-15% of the total protein of bone is non-collagenous, but this lot has an important
dual function: it binds bone minerals to the matrix and makes minerals more soluble at
the bone surface (Menanteau et al. 1982; Neuman et al. 1982). Minerals account for
approximately 70% of adult bone weight, predominantly comprising calcium and
phosphorus in the form of hydroxyapatite crystals. The crystals are mainly plateshaped and very small, thereby providing best protection from fracture (Eppell et al.
2001). Since apatite crystals are formed in the presence of CO2 in the human body, also
remarkable amounts of carbonate become incorporated into the crystals, making the
crystals smaller and more soluble. Moreover, heavy metal impurities such as lead,
cadmium and strontium may be incorporated in apatite crystals instead of calcium to
form even smaller crystals (Robey and Boskey 2003). Magnesium, a dietary cation,
and bicarbonate are located on the crystal surface.
Bone contains four types of metabolically active cells. Osteoblasts are bone-forming
cells which differentiate from mesenchymal stem cells (MSCs) when a distinct set of
transcription factors is present. Especially transcription factors RUNX2 and Osterix are
known to be necessary for osteoblastic differentiation (Lian et al. 2004). Osteoblast
maturation requires another panel of growth factors, such as Transforming growth
factor β (TGFβ), fibroblast growth factors (FGFs) and bone morphogenetic proteins
(BMPs) (Ducy et al. 2000b; Schinke and Karsenty 1999). Osteoblasts are mostly
located at bone surfaces where bone formation is possible, i.e. at sites where bone
resorption has recently occurred. Attracted to these sites by chemotaxis mediated by
components of bone (Mundy and Poser 1983), osteoblast precursors differentiate at
bone surfaces and start to secrete collagen type I, followed by non-collagenous
proteins. The result of this cascade is the appearance of osteoid, unmineralized bone
matrix structures. Functional osteoblasts start to express alkaline phosphatase (ALP),
an important biochemical marker for osteoblasts. Mineralization of the osteoid is
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initiated as matrix vesicles containing calcium and phosphate bud from the osteoblast
cell membrane and release their content to specific sites in a process called primary
mineralization (Morris et al. 1983). As mineral crystals have formed, secondary
mineralization takes place causing crystal growth and thereby further increasing bone
strength. Additionally to their bone-forming function, osteoblasts are important
regulators of osteoclast differentiation and activity, since they are an essential source of
growth factors such as Macrophage colony-stimulating factor (M-CSF) and
osteoprotegerin (OPG). They also contain receptors for Receptor Activator for Nuclear
Factor κ B Ligand (RANKL), parathyroid hormone (PTH) and vitamin D which are
important regulators for bone remodeling.
Osteocytes are the most numerous cells in bone. They lie embedded in individual
lacunae inside the bone matrix, having led scientists for a long time to believe they are
inactive cells. On the contrary, osteocytes are communicative and active cells which
sense mechanical loading and deliver information forward to other bone cell types and
even secrete hormones (Bonewald 2007). Osteocytes form a vast network connecting
each cell with long, thin processes which pass through the bone matrix and contain gap
junctions allowing continuous cell-cell communication (Gu et al. 2006). Information is
thought to be delivered from one osteocyte to another in multiple ways, for example by
releasing calcium, prostaglandins and nitric oxide through their cellular processes
(Ajubi et al. 1996; Fox et al. 1996; Klein-Nulend et al. 1995) or in the form of
extracellular fluid flow caused by mechanical forces. The exact mechanisms of
osteocyte function have yet remained somewhat unclear but increasing evidence
suggests that osteocytes act as primary monitors for the need of initiating bone
remodeling in case microfractures occur or if the level of mechanical stress increases
(Skerry et al. 1989, Hazenberg et al. 2009). The importance of this probable role of
osteocytes can be highlighted by observations indicating that antiosteoporotic
medication may partly work via inhibition of osteocyte apoptosis (Boyce et al. 2002;
Plotkin et al. 2005). In addition, osteocytes are though to support their environment by
laying matrix molecules into their surroundings. Recent studies indicate that the most
intriguing function of osteocytes might be related to systemic endocrinology.
Osteocytes have been observed to be the main source of FGF-23 in bone, a hormone
which regulates phosphate metabolism and vitamin D levels in serum (Liu et al. 2006;
Ubaidus et al. 2009; Yoshiko et al. 2007).
Bone lining cells, members of the osteoblast lineage, are located on bone trabeculi
when they are not being remodeled, thus functioning as a membranous covering layer
for bone tissue. The specific features of these cells as well as their role are quite poorly
known, although more and more scientists are becoming inspired by them. Bone lining
cells contain very few cell organelles, have flat or slightly ovoid nuclei and connect to
each other via gap junctions (Miller et al. 1989). Apparently, these cells can be induced
to proliferate and differentiate into osteogenic cells. Osteoblasts and bone lining cells
also seem to be in close contact with each other and sometimes joined together with
adherent junctions. Moreover, some studies have suggested that bone lining cells may
interact with osteocytes via their processes to the surface canaliculi (Islam et al. 1990).
Bone lining cells express RANKL and intercellular adhesion molecule 1 (ICAM-1)
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(Tanaka et al. 2000), thereby being able to stimulate osteoclast precursors. They might
also function in cleaning bone surface through matrix metalloproteinase (MMP)
activity prior to osteoclastic bone resorption.

Figure 1:
Phases of bone resorption (for
review, see Väänänen and LaitalaLeinonen 2008). 1) Fusion of
mononuclear precursor cells to
multinuclear
osteoclasts
2)
Attachment of osteoclasts to bone
3) Bone resorption by acidification
of the resorption lacuna and
subsequent secretion of proteinases
4) Detachment of osteoclasts from
bone and infiltration of the
resorption pit by osteoblasts.

Osteoclasts are specialized bone-resorbing cells of hematopoietic origin (for review,
see Väänänen and Laitala-Leinonen 2008). They have several distinct features
separating them from other bone cells, including multiple nuclei, numerous
mitochondria for efficient energy production and the ability to move. Interestingly,
they are apparently an end point for one differentiation pathway in the monocytemacrophage lineage, and since they do not divide, it has not been possible to produce a
pure osteoclast cell-line. Osteoclasts resemble macrophages and dendritic cells to some
extent, sharing similar cell machinery such as multiple lysosomes. Osteoclasts are also
thought to utilize the antigen-presenting feature typical for T, B and NK cells in the
monocyte-macrophage lineage, but the significance of this action remains unknown.
Moreover, recent data suggests that osteoclasts can form from mature dendritic cells
through a process called transdifferentiation (Alnaeeli and Teng 2009; Speziani et al.
2007).
2.1.2 Bone resorption
Mononuclear osteoclast precursor cells circulate in blood and invade bone after sensing
homing signals from mesenchymal stromal cells expressing cytokines and growth
factors. Especially growth factors RANKL and M-CSF are essential for the homing,
differentiation and function of osteoclasts, and osteoclast precursors express receptors
for both of these agents (Takahashi et al. 2002; Wong et al. 1997; Yasuda et al. 1998b).
After homing and fusion into mature multinuclear osteoclasts, the cells attach to bone
surface with the help of integrins. Simultaneously, actin released from intracellular
podosomes is converted into filamentous actin, and these two types of actin form a
dense ring-like structure near to the bone-facing plasma membrane that interacts with
proteins of the extracellular matrix via integrins (Väänänen and Horton 1995). While
the actin ring forms, another distinct feature of osteoclasts becomes visible: the
osteoclast cell membrane becomes polarized and divides into specific domains as the
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cell prepares for its functional activity (Lakkakorpi and Väänänen 1996; Mulari et al.
2003; Palokangas et al. 1997; Salo et al. 1996). A sealing zone is formed at the site
where filamentous actin interacts with the bone surface. Inside this area, ruffled border
becomes the main locus for ion and protein transport to and from the resorption lacuna.
The osteoclast basolateral membrane (non-bone facing plasma membrane) contains ion
transporters and channels that are important in maintaining the intracellular ion and pH
homeostasis (Väänänen and Laitala 2008). The functional secretory domain (FSD) is
located at the top of the osteoclast and it facilitates the transcytosis of bone resorption
debris (Salo et al. 1997).
After osteoclasts have adhered to bone, the osteoclastic bone resorption cycle begins
with dissolution of inorganic minerals from bone, continues with resorption of the
organic bone matrix, and the cycle ends with disposal of waste products. In order to
perform these phases, osteoclasts need a continuous supply of energy, a reasonable ion
flux and intensive vesicular trafficking. The first step towards mineral dissolution
occurs when the ruffled border is formed. A large number of intracellular acidic
vesicles fuse to the bone-facing plasma membrane and release acid into the space
formed between bone surface and the cell membrane, namely the resorption pit. This
results in a pH drop in the space, allowing mineral dissolution to be initialized.
Simultaneously, vacuolar proton ATPase (V-ATPase) -containing vesicles fuse into the
ruffled border and the V-ATPases continue pumping protons across the cell membrane
in order to maintain intralacunar pH levels at 4.5–4.8 (Baron et al. 1985; Fallon 1984;
Väänänen et al. 1990). A chloride channel ClC7 at the ruffled border enables the
formation of hydrochloric acid at the resorption site (Kornak et al. 2001). Protons for
the action of V-ATPases are continuously formed in osteoclasts in a cytoplasmic
reaction facilitated by carbonic anhydrase II (CA II), where carbon dioxide and water
are converted into bicarbonate and protons (Sundquist et al. 1987). Furthermore,
osteoclasts secrete lysosomal proteases which allow the degradation of collagen and
other organic components of bone: cathepsins (mainly cathepsin K), matrix
metalloproteinases such as MMP-9 and MMP-14, and tartrate-resistant acid
phosphatase (TRAcP). Thereafter, bone degradation products are endocytosed and
transported through the cell. This transcytosis requires major vesicular trafficking
across the osteoclast (Salo et al. 1997), but ions are probably also taken into osteoclasts
via specific channels and transporters, such as the calcium channel. Degradation of the
endocytosed organic material continues during vesicular trafficking with the help of
TRAcP facilitating reactive oxygen species (ROS) production in the vesicles for this
purpose. After completing bone resorption, osteoclasts detach from bone and, in vitro,
either die via apoptosis or move to start resorption at another site. In vivo, the fate of
individual osteoclasts after resorption is not known, although the cells will eventually
go into apoptosis. After resorption, the lacuna is occupied by mononuclear, osteoblastlike cells that clean up remains of the resorbed bone matrix before bone formation
begins. During this phase, bone surface becomes covered with an osteopontin-rich
layer that is thought to act as connective material between new and old bone.
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2.1.3 Chondrocytes and the structure of the growth plate

Figure 2: Long bone growth takes place at the cartilaginous
growth plate. Chondrocytes at the 1) resting zone 2)
proliferative zone 3) and hypertrophic zone. 4) The calcified
cartilage is replaced by trabecular bone.

Cartilage is tough tissue occupying the epiphyses and articular surfaces of long bones
as well as the nose, auricle, trachea and bronchi in an adult human. Three types of
cartilage are found in the body: hyaline cartilage, fibrocartilage and elastic cartilage,
the features of which are unique to each type. Hyaline cartilage is the most common
cartilage type, occupying the surfaces of long bones in adults and also contributing to
embryonal endochondral ossification. Cartilage contains only one cell type, the
chondrocyte, which arises from the mesenchyme during embryonal chondrogenesis.
Along chondrogenesis, mesenchymal stem cells first form prechondrogenic
condensations at the prospective skeletal sites. Thereafter, the fibroblast-like shape of
these MSCs transforms to the typical spherical morphology of chondrocytes and the
synthesis of cartilage-specific matrix molecules such as type II, IX, and XI collagen
and aggrecan begins (for review, see Bobick et al. 2009). Cartilage is remodeled by
chondroclasts (septoclasts) although at present there is only limited knowledge about
the possible similarities or differences between osteoclasts and chondroclasts. The
mechanisms of cartilage resorption hence remain largely unknown.
Bone formation occurs via two types of processes: intramembranous and endochondral
ossification. Intramembranous ossification refers to a process where bone is directly
formed inside the mesenchyme. This process mostly occurs in the facial region and the
cranial vault, resulting in the formation of flat bones. Formation of long bones, in turn,
occurs via endochondral ossification in a controlled two-step process, where a
cartilagenous anlage is first formed and then remodeled into bone (Alini et al. 1996).
While chondrocytes proceed to hypertrophy and die, cartilage matrix becomes
calcified. Matrix degrading enzymes such as MMP-2, MMP-9, MMP-10, and MMP-13
promote matrix degradation and make room for blood vessel sprouting which is invited
to the site by Vascular endothelial growth factor (VEGF) secreted by hypertrophic
chondrocytes (Blumer et al. 2008; Gerber et al. 1999). Bone formation by osteoblasts
spreads along the cartilage template until the front of the bone is approached.
Thereafter, distal chondrogenesis elaborates the growth plate, allowing longitudinal
bone growth during childhood and puberty.
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In the growth plates (GPs) of long bones, chondrocytes are arranged in three layers
according to their status: the resting, proliferative and hypertrophic zones (for review
see Mackie et. al 2008). In the resting zone, chondrocytes are irregularly arranged in a
bed of cartilage matrix and rarely divide, acting as stem cells that replenish the pool of
proliferative chondrocytes (Abad et al. 2002). They secrete anti-angiogenic factors and
synthesize a matrix that mainly consists of type II collagen and proteoglycans. Farther
toward the metaphysis in the proliferative zone, chondrocytes are arranged in columns
oriented parallel to the long axis of bone. During the proliferative/prehypertrophic
stage, bone morphogenetic protein-6 (BMP-6), adseverin, RUNX2, Osterix and Indian
hedgehog (Ihh) are produced (Mackie et al. 2008; Zuscik et al. 2008). The proliferative
chondrocytes farthest from the epiphysis stop replicating and enlarge to become
hypertrophic. During this process, chondrocyte size increases 6- to 10-fold, thus
contributing to longitudinal bone growth (Hunziker 1994). Chondrocytes start to
express collagen X and osteogenic genes, such as alkaline phosphatase and osteonectin
(for review, see Gerstenfeld et al. 1996). The matrix around hypertrophic chondrocytes
is mineralized through deposition of hydroxyapatite. The width of the growth plate
remains relatively constant while new bone is formed at the chondro-osseus junction.
Chondrogenesis becomes slower with age, and there are theories suggesting that this
decline occurs because the cells in the resting zone have a finite proliferative capacity
that is gradually exhausted. In humans, this exhaustion is thought to occur during
puberty as epiphyseal fusion terminates longitudinal growth.
Chondrocytes are regulated by several local and peripheral growth factors, such as
BMPs exerting articular cartilage development and joint formation. BMPs are also
used to support chondrogenic differentiation of mesenchymal stem cells in vitro (Oshin
and Stewart 2007). BMP-2 is expressed in areas surrounding the initial cartilage
condensations, while BMP-4 is expressed in the perichondrium. BMP-6 is expressed in
hypertrophic chondrocytes, whereas high levels of BMP-7 mRNA have been observed
in the perichondrium (Zhao et al. 2002). BMP-7, also known as OP-1, has been shown
to play a unique role in cartilage: it induces matrix synthesis and is used to repair
cartilage in vivo in various models of articular cartilage degradation, including focal
osteochondral and chondral defects and osteoarthritis (Chubinskaya et al. 2007). BMP7 also stimulates the formation of cartilage-specific extracellular proteins in
chondrocytes, including type II and VI collagen, aggrecan, decorin, fibronectin and
hyaluronan (Grgic et al. 1997). Moreover, BMP-7 modulates the expression of other
growth factors in cartilage, such as the Insulin-like growth factor-1 (IGF-1), other
BMPs and the interleukin 6 (IL-6) family of proinflammatory cytokines (Chubinskaya
et al. 2007; Im et al. 2003). It also possesses anti-catabolic properties that may be of
high importance in the regulation of cartilage cell survival. Furthermore, chondrocyte
proliferation is regulated by interaction with parathyroid hormone / parathyroid
hormone related peptide (PTH/PTHrP), Ihh and Transforming growth factor β (TGF-β)
in a negative feedback loop mechanism (Alvarez et al. 2002; Vortkamp et al. 1996).
The PTH/PTHrP system maintains chondrocyte proliferation and inhibits hypertrophy,
whereas Ihh promotes chondrocyte hypertrophy through its action on TGFβ. The
synthesis of Ihh is increased, in turn, by RUNX2 transcription factor which also
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increases osteoblast differentiation and matrix production (Yoshida and Komori 2005).
In addition, IGF-1 localized in upper hypertrophic chondrocytes in the GP cartilage
plays a role in chondrocyte maturation (Reinecke et al. 2000).

2.2 Regulation of bone metabolism by environmental factors
Continuous bone formation and resorption serve an important metabolic function,
aiming at the release or binding of substances such as calcium, phosphate and
physiological buffers such as bicarbonate according to systemic needs. Understanding
the complex network of environmental factors that affect bone cell metabolism is
needed when using in vitro cell cultures which lack physiological cell-cell interactions
and hormonal/neuronal stimuli.
2.2.1 Endocrine regulation in bone
Parathyroid hormone is secreted from the parathyroid glands when the parathyroid
hormone plasma membrane Ca-sensing receptor (CaSR) detects a decrease in serum
calcium. Secretion of PTH results in enhanced renal tubular reabsorption of Ca2+,
increased osteoclastic bone resorption and stimulation of intestinal calcium absorption
indirectly through increased 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) synthesis. PTH
is also a major phosphaturic factor that stimulates the excretion of phosphate by the
kidneys. At the bone cell level, PTH functions via the osteoblast lineage where the
PTH receptor is expressed, and it has no direct impact on osteoclasts (Shinoda et al.
2010, Takahashi et al. 2002). PTH stimulates the expression of RANKL in osteoblasts,
decreases OPG expression and increases the synthesis of M-CSF, hence resulting in
indirect osteoclast activation (Shinoda et al. 2010). Interestingly, PTH increases the
number of osteoblasts through various mechanisms but also inhibits the maturation of
preosteoblasts and decreases the production of collagen and other matrix proteins by
mature osteoblasts (Aubin and Triffit 2002; Dobnig and Turner 1995; Manolagas
2000). There is evidence that the net effect of PTH on bone is site-specific and may be
anabolic in long bones (Kishi et al. 1998).
Vitamin D plays a major role in the regulation of mineral metabolism. Vitamin D2
(ergocalciferol) and vitamin D3 (cholecalciferol) can both be utilized in hydroxylation
reactions in humans, resulting in the biologically active form (1,25(OH)2D3). The main
function of vitamin D is to maintain adequate serum calcium levels in order to avoid
hypocalcemia. This is achieved by increasing intestinal absorption of calcium via
vitamin D receptor in the small intestine. 1,25(OH)2D3 also enhances the absorption of
phosphorus from the gastrointestinal tract. Furthermore, especially in case of
inadequate calcium intake, vitamin D interacts with its receptor in osteoblasts to
increase RANKL expression, leading to osteoclast activation and increased bone
resorption. It also increases the expression of ALP, osteocalcin, osteonectin and OPG
by osteoblasts (for review, see St-Arnaud 2008).
Calcitonin (CT) is a peptide hormone secreted by the thyroid parafollicular C cells, that
inhibits bone resorption by rapidly decreasing osteoclast size and activity, and it is
therefore clinically used as an antiresorptive therapy. The blood calcium level has a
direct impact on calcitonin secretion via CaSR but also gender and age affect the basal
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levels of calcitonin. Calcitonin has been observed to inhibit osteoclastic proton
extrusion through protein kinase A activation (Kajiya et al. 2003). Moreover, calcitonin
has been shown to inhibit ostecyte apoptosis (Plotkin et al. 1999). Interesting
observations about high basal calcitonin levels in pycnodysostosis, a rare dysfunction
of the cathepsin K gene, suggest that calcitonin has a significant impact on bone
remodeling (Baker et al. 1973) but exact mechanisms are not known. Recent findings
indicate that calcitonin may be a neurotransmitter and its receptors are present in the
central nervous system (Hosokawa et al. 2010).
Estrogen (representing estradiol (E2) and estrone) is a major sex steroid hormone in
women. The reduction of systemic estrogen secretion in postmenopausal women leads
to pathological bone loss, and estrogen replacement therapy is an effective method to
prevent and treat postmenopausal osteoporosis (Härkönen and Väänänen 2006). A
certain level of estrogens is also needed in men to ensure bone health (for review, see
Vandenput and Ohlsson 2009). Estrogen signals through two receptors, ERα and ERβ
(Kuiper et al. 1996), but ERα mediates most actions of estrogen on bone. Osteoblasts,
osteocytes and osteoclasts express both ERα and ERβ (Komm et al. 1988; Oursler et al.
1991; Tomkinson et al. 1998). Estrogen has been observed to promote a lineage shift
toward osteoblasts in the MSC differentiation process in vitro and to prevent osteoblast
apoptosis, thereby providing bone with protective signals. By contrast, estrogen
inhibits osteoclastogenesis by reducing local production of regulative cytokines and
increases osteoclast apoptosis, a phenomenon recently linked to the ERβ receptor
(Cruzoé-Souza et al. 2009). A study in an in vitro bone resorption assay indicated that
organic matrix degradation by osteoclasts was disturbed because of exposure to E2
(Parikka et al. 2001). There are only few pieces of evidence about any effects of
progesterone, the other major female sex hormone, on bone.
Androgens have profound influence on bone in both male and female individuals, and
decreased androgen levels have been linked to reduced bone mineral density (BMD) in
both sexes. Most of the effects of androgens on bone seem to be mediated via
osteoblasts which express the androgen receptor mRNA (Abu et al. 1997). Androgens
have been detected to stimulate the proliferation of cultured osteoblasts (Kasperk et al.
1990; Kasperk et al. 1989) but the effects of androgens on osteoblast differentiation are
not clear at present. Androgen receptors have been detected in avian, mouse, rat and
human osteoclasts (Kasperk et al. 1997, Mizuno et al. 1994; Pederson et al. 1999).
Osteoclastic bone resorption is thought to be inhibited due to androgens both directly
via specific androgen receptors on the osteoclast cell surface and indirectly via
osteoblasts and the RANK-RANKL system (Liu et al. 2007; for review, see
Vanderschueren and Bouillon 1995). Androgen replacement therapy has been shown to
be effective in the treatment of osteoporosis in both male and female patients, although
E2 seems to be more effective in this regard (Khosla et al. 2002).
Leptin is a hormone produced mainly by adipose tissue (Considine et al. 1996). Bone
marrow stromal cells, GP chondrocytes (Reseland et al. 2001) and the murine fetal
osteocartilaginous template (Hoggard et al. 1997) have been shown to express leptin
receptors. The net impact of leptin on bone is considered to be dual. Leptin may

Review of the Literature

21

enhance estrogenic effects on bone and contribute directly to the differentiation of
stromal cells between osteoblast and adipocyte pathways (Reseland et al. 2001). In
addition, as a paracrine hormone leptin may decrease bone resorption by modulating
the OPG-RANKL ratio (Burguera et al. 2001; Gabay et al. 2001). Further studies have
shown another functional signaling route for leptin that favors bone resorption,
mediated through hypothalamic neurons and the sympathetic nervous system (Karsenty
2006). The main signaling pathway from leptin to bone may involve brain-derived
serotonin, which as such favors bone formation, and the synthesis of which is inhibited
by leptin (Yadav 2009).
Cortisol is a glucocorticoid hormone secreted by the adrenal cortex. It is a stress
hormone essential for the survival of an individual, and glucocorticoids (GCs) are
widely used as anti-inflammatory medication in diseases such as asthma and
inflammatory bowel disease. However, continuous use of glucocorticoids has serious
effects on bone mineral density. Currently, glucocorticoid-induced osteoporosis is the
most common type of osteoporosis in adults aged 20–45 years and the most common
type of iatrogenic osteoporosis (Khosla et al. 1994). Glucocorticoids interact with
osteoblastic glucocorticoid receptors, via which most of the effect of GCs on bone are
thought to be mediated. Most studies suggest that GCs inhibit osteoblast function by
decreasing cell proliferation and terminal differentiation, and by promoting apoptosis
of osteoblasts and mature osteocytes (O'Brien et al. 2004; Weinstein et al. 1998). GCs
have, in addition, been shown to have an impact on the synthesis and release of IGFs in
osteoblasts, leading to decreased type I collagen synthesis and decreased bone
formation (Rosen et al. 2004). Mature osteoclasts lack glucocorticoid receptors
(Beavan et al. 2001), and the increased resorption during GC treatment is thought to
occur via indirect effects on the RANKL/OPG system, resulting in increased
osteoclastogenesis (Hofbauer et al. 1999). Indeed, GCs prime bone marrow-derived
monocytes/macrophages to differentiate into mature osteoclasts in vitro (Takuma et al.
2003). At the systemic level, GCs decrease intestinal absorption of calcium and
increase urinary excretion of phosphate and calcium, which may also contribute to
overall bone loss due to GC treatment.
2.2.2 Neuronal regulation in bone
Bone is strongly innervated (Calvo 1968, Mach et al. 2002) and both osteoclasts and
osteoblasts possess beta2-adrenergic receptors (β2AR), exposing them to regulation by
postsynaptic adrenergic stimulation (Arai et al. 2003, Takeda et al. 2002). Mice and
rats treated with the non-selective beta-adrenergic blocker propranolol have an
increased bone mass, whereas mice treated with selective agonists or the non-selective
beta-agonist isoproterenol exhibit a low bone mass (Bonnet et al. 2005, Takeda et al.
2002). Moreover, genetic disruption of the β2AR gene leads to high bone mass in the
absence of other abnormalities in hormonal or metabolic status (Elefteriou et al. 2005).
β2AR-deficient mice also possess abnormalities in osteoclastogenesis, but this is
thought to result from an indirect inhibition of RANKL expression by osteoblasts,
rather than a direct impact on osteoclast precursors. In humans, chronic sympathetic
activation is associated with low BMD (Yirmiya R at al. 2006), and beta-blockers
decrease the overall fracture risk in many but not all studies in this field (Schlienger et
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al. 2004). Furthermore, endocannabinoids such as anandamine and 2arachodonoylglycerol and their cannabinoid receptors CB1 and CB2 as well as
transient receptor potential vanilloid type 1 (TRPV1) are present in human osteoclasts
(Rossi et al. 2009). Apparently, they modulate the adrenergic signaling in bone,
possibly by affecting the release of noradrenalin from postsynaptic nerve terminals
(Ishac et al. 1996).
Further addressing the regulative role of the nervous system in bone, several other
neuropeptides have also been detected in bone tissue. For instance, glutamate sensitive
nerve fibers and N-methyl D-aspartate (NMDA) receptors for glutamate have been
isolated in bone (Chenu 2002, Serre et al. 1999). Moreover, serotonin may appear to be
a major regulator of bone metabolism (Gustafsson et al. 2006), and dopamine
transporter-deficient mice have been shown to display a low bone mass phenotype,
linking dopamine signaling to the regulation of bone homeostasis (Bliziotes et al.
2000). Another intriguing neurotransmitter present in bone is calcitonin gene-related
peptide (CGRP) which is richly distributed in sensory neurons innervating the skeleton.
Studies indicate that CGRP signaling maintains bone mass by directly stimulating
stromal cell osteoblastic differentiation and by inhibiting RANKL-induced
osteoclastogenesis and bone resorption (Wang et al. 2009).
2.2.3 Relation of bone metabolism to blood calcium and phosphorus
Bone cell function is directly regulated by serum calcium levels in addition to indirect
calcium-related hormonal control. In osteoclasts, acidification of the resorption lacuna
releases massive amounts of calcium into the resorption space (Silver et al. 1988).
Osteoclasts express calcium sensing receptors such as CaSR, calcium channels and the
ryanodine receptor, which has led scientists to hypothesize that osteoclasts may be
directly regulated by the calcium they release (Bennett et al. 2001; Marie 2009; Ritchie
et al. 1994; Zaidi et al. 1995). Indeed, there are in vitro observations suggesting that
high extracellular Ca2+ may directly inhibit bone resorption (Datta et al. 1989;
Miyauchi et al. 1990), but there is also data showing that the sensitivity of osteoclasts
to inhibition by calcium is dependent on their activation phase, and resorbing
osteoclasts are quite resistant to regulation by calcium (Lakkakorpi et al. 1996).
External Ca2+ is thought to directly affect ion transport in osteoclasts, such as
activation of Cl− channels (Sakai et al. 1999; Shibata et al. 1997) and inhibition of K+
channels (Arkett et al. 1994; Hammerland et al. 1994), and Ca2+ and Mg2+ have been
observed to be capable of inhibiting V-ATPases (Sakai et al. 2006). On the other hand,
removal of calcium may induce osteoclastic bone resorption due to an increase in the
number of osteoclasts, which may be related to enhanced osteoclast survival (Iwamoto
et al. 2004). This enhanced survival is also thought to explain the increased numbers of
osteoclasts found in some osteopetrotic mutations in humans (Nielsen et al. 2007).
Regarding osteoblasts, some studies suggest that CaSR is solely responsible for direct
sensing of calcium (Kanatani et al. 1999; Marie 2009), while other studies provide
evidence for additional major calcium-sensing receptors in osteoblasts, such as
ObCASR, and possible redundant mechanisms (Pi and Quarles 2004). Curiously, there
is a study showing that in a culture of human monocytes exposed to elevated
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extracellular calcium concentrations, monocyte-conditioned stimulation of osteoblast
proliferation is amplified (Kanatani et al. 1991).
The adult human body contains approximately 600–700 g of phosphorus mainly in the
form of phosphate (PO4), approximately 85% of which is present in bone (Favus et al.
2006). Unlike calcium, serum PO4 levels fluctuate widely depending on sex, age,
dietary intake, rate of growth, and levels of several hormones. At the individual level,
the amount of phosphate in serum is largely determined by the efficiency of PO4
reabsorption by the kidneys. Regulation of PO4 levels also includes alterations in the
absorption of dietary phosphorus in the small intestine and mobilization of PO4 from
bone. Dietary absorption of phosphorus is dependent on both passive and active
transport. 1,25(OH)2D3-dependent active transport in the gastrointestinal tract is of
importance particularly in chronic renal failure and vitamin D deficiency, where
absorption of PO4 is increased via this mechanism (Favus et al. 2006). As for renal
regulation, a low intake of PO4 stimulates reabsorption in the kidneys, and vice versa,
and these changes are independent of the extracellular fluid volume or serum calcium
levels. PTH and FGF-23 are major regulators of PO4 reabsorption in the proximal
tubule (Liu et al. 2007). They are both phosphaturic factors, but as serum FGF-23
levels correlate positively with serum PO4, the interconnective regulation of phosphate
reabsorption by these factors seems to be complicated. Interestingly, insulin increases
PO4 reabsorption by the kidneys, whereas glucocorticoids and glucagon decrease its
reabsorption.
2.2.4 Regulation of bone metabolism by growth factors and cytokines
Local and paracrine regulation is of high importance in bone. Bone cells communicate
with each other and rapidly respond to changes such as microfractures by expressing or
secreting a pattern of growth factors and cytokines which play significant roles in the
regulation of bone remodeling.
RANKL. Tumor necrosis factor (TNF) and tumor necrosis factor receptor (TNFR)
family proteins are of significance in controlling cell proliferation, cell death,
autoimmunity and bone morphogenesis. Major regulators of bone remodeling,
RANKL, RANK and OPG are members of this family, being essential for the
differentiation and activation of osteoclasts and the initiation of osteoclastic bone
resorption (for review, see Väänänen 2005). In addition, RANKL and RANK affect Tcell and dendritic cell functions. RANKL is expressed by mature osteoblasts,
mesenchymal cells and hypertrophic chondrocytes. Bone resorption is initiated when
RANKL binds to its receptor RANK on the osteoclast plasma membrane. Upon
activation by ligand binding, RANK sends signals to the osteoclast cytoplasm via
adapter proteins: tumor necrosis factor receptor associated factors (TRAF) 1, 2, 3, 5,
and 6 (Darnay et al. 2007). TRAF 6 in particular has been shown to be necessary for
the differentiation of osteoclasts by enhancing Src kinase, a molecule essential for
osteoclast function (Miyazaki et al. 2004). Activated RANK induces the synthesis of
transcription factors NF-κB, AP-1 (c-Fos) and NFATc1, thereby upregulating several
genes essential for bone resorption (David et al. 2002). The expression of RANKL by
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osteoblasts is increased by various factors such as 1,25 (OH)2D3, PTH, IL-1, IL-6, IL11, IL-17, PGE2, TNFα and GCs (Horowitz and Lorenzo 2002; Lacey et al. 1998;
Yasuda et al. 1998b). Mice lacking RANKL also lack osteoclasts (Kong et al. 1999b),
and injection of soluble RANKL rapidly induces osteoclast formation and bone
resorption even in wild-type mice. OPG is a soluble protein produced by osteoblasts
that acts as a decoy receptor capable of binding to RANK (Simonet et al. 1997; Tsuda
et al. 1997). OPG and RANKL compete for binding to RANK and hence, the
RANKL/OPG ratio determines the rate of bone resorption.
M-CSF is a glycoprotein specifically regulating the survival, proliferation and
differentiation of monocyte-macrophage lineage cells through the cell surface receptor
c-FMS (M-CSFR1). M-CSF, like RANKL, is produced by a variety of bone marrow
stromal cells and osteoblasts, but also by T-lymphocytes in response to elevated serum
PTH levels and inflammatory molecules such as TNFα and IL-1 (Weir et al. 1996). MCSF is indispensable for macrophage survival and proliferation as well as for
regulating osteoclastogenesis (Tanaka et al. 1993). The significance of M-CSF in
osteoclast recruitment is reflected by the op/op mice, which lack functional M-CSF and
therefore suffer from severe osteopetrosis due to a lack of osteoclasts (Yoshida et al.
1990). M-CSF strongly suppresses apoptosis of mature osteoclasts by stimulating the
extracellular signal-regulating kinase (ERK) and AKT (also known as protein kinase
B) pathways. Interestingly, it has been suggested that VEGF could substitute for MCSF during osteoclastogenesis (Niida et al. 1999).
TNFα is a pro-inflammatory cytokine that has a critical role in the pathogenesis of
various inflammatory or immune system mediated diseases, such as rheumatoid
arthritis and ankylosing spondylitis. It also seems that TNFα is linked to the
development of diabetes mellitus type II (Hotamisligil et al. 1993), and genetic
blockade of TNFα action can restore insulin sensitivity in vitro and in vivo (Uysal et al.
1997). In bone, TNFα secretion is mostly associated with pathological inflammatory
conditions (for review, see Teitelbaum 2006), but increased TNFα levels have also
been detected in postmenopausal osteoporosis. In an inflamed joint, TNFα is produced
and targeted by a variety of cells, and even in physiological conditions, osteoclast
precursors and marrow stromal cells express the TNFα receptor p55r (Wei et al. 2005).
A part of the effects of TNFα on bone metabolism are thought to be mediated via
modulations of the RANKL pathway, resulting in an increased bone resorption rate. In
murine osteoclasts, however, it seems that most of the effects of TNFα are mediated
via stimulation of IL-1, leading to activation of a complex cytokine and transcription
factor pathway (Wei et al. 2005). Whether TNFα alone prompts osteoclast function, is
currently controversial, but at least a direct stimulatory effect of TNFα on the
differentiation of osteoclast precursors has been observed (Kitaura et al. 2004; Kitaura
et al. 2005; Lam et al. 2000). At present a prevailing hypothesis is that the predominant
influence of TNFα on osteoclasts occurs via stromal cell population during early stages
of an inflammatory disease, but in aggressive disease states, direct effects of TNFα on
osteoclasts become more important. Furthermore, there are studies indicating that bone
loss observed in many immunological diseases associated with an increased TNFα
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expression can be suppressed with TNFα antibodies (for review, see Marotte and
Miossec 2008; Zwerina et al. 2005).
The TGFβ superfamily includes the BMPs, osteogenic proteins, activins, inhibins and
TGFβ isoforms. They are all involved in the coordination of cartilage and bone
differentiation during both embryonal development and postnatal life. TGFβ inhibits
the proliferation of multipotent hematopoietic progenitors, promotes lineage
commitment of neural precursors and suppresses epithelial tumors. TGFβ affects a
broad range of cellular activities including control of proliferation and differentiation
of several cell types specific to bone, amongst them mesenchymal precursor cells,
chondrocytes, osteoblasts and osteoclasts (Joyce et al. 1990; Paley 1990). TGFβ plays
a significant role in bone remodeling by suppressing osteoclastogenesis via reduction
of RANKL expression by osteoblasts (Quinn et al. 2001). Simultaneously, TGFβ
stimulates bone matrix protein synthesis and initiates de novo bone formation
(Takeuchi et al. 1993). Interestingly, the bone formation inducing feature of TGFβ
might be utilized in plastic surgery in the near future (Ripamonti et al. 2009). A part of
the osteogenic activity of TGFβ may be attributed to the production of VEGF.
Furthermore, TGFβ has an impact on callus volume and bending strength in
experimental fracture models (Lind et al. 1993).
BMPs are important factors regulating embryonal chondrogenesis and skeletogenesis
(for review, see Canalis 2009). The BMPs with the greatest osteogenic capacity are
BMP-2, -4, -5, -6, -7, and -9. BMP-2 and BMP-7 induce expression of transcription
factors RUNX2 and Osterix in MSCs, thereby directing them into osteogenic
differentiation. Furthermore, BMP-7-deficient mice show skeletal alterations in the rib
cage, hind limbs, and skull (Katagiri et al. 1998). Interestingly, BMP-3 is an exception
among the other BMPs while it inhibits BMP-2-induced osteogenic differentiation
(Luu et al. 2007). Hence, BMP-3 knockout mice exhibit increased bone density,
indicating that BMP-3 antagonizes BMP signaling in vivo (Daluiski et al. 2001).
VEGF plays an important role in angiogenesis, endochondral ossification and bone
repair after fracture. VEGF is highly expressed by osteoblastic cells in vitro (Saadeh et
al. 1999; Steinbrech et al. 1999), and studies show that osteoblasts use the Hypoxiainducible factor α (HIF-α) pathway to sense reduced oxygen tension and transmit
signals that affect angiogenic and osteogenic gene programs during bone formation via
VEGF (Wang et al. 2007a). VEGF expression by osteoblasts is regulated by a number
of cytokines and other factors of the bone microenvironment, including inflammatory
cytokines (TGFβ-1, FGF-2, and Platelet-derived growth factor-BB) and hypoxia
(Saadeh et al. 1999; Seghezzi et al. 1998; Stavri et al. 1995; Steinbrech et al. 1999).
VEGF mRNA and protein are expressed in osteoblasts also during membranous bone
repair in vivo (Saadeh et al. 1999). Osteoclasts express VEGF receptor 1, which may
bind VEGF in order to induce osteoclast recruitment and bone-resorption activity
(Niida et al. 2005), and VEGF is indeed thought to act widely on osteoclast
differentiation, migration, and activity (for review, see Dai and Rabie 2007). VEGF
may also upregulate RANK expression by osteoclast precursor cells (Yao et al. 2006).
In cartilage, VEGF is expressed at high levels in hypertrophic chondrocytes and in
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mineralized regions of the growth plate cartilage (Carlevaro et al. 2000). This
expression has been thought to stimulate chondrocyte proliferation and to promote
chondrocyte survival (Dai and Rabie 2007). In addition, VEGF probably has a role in
the pathogenesis of osteoarthritis, since it stimulates the formation of neovasculature in
inflamed areas (Murata et al. 2007).
Table 1. Top ten cytokines in bone remodeling.

Cytokine
RANKL
OPG
M-CSF

TNFα
TGFβ
BMP2, BMP-6,
BMP-7

VEGF
IL-1, IL-6

IGF-1
Wnt/β-catenin (the
canonical pathway)

Main effects on bone remodeling
Induces osteoclast differentiation. Activates bone resorption
by osteoclasts. An indispensable cytokine in osteoclasts.
(Yasuda et al. 1998; Lacey et al. 1998)
A decoy receptor that competes for osteoclastic RANK.
Prevents osteoclast activation and bone resorption. (Simonet
et al. 1997)
Induces osteoclast differentiation. Promotes osteoclast
survival. Together with RANKL increases bone resorption.
(Tanaka et al. 1993)
Promotes osteoclast differentiation. Activates osteoclasts
primarily via osteoblasts. Increases bone resorption.
Increases osteoblast apoptosis. Linked to inflammation.
(Teitelbaum 2006)
Inhibits osteoclast differentiation primarily via osteoblasts.
Favors osteoblast differentiation and bone formation. (Quinn
et al. 2001)
Regulate osteoblast differentiation. Promote bone formation
by osteoblasts. Major regulators for embryonal
skeletogenesis. (for review, see Canalis 2009)
Promotes bone remodeling. Favors osteoclast differentiation
and bone resorption. Induces osteoblast differentiation and
regulates osteoblast survival. (for review, see Dai and Rabie
2007)
Stimulate osteoclast fusion, survival and resorption activity
both directly and via osteoblasts. May have a biphasic
impact on osteoblasts. (Suda et al. 1999)
A major regulator for osteoblast function. Indirectly favors
osteoblast differentiation. Promotes bone formation. May
enhance osteoclastogenesis and osteoclast function via
osteoblasts. (Canalis 2009)
Essential for osteoblast function. Deletions of these genes
lead to increased osteclastogenesis and absent osteogenesis.
Contribute to the pathophysiology of osteoporosis. (Canalis
2009)
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2.3 pH regulation in osteoclasts
2.3.1 The significance of extracellular acidosis in calcified tissues
Extracellular pH affects the function of all cells, and it is especially important for
osteoclasts. It has been shown that cultured osteoclasts are inactive at extracellular pH
levels above 7.3 and show maximum resorption capacity at pH 6.8-6.9 (Arnett and
Spowage 1996). Bone resorption is most sensitive to changes in proton concentration
at pH 7.1 (Arnett and Spowage 1996). Extracellular bicarbonate content has also been
observed to regulate the activity of osteoclasts (Geng et al. 2009). There are
controversial studies about the impact of reduced extracellular pH on osteoclast
differentiation (Morrison et al. 1998; Shibutani and Heersche 1993) but acidosis has
been detected to increase osteoclastic beta-glucuronidase release and overall activity.
Acidosis also decreases osteoblastic collagen synthesis and ALP release (Krieger et al.
1992). Interestingly, isohydric metabolic acidosis and respiratory acidosis have
dissimilar effects on osteoblast function. There is a significant decrease in markers for
osteoblast activity in metabolic acidosis, whereas no changes can be observed in
isohydric respiratory acidosis (Bushinsky 1995b). This indicates that the regulatory
role of metabolic acidosis in osteoblasts may not be solely mediated by alterations in
proton concentration. Furthermore, acidosis markedly affects growth plate
chondrogenesis. A recent study by Das et al. (2010) has shown a clear decrease in
COL1, SOX9 and VEGF expression due to acidic conditions in a bioreactor model,
while expression of HIF-1α is pH independent. Other studies have detected that
metabolic acidosis decreases pulsatile growth hormone secretion and reduces serum
IGF-1 levels (Kuemmerle et al. 1997), leading to reduced chondrocyte proliferation. In
addition, it has been shown that animals with severe metabolic acidosis exhibit reduced
expression of chondrocyte IGF-1 mRNA in the epiphyseal growth plate (Green and
Maor 2000). Rats exposed to acidic diet exhibit a reduced longitudinal growth rate and
thinner growth plates, mainly due to a reduced height of the hypertrophic zone
(Carbajo et al. 2001). In addition, acidosis downregulates the synthesis of cartilage
matrix proteoglycans and type II collagen and the expression of IGF-1, IGF-1 receptor
and PTH receptor at the growth plate. In contrast, an increase in extracellular pH (7.27.4) enhances the synthesis of proteoglycans and glycosaminoglycans by articular
chondrocytes in a 3D in vitro culture, but has no effect on collagen synthesis (Wu et al.
2007).
In order to understand the significance of calcified tissues for the maintenance of
systemic pH, it is important to keep in mind the constituents of the inorganic bone
matrix. Although the main substance in bone mineral is calcium hydroxyapatite
([Ca10[PO4]6][OH]2), which itself has a minor effect on systemic pH, also carbonate
ions (CO32- ) are a common constituent impurity of bone mineral crystals, incorporated
in bone during the hydroxyapatite crystal growth (Boskey 2002). In addition, there is a
notable bicarbonate reservoir in bone, located in the hydration shell of hydroxyapatite
and readily available for systemic circulation. The base reservoir comprised of
carbonate and bicarbonate may be utilized to buffer for a descent in the systemic pH,
and multiple molecular mechanisms have evolved to ensure the release of alkaline
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substances from bone when needed. For instance, in acute metabolic acidosis an
immediate release of bone calcium and carbonate through physicochemical dissolution
has been detected (Bushinsky et al. 1993), while chronic metabolic acidosis primarily
leads to decreased overall bone formation and accelerated bone resorption (Bushinsky
1995a; Krieger et al. 1992). Given these data, it is logical that acidosis has a
tremendous impact on overall bone health, and that chronic metabolic acidosis may
even account for a major proportion of cases of secondary osteoporosis (Bushinsky
1995a; for review, see Wiederkehr and Krapf 2001).
2.3.2 Key proteins in osteoclastic pH regulation
As mentioned above, osteclasts use acid in order to dissolve minerals from bone
matrix. The function of the bone-facing ruffled border in active osteoclasts is to
extrude large amounts of ions into the resorption site. Remains of the resorbed bone
matrix are endocytosed through this membrane domain. Thus, ruffled border transport
proteins play an indispensable role in the bone resorption process, and mutations in
these proteins have been shown to lead to deficient bone remodeling (Kornak et al.
2001; Laitala-Leinonen et al. 1999; Laitala-Leinonen and Väänänen 1999; Li et al.
1999). Many of the ruffled border proteins participate in osteoclastic pH regulation,
including vacuolar ATPases (V-ATPases) (Laitala-Leinonen et al. 1996; Nakamura et
al. 1994, Sundquist et al. 1990), chloride channel ClC7 (Kajiya et al. 2006), potassiumchloride exchanger KCC1 (Kajiya et al. 2006) and the electroneutral
sodium/bicarbonate cotransporter NBCn1, recently described by our group and others
(Bouyer et al. 2007, II). Furthermore, increasing evidence addresses the role of proteins
capable of pH regulation at the non-bone-facing plasma membrane of osteoclasts, such
as the anion exchanger (AE) proteins, sodium/proton exchanger 1 (NHE 1) and
carbonic anhydrase XIV (CA XIV) (Josephsen et al. 2009, I).
V-ATPases. The vacuolar family of H+-ATPases are amongst the most important
proton transporters in eukaryotes (for review, see Hinton et al. 2007). They were
originally identified in intracellular compartments such as endosomes, lysosomes,
Golgi-derived vesicles, clathrin-coated vesicles and secretory vesicles, and they have
been shown to play an essential role in proton transport across vacuolar or plasma
membrane in numerous cell types (for review, see Forgac 2007). Moreover, VATPases present within intracellular compartments are important for such cellular
processes as receptor-mediated endocytosis, intracellular membrane trafficking, protein
processing and degradation. V-ATPases are large, multisubunit protein complexes
consisting of a peripheral domain (V1) and an integral domain (V0) that forms the
membrane spanning proton channel. Interestingly, the V0 domain of V-ATPases in
osteoclasts might play a role in vesicle/vacuole fusion (Peters et al. 2001; Lee et al.
2006), and some V0 subunits bind to actin, allowing interaction between the
cytoskeleton and V-ATPases (Holliday et al. 2000; Vitavska et al. 2003).
Osteoclastic V-ATPases migrate from lysosomes to the ruffled border during the first
wave of endocytotic vesicle fusion. There they continuously transfer protons across the
ruffled border membrane in order to maintain the intralacunar pH at adequately low
levels (Blair et al. 1989). V-ATPases are activated by low extracellular pH (Nordström
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et al. 1996) while high concentrations of Ca2+ and Mg2+ as well as a very low
extracellular pH inhibit their function in vitro (Sakai et al. 2006). In most organisms,
the V-ATPase complex is composed of at least 14 separate gene products, with many
of the subunits present in multiple isoforms. Several V-ATPase subunit mRNAs are
also highly expressed in resorbing osteoclasts (Laitala-Leinonen et al. 1996; Toyomura
et al. 2003). Blocking the synthesis of V-ATPases by antisense molecules inhibits bone
resorption by isolated rat osteoclasts and disrupts the differentiation of osteoclasts in
vitro (Laitala-Leinonen et al. 1999; Laitala and Väänänen 1994), and mutations in
genes encoding V-ATPase subunits lead to severe osteopetrosis in both mice and
humans. Although many V-ATPase subunits are highly expressed in resorbing
osteoclasts (Laitala-Leinonen et al. 1996; Manolson et al. 2003), isoform 3 of the
100kDa a-subunit a is typical for osteoclasts (Toyomura et al. 2003; Hu et al. 2005),
and mutations in the human a3 subunit lead to autosomal recessive osteopetrosis in
more than 50% of affected individuals (Frattini et al. 2000; Kornak et al. 2000;
Sobacchi et al. 2001).
ClC7. The CLC gene family of chloride channels includes nine members with
important functions in a variety of cells (for review, see Jentsch et al. 1999). Already in
1991, the CLC family member p62 was described in avian osteoclasts (Blair et al.
1991). In 2001, Kornak and others (2001) observed that mice with deficient ClC7
channels have impaired chloride extrusion during osteoclastic bone resorption and, as a
result, they suffer from osteopetrosis. ClC7 is expressed already during early mouse
embryogenesis in the dorsal root ganglia, the trigeminal ganglion, the eye, and the
brain (Brandt and Jentsch 1995; Kornak et al. 2001). Moreover, both embryonal and
postnatal osteoclasts express high levels of ClC7 mainly in their late endosomes and
lysosomes and at the osteoclast/bone interface (Kornak et al. 2001). ClC7 deficient
osteoclasts fail in extracellular acidification and bone resorption but are able to acidify
the prelysosomal compartments (Kornak et al. 2001). As a result, mice lacking ClC7
present severe osteopetrosis due to dysfunctional osteoclasts, and this mutation is lethal
in mice at the age of 6-7 weeks.
KCC1. K+/Cl− co-transporters (KCCs) provide electroneutral movement of K+ and Cl−
ions driven by their respective chemical gradients. KCCs have been detected in a
variety of tissues and cells, including epithelial cells, neurons, the myocardium,
skeletal muscle and vascular smooth muscle (Adragna et al. 2000; Greger and Schlatter
1983; Payne et al. 1996; Weil-Maslansky et al. 1994; Yan et al. 1996). Until today,
four mammalian KCC isoforms have been cloned (KCC1-4; Gillen et al. 1996; Mount
et al. 1999; Su et al. 1999). KCCs have been implicated in cell volume regulation,
transepithelial salt transport and regulation of intracellular Cl− concentration (Gillen et
al. 1996). Interestingly, hypotonicity activates KCCs, apparently providing a cellular
defence against osmotic shock. A study by Kajiya and others (2006) showed that
KCC1 is also expressed in resorbing mouse osteoclasts where it acts as a Cl− extruder
during bone resorption. Human osteoblasts and bovine articular chondrocytes express
KCCs in their plasma membrane, likely to be activated together with volume-sensitive
Cl− channels (Hall et al. 1996).
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NHE1. Sodium/proton exchangers (NHEs) mediate the electroneutral Na+ and H+
transport across plasma membranes. Up to date, nine isoforms (NHE 1 - NHE 9) have
been identified within the mammalian NHE family (for review, see Orlowski and
Grinstein 2004). They are expressed in all eukaryotic cells and have numerous
functions. NHEs regulate intracellular pH (pHi) and cell volume and initiate changes in
the growth or functional state of cells (Grinstein et al. 1989; Hoffmann and Simonsen
1989; Orlowski and Grinstein 1997). Activated by decreased pHi, mammalian NHEs
protect cells from intracellular acidification, and hence, cell lines lacking NHE activity
are very sensitive to acidosis (Grinstein et al. 1989; Pouyssegur et al. 1984). NHEs also
serve as major Na+ entry pathways in many cell types, regulating both sodium flux and
cell volume after osmotic shrinkage (Matsui et al. 2007; Rotin and Grinstein 1989).
NHE 1 is required for normal cell growth, proliferation and differentiation (Putney and
Barber 2003; Wang et al. 1997). It is important for tumor growth, since tumor cells
deficient of Na+/H+ exchange either fail to grow or show retarded growth when
implanted into athymic mice (Rotin et al. 1989).
NHE activity has been implicated in osteoclast function. Studies by Hall and Chambers
(1990) showed that inhibition of NHE decreased bone resorption by rat osteoclasts, and
that bone resorption is susceptible to inhibition of NHE during early stages of cell
culture (Hall et al. 1992). Later, Kajiya and others (2003) observed that calcitonin
inhibits V-ATPase and NHE 1 activity via protein kinase A activation in resorbing rat
osteoclasts. In avian osteoclasts, expression of NHE 1 has been detected over the entire
basolateral membrane with accumulation at points of attachment to bone (Gupta et al.
1996). However, the exact subcellular localization of NHE 1 in polarized murine
osteoclasts is not known. Intriguingly, studies have shown that small and large nonresorbing osteoclasts are more sensitive to amiloride (NHE) inhibition, while large
resorbing cells are more sensitive to bafilomycin (V-ATPase) inhibition, and small
resorbing osteoclasts are equally inhibited by bafilomycin and amiloride (Lees and
Heersche 2000), indicating that proton extrusion mechanisms vary from one osteoclast
to another. Recently, another NHE family member, NHE10, was identified in the
osteoclast-like cell line RAW 264.7 (Lee et al. 2008).
NHE 1 and NHE 3 proteins are abundantly present in human osteoblast-like UMR-106
cells (Azarani et al. 1995; Mobasheri et al. 1998), whereas NHE 4 is present at the
mRNA level. The multiple NHEs in osteoblasts are thought to be needed in the
management of ion fluxes that occur during bone formation. NHE has also been shown
to play a role in equine chondrocytes, where exposure to low O2 tension (1%) results in
intracellular acidification via inhibition of NHE (Milner et al. 2006). Furthermore, a
hypoxia-induced decrease in ROS formation is thought to deactivate NHE in articular
cartilage via phosphorylation (Milner et al. 2007).
Ion channels. Osteoclasts possess various ion channels that, for their part, contribute to
osteoclast function. Among others, chloride channels (Schlesinger et al. 1997), sodium
channels, inward and outward potassium channels (Arkett et al. 1992), calciumactivated potassium channels, nonselective cation channels, and phosphate, proton and
calcium channels (van der Eerden et al. 2005; Ypey et al. 1992) have been detected at
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various osteoclast plasma membrane domains. It is also of interest to note that the
expression of aquaporin 9 increases during mouse osteoclast differentiation from
monocytes (Liu et al. 2009), although the significance of this finding remains to be
elucidated.
2.3.3 Carbonic anhydrases in osteoclasts
Carbonic anhydrases are ubiquitous zinc-metalloenzymes facilitating the conversion of
carbonic acid into carbon dioxide and water, or vice versa. They are highly conserved
enzymes present in all life forms. In general, CAs play crucial roles in a variety of
cellular functions including carbon dioxide transport, acid-base balance, respiration,
bone resorption, ureagenesis, gluconeogenesis and lipogenesis (Parkkila 2000). CAs
can be divided into three families of which the alpha-CA family members are
expressed in mammals. There are 15 known αCA isoenzymes and a few other CA-like
proteins in humans. Four of the active CA isozymes are cytosolic (CA I, II, III, VII and
XIII), four are membrane-associated (CA IV, IX, XII and XIV), two are mitochondrial
(CA VA and CA VB), and one is secreted (CA VI). Their CA activity and affinity to
sulfonamide inhibition are described in Table 2. Furthermore, CA-related proteins
(CA-RP-VIII, CA-RP-X and CA-RP-XI) and receptor-type protein-tyrosine
phosphatases (RPTP β and γ) have been characterized in humans, but their enzymatic
activity is deficient due to a deformed active site in the enzyme. In addition to
promoting CO2 hydration, CAs may be capable of facilitating other reactions, such as
the hydration of cyanate to carbamic acid, or hydration of cyanamide to urea, aldehyde
hydration to geminal diols and hydrolysis of carboxylic or sulfonic esters. Two main
classes of CA inhibitors exist: metal complexing anions such as thiocyanate, and
unsubstituted sulfonamides such as acetazolamide (for review, see Pastorekova et al.
2004).
CA I is a ubiquitous isoenzyme expressed in red blood cells, the intestinal epithelium,
vascular endothelium, corneal epithelium and the lens of the eye (Carter and Parsons
1971; Spicer et al. 1979). Interestingly, CA I has two promoters, one erythroid and
another non-erythroid (Brady et al. 1991). As for CA V, there are in fact two
genetically different isoforms, CA VA and VB, which are differentially expressed in
humans (Fujikawa-Adachi et al. 1999b). CA VA can be found predominantly in the
liver, whereas CA VB is expressed in skeletal and heart muscles as well as the
gastrointestinal tract. CA VI is a secretory isoenzyme expressed in the salivary and
mammary glands in humans (Fujikawa-Adachi et al. 1999c). Its function in the salivary
glands is thought to be related to taste sensing and protection from caries. CA VII is
expressed in the central nervous system both in mice and in humans, where it possibly
participates in producing cerebrospinal fluid (Halmi et al. 2006). CA XIII is expressed
in human at least in the thymus, small intestine, spleen, prostate, ovary, colon, and
testis (Lehtonen et al. 2004), but its role is not yet well known. CA XV is the most
recently characterized isoenzyme that is enzymatically functional in mammals except
in primates, where it is totally absent and likely to be substituted by other CAs (Hilvo
et al. 2008).
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Table 2: Description of some properties of human CA isoenzymes.

Isoenzyme
CA I
CA II
CA III
CA IV
CA V
CA VI
CA VII
CA IX
CA XII
CA XIII
CA XIV

Enzymatic activity
low/moderate
high
very low
high
moderate/high
moderate
high
high
low
low/moderate
high

Affinity for sulfonamides
moderate
very high
very low
high
high
low/moderate
high
high
low
high
high

CA II is the most important isoenzyme present in the osteoclast cytoplasm, providing a
continuous supply of protons for the acidification of the resorption lacuna. CA II
expression is most abundant in the cytoplasm and on the inner surface of the ruffled
border of osteoclasts (Anderson et al. 1982; Zheng et al. 1993), and it is an early
character of osteoclast differentiation (Karhukorpi 1991; Laitala and Väänänen 1993;
Väänänen and Parvinen 1983). CA II activity is essential for bone resorption, and loss
of CA II results in severe osteopetrosis in both humans and mice (Hall and Kenny
1987; Hall et al. 1991; Hott and Marie 1989; Kenny 1985; Margolis et al. 2008). A
decrease in the extracellular pH of osteoclasts increases intracellular CA II expression
(Schwartz et al. 1994). Furthermore, CA II seems to act as a mediator for hormones
increasing bone resorption and osteoclast formation, since both PTH and 1,25(OH)2D3
stimulate CA II expression (Hall and Kenny 1985; McSheehy and Chambers 1986;
Silverton et al. 1987). In fact, inhibition of CA II abolishes the effect of PTH on bone
(Hall and Kenny 1987).
There is plenty of evidence that CA II has a key role in regulating pHi in osteoclasts
and in promoting resorption activity at different pHe levels. First of all, blocking CA II
expression with antisense RNA and DNA inhibits bone resorption (Laitala and
Väänänen 1994; 1993). CA II expression is stronger in actively resorbing than in nonresorbing osteoclasts (Asotra et al. 1994), and the unspecific CA inhibitor
acetazolamide blocks bone resorption (Hall and Kenny 1987; Kenny 1985; Lehenkari
et al. 1998). The importance of CA II to osteoclasts may also be highlighted with the
fact that the first genetic mutation discovered to be responsible for osteopetrosis was a
CA II deficiency which also causes renal tubular acidosis and cerebral calcification in
humans (Ohlsson et al. 1986; Ohlsson et al. 1980; Sly et al. 1983, Sly and Hu 1995).
Interestingly, the role of CA II in the regulation of pHi seems to vary at different stages
of osteoclast activity (Lehenkari et al. 1998).
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The action of intracellular CA II is often completed by other CA isoenzymes, ion
channels and ion exchangers (for review, see Sterling et al. 2001). For instance, Vince
and Reithmeier (1998) found a direct, specific interaction between CA II and the
erythrocyte Cl−/HCO3− exchanger (AE protein) and noted that CA II is ideally
positioned to catalyze CO2 hydration and to supply the Cl−/HCO3− exchanger with
bicarbonate. Moreover, CA II has been detected to increase the activity of the
sodium/bicarbonate transporter NBCe1 and even to physically connect to kNBC1 to
facilitate its function (Loiselle et al. 2004; Pushkin et al. 2004; for review, see Sterling
and Casey 2002). This kind of molecular interaction between CA II and other proteins,
also known as a bicarbonate transport metabolon, functions to enhance the transport of
bicarbonate through biological membranes. Membrane-bound CAs have also been
suggested by our group and others to be integral parts of these metabolons (Casey et al.
2009; Morgan et al. 2007; Sterling et al. 2002; for review, see McMurtrie et al. 2004,
I). During the last few years it has become evident that bicarbonate metabolons are
necessary for optimizing bicarbonate transport and that they are a universal molecular
mechanism present in many types of cells and organisms.

Figure 3: A model for a cellular
bicarbonate transport metabolon (for
review, see Sterling and Casey 2002). CA
IV = carbonic anhydrase IV, AE = a
bicarbonate transport protein (AE protein),
NBC
=
a
bicarbonate/sodium
cotransporter, CA II = carbonic anhydrase
II,
NHE
=
a
sodium/hydrogen
cotransporter.

CA III is an isoenzyme mainly found in the skeletal muscle. It comprises about 8% of
the soluble protein in red skeletal muscle, and in male rat liver and adipocytes it
constitutes up to 25% of the total cytosolic protein (Carter 1991). It is also present in
some other tissues and cell types although in a much smaller quantity (Spicer et al.
1990). CA III is traditionally regarded as a cytosolic enzyme, but there have been
histochemical observations of its nuclear localization (Dodgson et al. 1993; Räisänen et
al. 1999). The hydratase activity of CA III is very low, but it has been suggested to
have carboxyl esterase and phosphatase activities, indicating that it might act as a
tyrosine phosphatase (Cabiscol and Levine 1996; Koester et al. 1981). We have studied
the role of CA III in embryonal mouse chondrogenesis (III).
Membrane-bound CAs. In addition to intracellular CA isoenzymes, there are four
active membrane-bound isoenzymes. The active CA domain of CA IV, CA IX, CA XII
and CA XIV is extracellular. Of these, CA IV is linked to the cell membrane with a
glycosyl-phosphatidylinositol anchor, whereas the other membrane-bound isoforms are
integral membrane proteins. CA IV is expressed in various cell types, such as in the
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kidney proximal tubules, astrocytes and rat muscle cells (Purkerson et al. 2007; Sender
et al. 1994; Svichar et al. 2006). CA IV is considered to actively participate in pH
regulation, for instance in the regulation of urine acidification (Schwartz et al. 2000).
Additionally, studies have linked CA IV to bicarbonate transport metabolons, and CA
IV and AE1 have even been shown to interact directly (Sterling et al. 2002). CA IX is
rarely found in healthy mammals except for some parts of the gastrointestinal tract
(Kivelä et al. 2005), while it is widely present in various cancer cell types, such as
carcinomas of the cervix uteri, esophagus, kidney, lung and breast. In fact, CA IX
expression is specifically associated with aggressive cancer types. It is thought to
support tumor survival possibly by acidifying tumor surroundings (Lee WY et al.
2008). The expression of CA IX in tumors is markedly stimulated by hypoxia, which
has led to its use as a tumor marker also in the clinical practice (Takacova et al. 2007).
CA IX is widely considered as a potential drug target since its inhibition might prevent
tumor growth (Winum et al. 2009). In contrast, CA XII is an active, basolateral
isoenzyme, the catalytic properties of which are similar to those of the high-activity
CA IV (Ulmasov et al. 2000). The expression of CA XII has been demonstrated
widely: in the adult human kidney, colon, prostate, pancreas, ovary, testis, lung and
brain (Kallio et al. 2006). However, CA XII was initially discovered in renal cell
cancers and a lung cancer cell line, and therefore it is not surprising that also CA XII is
associated with certain cancers. In fact, on the mRNA level, CA XII is regulated by the
VHL tumor suppressor gene (Ulmasov et al. 2000).
CA XIV is one of the more recently found membrane-bound CAs which, intriguingly,
can be located either at the apical or basolateral membrane of cells. It is an integral
membrane protein with an extracellular NH2-terminal catalytic domain, a membranespanning segment of 22 amino acids, and a short intracellular COOH-terminal segment
with several potential phosphorylation sites (Fujikawa-Adachi et al. 1999a; Mori et al.
1999). CA XIV is expressed in the kidneys at the most important bicarbonate
reabsorption site, i.e. the proximal convoluted tubule (Kaunisto et al. 2002; Mori et al.
1999), and it has been suggested to function in bicarbonate reabsorption by type A
intercalated cells. Moreover, CA XIV activity has been detected by Northern blotting
in several human, mouse and rat tissues (Fujikawa-Adachi et al. 1999a; Mori et al.
1999), including the heart, lung, liver, skeletal muscle, and neuronal cell membranes
and axons of human and mouse brain, as well as the pigment epithelium of the retina.
The functions of CA XIV are poorly known but at least in the murine brain it seems to
play a role in buffering the extracellular space (Shah et al. 2005) and augmenting the
operation of AE3 in hippocampal neurons (Svichar et al. 2009). In addition, CA XIV
participates in producing the normal retinal light response (Ogilvie et al. 2007). CA
XIV knockout mice have normal viability and fertility (Shah et al. 2005). We have
studied the expression and role of membrane-bound carbonic anhydrases, especially
CA IV and CA XIV in rat osteoclasts (I).
2.3.4 Bicarbonate transporter proteins in osteoclasts
Bicarbonate transporter families include the AE family of sodium-independent Cl–
/HCO3– exchangers, the NBC family of Na+/HCO3− cotransporters and the sodiumdependent Cl−/HCO3− exchanger family. All of these families possess related amino
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acid sequences and therefore form a superfamily called Solute carrier family 4 (SLC4A,
for review see Romero et al. 2004; Soleimani and Burnham 2001; Sterling and Casey
2002).
AE proteins. The AE bicarbonate/chloride transporter family is encoded by three
genes, AE1, AE2, and AE3, all of which give rise to multiple mRNA transcripts. AE1
(also known as band 3) is expressed in multiple tissues, such as erythrocytes, the
kidney and testis (Brosius et al. 1989; Kudrycki and Shull 1989). AE2 was originally
isolated from the human erythroleukemic cell line K562 and subsequently from several
other tissues (Demuth et al. 1986). In turn, AE3 is predominantly found in excitable
tissues including the brain (Kopito et al. 1989), heart (Linn et al. 1992) and retina
(Kobayashi et al. 1994). Interestingly, in addition to bicarbonate, AE proteins are able
to transport a range of other small inorganic and organic anions (Jennings 1989) as
well as small organic phosphates. AE1 transports anions over a broad pH range,
whereas AE2 and AE3 are pH-sensitive, and their function is inhibited in acidic
conditions (Sterling and Casey 2002).
Proton production by CA II and secretion by V-ATPases in osteoclasts generates a load
of cytoplasmic base, mainly HCO3−. Moreover, bicarbonate and carbonate are
dissolved in remarkable amounts from the bone matrix during resorption. This
bicarbonate must be transported away from the resorption site and out of osteoclasts in
order to maintain cytoplasmic pH at the physiological range. Bicarbonate/chloride
exchangers (AE proteins) are utilized in this process (Bastani et al. 1996; Hall and
Chambers 1989; Teti et al. 1989). Avian osteoclasts express the AE1 protein, whereas
mouse osteoclasts apparently express both AE2 and AE3 (Josephsen et al. 2009;
Kajiya et al. 2006; Teti et al. 1989). The function of AE proteins in osteoclasts is ATPand sodium-independent and may be blocked by anion-exchange inhibitors 4,4'diisothiocyano-2,2'-stillbene-disulfonic acid (DIDS) and a chloride-specific channel
blocker diphenhydramine hydrochloride (DIPH) (Hall and Chambers 1989). There are
also studies showing that the recovery of osteoclasts from an alkaline load is slowed
down in a chloride-free media (Teti et al. 1989). Even more importantly, AE2 knockout
mice suffer from severe osteopetrosis, and their osteoclasts are enlarged and unable to
form the ruffled border (Josephsen et al. 2009). Such findings emphasize that
Cl−/HCO3− exchange is essential for the acidification of the resorption compartment.
As discussed above, AE proteins are thought to be important components of
bicarbonate transport metabolons, aiming at an efficient flux of bicarbonate over
biological membranes (for review, see Sterling et al. 2001). Several lines of evidence
support the participation of AEs in these metabolons: for instance, CA II can be coimmunoprecipitated with solubilized AE1, and lectin-mediated agglutination of AE1 in
erythrocytes leads to a similar redistribution of CA II (Vince and Reithmeier 1998).
Furthermore, CA II has been shown to be able to bind the C terminus of AE1 (Vince
and Reithmeier 1998).
NBCn1. A Na/HCO3- cotransporter (NBC) was first described in the kidney proximal
tubule (Boron and Boulpaep, 1983). Several isoforms of NBC have been distinguished
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since, and four isoforms are expressed in humans. In addition, several 5´- or 3´terminal splice variants have been cloned for most NBC isoforms, although it is not
currently known whether each variant has a unique localization and function. The
nomenclature within the NBC family is quite confusing for historical reasons, and
hence the different names and splice variants used of the family members are briefly
introduced in Table 3. All of the NBC family members are integral membrane proteins
and possess the capacity for transporting bicarbonate. The NBC family members are
distinguishable as regards electrogenity and their capacity for carrying anions or
cations besides bicarbonate. Regarding NBCE, it is currently not clear whether it is a
Na+-dependent chloride/bicarbonate exchanger or an electroneutral Na+/HCO3transporter. NBCs are critical in multiple functions such as the regulation of cellular
volume, HCO3- reabsorption by the kidney, HCO3- secretion by the pancreas and the
regulation of intracellular pH.
Table 3: Nomenclature in the NBC bicarbonate transporter family.

Isoform (gene)

Alternative
names/splice variants

Membrane
localization

Predominant substrate

NBC1
(SLC4A4)

NBCe1, kNBC1,
pNBC1, hNBC1,
hhNBC1

basolateral

sodium,
bicarbonate/carbonate

NBC2
(SLC4A7)

SBC2, NBCn1, NBC3,
mNBC3, retina NBC2,
NBC2b

apical or
basolateral

sodium, bicarbonate

NBC3
(SLC4A8)
NBC4
(SLC4A5)
NCBE
(SLC4A10)

NDCBE, kNBC3,
NDAE1
NBCe2, NBC4a,
NBC4b
NBCn2

likely basolateral
unknown
likely basolateral

sodium, bicarbonate,
chloride
sodium,
bicarbonate/carbonate
sodium, bicarbonate,
chloride

The electroneutral sodium/bicarbonate transporter NBCn1 was originally cloned from
rat smooth muscle cells (Choi et al. 2000) and it has been shown to be ~92% identical
to human NBC2 and ~50–55% identical to NBC1, respectively. NBCn1 has a wide
expression profile with promoter activity in tissues including kidney thick ascending
limb and medullary collecting duct epithelial cells, vascular smooth muscle cells and
endothelial cells, the epithelial lining of the kidney pelvis, choroid plexus epithelial
cells, hippocampus, duodenal enterocytes, and the retina (Boedtkjer et al. 2007). In
earlier studies, it was demonstrated that the NBCn1 protein is present in the basolateral
domains of thick ascending limb cells of the outer medulla of rat kidney (Vorum et al.
2000). Moreover, studies have shown that chronic metabolic acidosis is associated with
a marked increase in the abundance of NBCn1 in the medullary thick ascending limb
cells, indicating that NBCn1 could play a role in ammonium (NH4+) reabsorption,
medullary accumulation, and urinary excretion, as well as basolateral bicarbonate
transport into thick ascending limb cells (Kwon et al. 2002). Recent data have also
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shown that NBCn1 expression in the brain is induced by chronic metabolic acidosis
and that N-methyl-D-aspartic acid inhibits this induction, associating NBCn1
expression with glutamate in the brain (Park et al. 2010). Interestingly, Chen and
colleagues (2007) have previously shown that chronic exposure to hypoxia in rats
decreased brain NBCn1 levels significantly, and they hypothesized that this reduction
may be important for minimizing energy consumption by the cells.
In bone, CSF-1 promotes osteoclast survival via an NBCn1-dependent mechanism in
non-resorbing rat osteoclast-like cells (Bouyer et al. 2007). CSF-1 caused a substantial
increase in pHi via the activation of NBCn1, which in turn reduced caspase activity in
these cells. We have studied NBCn1 in human and rat osteoclasts and showed that
NBCn1 is not only located at the osteoclast ruffled border but also plays a significant
role in bone resorption (II).
2.3.5 Metabolic bone disease in chronic acidosis and renal failure
Metabolic acidosis is a condition where the systemic pH drops under the normal range
of 7.35-7.45 in circulation because of accumulation of acid, leading to numerous
consequences as the body attempts to restore homeostasis. It is a common phenomenon
in severe diseases such as (acute/chronic) renal failure, sepsis, diabetes mellitus,
ischemia, anemia and chronic diarrhea, which all involve either overproduction of
organic acids such as lactic and ketoacids or decreased elimination of acid. Metabolic
acidosis leads to alterations in the hormonal balance which include a decrease in IGF-1
levels due to peripheral growth hormone insensitivity, primary hypothyroidism and
hyperglucocorticoidism (Jandziszak et al. 2000). Moreover, metabolic acidosis induces
a negative calcium balance with hypercalciuria and a tendency to develop kidney
stones. Natriuresis occurring due to inhibition of tubular sodium reabsorption induces
extracellular volume contraction and results in secondary hyperaldosteronism (Henger
et al. 2000). Hypophosphatemia due to renal phosphate wasting may also develop.
Metabolic acidosis in both humans and rats results in growth retardation and increases
protein breakdown in skeletal muscle (Kalhoff et al. 1993; May et al. 1986). The
consequences of metabolic acidosis in calcified tissues are complicated and related to
other regulators of bone and mineral metabolism. In general, metabolic acidosis
induces hypercalciuria due to release of calcium from bone and decreased renal tubular
calcium reabsorption, renal phosphate depletion and hypophosphatemia, an increase in
serum 1,25-(OH)2D3 and a corresponding decrease in PTH, and hypocitraturia.
Negative calcium balance and phosphate depletion combine to induce a metabolic bone
disease that exhibits features of both osteoporosis and osteomalacia and, on the whole,
bone resorption is increased and bone formation is decreased. New ways of treating the
clinical bone manifestations of metabolic acidosis are warranted, and some promising
trials are ongoing.
Chronic kidney disease means a progressive loss of renal function over a period of
months or years. This syndrome leads to multiple changes in one´s health, including
problems with the circulation and fluid homeostasis, and accumulation of harmful
substances such as urea. Chronic renal failure also causes alterations in bone
metabolism with features depending on the stage of the disease. In the early stages of
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kidney disease, the levels of potent phosphaturic hormones such as FGF-23 and PTH in
serum increase (Quarles 2003). A rise in serum FGF-23 precedes the increase in PTH
secretion and aims at maintaining serum phosphate within the normal range by
boosting renal phosphate excretion. As the glomerular filtration rate falls beneath 20–
30 ml/min, FGF-23 secretion fails to maintain normal serum phosphate concentrations
(Ritz and Gross 2005). The resulting hyperphosphatemia, 1,25(OH)2D3 deficiency and
hypocalcemia stimulate PTH synthesis and secretion. PTH, in turn, acts to normalize
plasma calcium and phosphate concentrations, which is achieved by increasing bone
turnover and phosphate excretion. This cascade leads to an atypical metabolic bone
disease with either normal, high or low bone mineral density, showing features of both
osteoporosis and osteomalacia. Currently, the treatment of the metabolic bone disease
includes medication to normalize the perturbations in PTH-calcium/phosphate-vitamin
D axis and bone turnover rate. Drugs such as aluminium- and calcium-containing
phosphate binders and calcitriol suppress PTH secretion by acting directly on the
parathyroid gland, or indirectly by reducing serum phosphate and increasing serum
calcium levels (Diaz-Corte et al. 2001). However, agents normally used to treat
osteoporosis, such as bisphosphonates, may not be beneficial in chronic kidney disease
but, in fact, may lead to severe osteomalacia through reduced bone turnover. Thus, the
treatment of bone disease due to renal failure is usually focused on achieving normal
bone turnover that may be accomplished by maintaining adequate levels of anabolic
PTH and vitamin D receptor agonists.

2.4 Oxidative metabolism in calcified tissues
2.4.1 Significance of hypoxia in cellular metabolism
Oxygen is required by most cells for the production of adequate amounts of ATP for
metabolic activities. Deprivation of oxygen, i.e. hypoxia, is considered a harmful
condition that occurs in humans due to a variety of disease conditions including
diseases of the lungs and circulatory system and a number of other systemic diseases
(for review, see Semenza 2000). Nevertheless, hypoxia may be an important and
beneficial local phenomenon for instance during embryonal development. Among
others, oxygen deprivation is related to the neural tube closure, mediation of apoptosis
and purposeful morphological development during gestation (Chen et al. 1999;
Genbacev et al. 1997; Iyer et al. 1998). In a cellular system, hypoxia may present either
harmful or beneficial consequences but, in any case, it has a remarkable influence on
cellular metabolism. Oxygen sensing by cells is mediated via various mechanisms.
Current data indicates that direct and rapid inhibition of the function of ion channels
(such as potassium and calcium channels) is one mechanism that mediates the
downstream effects of lowered oxygen (for review, see López-Barneo et al. 2009).
Hemo-oxygenase-2 (Williams et al. 2004), NAPDH oxidase, AMP kinase and
mitochondria (Wyatt and Buckler 2004) have also been suggested to have possible
roles in oxygen sensing.
Most effects of hypoxia on cells are thought to be mediated via its influence on gene
expression through the hypoxia-inducible factor (HIF) pathway. Activation of the HIF
pathway is prompted by hypoxic conditions, which result in an interaction with
enzymes and transcription factors regulating anaerobic metabolism, immunological
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responses, vascularization, pH regulation and tissue growth (Dunwoodie 2009). HIF1α is an extremely important mediator of cellular metabolism, and it is constitutively
expressed by all cells and crucial to cellular homeostasis. In fact, HIF-1α knockout
mice are not viable (Ryan et al. 1998). One of the best known interactions of HIF-1α is
its role in the activation of VEGF transcription in hypoxic cells (Carmeliet et al. 1998).
HIF-1α also activates numerous other genes such as NF-κβ, CA IX, CA XII and
erythropoietin (Holotnakova et al. 2007). Moreover, proliferation of tumor cells is
facilitated by HIF-1α activation: the microenvironment surrounding tumors is
extremely hypoxic, and activation of the HIF-1α pathway leads to increased
angiogenesis and an increased oxygen supply to the area (Carmeliet et al. 1998; Ryan
et al. 1998). HIF-2α activates partly overlapping and partly distinct sets of target genes
with HIF-1α (Hu et al. 2003), and in general both HIF-1α and HIF-2α play roles in the
regulation of angiogenesis, whereas glycolytic genes are predominantly regulated by
HIF-1α. HIF-3α may, by contrast, provide a negative feedback loop for the HIFregulated gene activation pathway, since HIF-3α has been shown to compete for HIF1β and to dimerize with it (Makino et al. 2001).
Activated HIF is a dimeric protein complex. In hypoxic conditions, HIF-1α and/or
HIF-2α translocate to the cell nucleus and dimerize with the constitutively expressed
HIF-1β (also known as Aryl hydrocarbon receptor nuclear translocator, ARNT), and
this complex binds to DNA at sites represented by the consensus sequence 5'-RCGTG3', i.e. at hypoxia-responsive elements (Semenza et al. 1996). The HIF-1α subunit is
unique to HIF-1, whereas HIF-1β can also dimerize with HIF-2α and other basic helixloop-helix proteins. Activity of the HIF transcription factor can be regulated via
enzymatic control of the abundance and activity of HIF-α subunits by various genes.
However, the most important regulator of the HIF complex is the von Hippel-Lindau
protein (pVHL). Under normoxia, HIF-α binds to pVHL, which is part of an E3ubiquitin ligase complex that targets HIF-α for proteasomal degradation (Jaakkola et
al. 2001). Hence, in normoxia HIF-1α has a short half-life of less than 5 minutes (Yu et
al. 1998). By contrast, in hypoxia prolyl-hydroxylation is inhibited and HIF-α is
stabilized, allowing intracellular accumulation and interaction with HIF-1β. Loss of
pVHL function also results in HIF-α stabilization that is independent of oxygen levels
(Haase 2006). Furthermore, HIF-α subunits can be regulated via transcriptional
inactivation following asparaginyl hydroxylation by factor inhibiting HIF (FIH)
(Mahon et al. 2001). An interaction network of transcription factors associated with
HIF-α is described in Figure 4.
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Figure 4: An interaction network of
transcription factors linked to HIF-1α.
Arrows show the direction of the
interactions.
Abbreviations:
HIG2,
hypoxia-inducible protein 2 (Wang et al.
2005); EPAS1, endothelial PAS domain
protein 1 (Maemura et al. 1999); CITED2,
Cbp/p300-interacting transactivator (Tien
et al. 2004); BHLHB2, basic helix-loophelix domain containing, class B, 2 (Wang
et al. 2005); ARNT, hypoxia-inducible
factor 1β (Suzuki et al. 2001); VEGF,
vascular endothelial growth factor
(Sanchez-Elsner et al. 2001); EPO,
erythropoietin (Lee et al. 2004); HDAC4,
histone deacetylase 4 (Qian et al. 2006);
RUNX2, runt-related transcription factor 2
(Namba et al. 2000); PCDH10,
protocadherin 10 precursor. Source:
Ingenuity Pathway Analysis knowledge
base (www.ingenuity.com).

2.4.2 Reactive oxygen species and antioxidant systems in cellular metabolism
Reactive oxygen species are O2-derived free radicals, including hydrogen peroxide
(H2O2), superoxide anion (O2•), hydroxyl radical (HO•), peroxyl radical (RO2•) and
alkoxyl radical (RO•). They predominantly arise in mitochondria as byproducts of
oxidative phosphorylation, a process that is responsible for ATP production in the cells
in aerobic conditions. At physiological levels, ROS act as redox messengers that
mediate intracellular signaling, whereas in oxidative conditions, excessive ROS induce
oxidation of cellular macromolecules such as lipids and nucleic acids, inhibit protein
function and cause direct damage to mitochondrial DNA. In other words, excess ROS
production promotes cellular apoptosis by activating either direct or indirect
mitochondrial apoptotic pathways. It has become evident that ROS are key molecules
in aging and in the pathophysiology of various diseases such as atherosclerosis,
diabetes mellitus and neurodegenerative diseases (Mani et al. 2007).
Several systems have evolved to resist the destructive impact of excess ROS on
cellular metabolism, and these systems are mainly located in intracellular redox
compartments. The cellular redox systems include superoxide dismutase and catalases,
thiol-reducing buffers such as glutathione (GSH) and thioredoxins, pyridine
nucleotides such as NADPH, and some other molecules, such as vitamin C and E and
the recently found 3β-hydroxysteroid-∆24 reductase DHCR24 (Lu et al. 2008; for
review see Kalinina et al. 2008). One of the most important molecules within this
group is glutathione which is the most abundant free thiol in eukaryotic cells. In
physiological conditions, GSH is present mostly in a reduced form, whereas in the
presence of excess ROS, GSH is oxidized into glutathione disulfide (GSSG), and this
reaction may be facilitated by GSH peroxidase (for review, see Dickinson and Forman
2002). As GSSG is formed, an electron is donated to the ROS, reducing its activity and
preventing its harmful oxidizing action on proteins or DNA. If the cell is exposed to a
reasonable amount of oxidative stress, oxidation of GSH to GSSG is reversible and
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GSSG may be converted back to GSH. However, there are data showing that if a
certain treshold of oxidative stress is exceeded, GSSG formation within minutes of this
stress may trigger mitochondrial proapoptotic signaling, and apoptosis may occur
hours later even if the amount of reduced GSH returns soon to normal levels (Pias and
Aw 2002). GSSG can be reduced back to GSH in a reaction facilitated by GSH
reductase, where NADPH acts as a cosubstrate (for review, see Kalinina et al. 2008).
NADPH and also thioredoxins play important roles in the maintenance of homeostatic
redox state in cells, since they are able to provide the reducing equivalents needed for
several biosynthetic reactions such as cholesterol synthesis and cytochrome 450
hydroxylation. Moreover, conversion of NADP+ to NADPH is a necessary reduction
reaction in the pentose phosphate pathway, an alternative energy source to glycolysis.
Mitochondrial oxidative phosphorylation, including the reduction reaction of NAD+ to
NADH is downregulated during oxidative stress, and the released mitochondrial
reducing equivalents are used in favor of NADP+ reduction, converting the primary
cellular source of energy to glycolysis (Singh et al. 2007).
2.4.3 Oxidative metabolism, oxygen sensing and hypoxia in bone
Osteoclasts are highly active cells regards cellular metabolism. They contain abundant
mitochondria, the function of which is to provide cells with ATP. For instance,
maintaining ion flux during acidification of the resorption lacuna demands an efficient
supply of energy. Therefore, metabolic enzymes involved in the citric acid cycle and
oxidative phosphorylation are upregulated during osteoclast differentiation (Czupalla et
al. 2005). Moreover, exogenous ATP has been observed to stimulate osteoclast
formation and resorption (Morrison et al. 1998). Kim and colleagues (2007) observed
that glucose metabolism, including glycolysis and mitochondrial respiration, was
accelerated at an early stage of RANKL-induced osteoclast differentiation. They also
found that primary metabolic routes in osteoclasts can be altered according to their
activation status. The significance of mitochondrial function in osteoclasts was also
addressed by an interesting study by Oursler et al. (2005) suggesting that the
mitochondrial apoptotic pathway observed in many other cell types is also active in
osteoclasts. This study showed that if M-CSF and RANKL levels decrease in the bone
microenvironment, an increase in H2O2 formation by osteoclasts resulted in an
increased ROS production rate which, in turn, led to activation of the apoptotic
pathway. Recently, a report was published on the effects of hyperoxia on osteoclasts
(Yamasaki et al. 2009). According to this report, hyperoxia may prolong osteoclast
precursor cell formation from CD14+ cells as a result of increased M-CSF production
by supporting cells. Thus, it can be concluded that oxidative metabolism is of
importance in active osteoclasts.
During osteoblastic differentiation, shifts in metabolic pathways have been observed
(Komarova et al. 2000). When osteoblasts are differentiated from cells derived from
calvaria, cellular metabolic activity, glycolysis and respiration fluctuate during
sequential differentiation stages. In the undifferentiated period, the major energy
source depends on glycolysis. Nevertheless, the rate of cellular respiration is markedly
increased during the early stages of differentiation to allow active proliferation. Both
glycolysis and respiration are then enhanced during middle and late stages of osteoblast
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maturation. Possibly linked to this metabolic switch during osteoblastic differentiation,
a work by de Souza Malaspina and colleagues (2008) detected a link between TRAcP
expression and the levels of reduced glutathione, an important indicator of cellular
oxidative state, in osteoblast-like cells (de Souza Malaspina et al. 2008). Oxygen
sensing in bone is predominantly thought to be mediated by osteoblast-lineage cells,
although the exact mechanisms are not well known at present. Some suggestions have
been made about the possible role of heme-containing molecules in monitoring
immediate changes in oxygen levels, and the signal is thought to be transmitted further
by the HIF-VEGF pathway (Steinbrech et al. 2000; Steinbrech et al. 1999). Current
knowledge indicates that this osteoblast-dependent oxygen signaling route may also be
responsible for the initiation of bone fracture repair (Glowacki 1998).
Hypoxia is likely an ordinary status quo in bone tissue, since oxygen tension (pO2)
inside a normal mandible has been shown to reach 8.6% at most (Maurer et al. 2006),
and some measurements have indicated even lower oxygen levels in the bone marrow.
It has been proposed that hypoxia may also represent a mechanotransduction pathway,
since numbers of hypoxic or HIF-1-expressing osteocytes are increased in situ in
response to mechanical unloading (Dodd et al. 1999; Gross et al. 2001). In the same
time, another study indicates that osteocytes deprived of mechanical loading increase
osteopontin (OPN) expression, which is thought to activate disuse-induced bone
resorption by osteoclasts (Gross et al. 2005). Thus, it is possible that hypoxia and the
HIF pathway possess key roles in the development of disuse-induced osteoporosis, but
this issue has not been thoroughly studied. Evidence for the effects of hypoxia on
cultured osteoblasts seem to be controversial. Some studies suggest increased
proliferation of osteoblasts with decreased ALP activity and collagen synthesis due to
hypoxia (Lennon et al. 2001, Matsuda et al. 1998; Tuncay et al. 1994), while others
show decreased proliferation with increased syntheses of ALP, IGF-2 and TGFβ1
(Steinbrech et al. 1999). Nevertheless, it is widely accepted that the stimulation of
VEGF synthesis in hypoxia via the HIF-pathway represents a basic homeostatic
response to low oxygen levels by osteoblasts (Akeno et al. 2001). Osteoblasts express
both HIF-1α and HIF-2α and, interestingly, VHL-deficient mice (overexpressing HIF1α and HIF-2α) have a significantly increased bone volume and skeletal vascularity
when compared to controls (Wang et al. 2007 a,b). Furthermore, the development of
long bone vascularization is disturbed in a similar manner in mice with conditional
knockouts of HIF-1α or HIF-2α, associating both of these factors to normal skeletal
angiogenesis (Shomento et al. 2010). On the other hand, in the same study HIF-1α
deficient mice demonstrated markedly decreased trabecular bone volume, reduced
bone formation rate, altered cortical bone architecture and impaired osteoblast
proliferation but by contrast, HIF-2α deficient mice present only a modest decent in
trabecular bone volume and normal osteoblast proliferation (Shomento et al. 2010).
Hence, it seems clear that both HIF-1α and HIF-2α are necessary for normal long bone
development and in osteoblasts, but they partly exert distinct functions.
Hypoxia acts in general as a stimulator for the formation and activation of cells of the
monocyte-macrophage lineage (Broxmeyer et al. 1990). Hence, it is no surprise that
significant stimulation of osteoclast formation and bone resorption activity may be
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observed in hypoxic cultures exposed to 0.2% oxygen (Arnett et al. 2003). In mouse
calvaria cultures, exposure to hypoxia resulted in a 5-fold stimulation of osteoclastmediated calcium release through increased resorption, an effect equivalent to that of
PGE2 (Arnett et al. 2003). Further evidence shows that exposure of RAW 264.7 cells
to hypoxia, leading to increased ROS production and disruption of mitochondrial
transmembrane potential, induces stress signaling pathways that involve the activation
of calcineurin and Ca2+-responsive factors and, thus, activates osteoclastogenesis
(Srinivasan and Avadhani 2007). It has been proposed that some of the osteoclast
activation caused by hypoxia is mediated via the secretion of IGF-2 by non-osteoclastic
cells (Fukuoka et al. 2005). A recent study confirmed the role of HIF-1α in the
activation process of osteoclasts (Knowles and Athanasou 2009). Interestingly, when
24 h hypoxia/reoxygenation periods were repeated over an extended period in this
study, enhanced osteoclast differentiation was detected, suggesting that diseased bone
may present accelerated bone resorption via this mechanism. A previous study by the
same authors also showed weak expression of HIF-2α in multinucleated, osteoclastlike giant cell tumor cells (Knowles and Athanasou 2008). However, the possible role
of HIF-2α in osteoclasts remains to be elucidated.
2.4.4 Oxidative metabolism and hypoxia in cartilage
There are some conflicting reports about whether chondrocytes at the growth plate
cartilage are hypoxic (Schipani et al. 2001; Shapiro et al. 1997). All in all, the usual
consensus is that since growth plate cartilage is avascular, it is also at least partly
hypoxic and, furthermore, hypoxia is in fact advantageous for chondrocyte
development. Reflecting this consensus, a study by Amarilio and others (2007) showed
that limb bud development in HIF-1α-deficient mice was retarded and that these mice
displayed reduced cartilage formation. Reduced expression of Sox9, a key regulator of
chondrocyte differentiation, was detected in these mice, linking hypoxia to the
cartilage development process. As for articular cartilage, it has been detected to lack
blood supply and therefore its matrix chondrocytes have been shown to experience a
low ambient O2 tension of appr. 1-6% (Zhou et al. 2004). Moreover, previous studies
have shown that synovial fluid presents hypoxia with pO2 levels at 7-10% in normal
and diseased states (Lund-Olesen 1970). Some experiments have even shown that
cartilage may survive in an anoxic environment for several days (Grimshaw and Mason
2000), indicating that the supply of oxygen needed for chondrocyte function is
markedly lower than in most other cells.
It has become evident that O2 tension is very important in modulating chondrocyte
function. For instance, pO2 has marked effects on chondrocyte phenotype and the
expression of proinflammatory cytokines as well as type II collagen and aggrecan
synthesis (Cernanec et al. 2002; Murphy and Polak 2004). Hypoxia has been observed
to promote the differentiation of chondrocytes via a HIF-2α- and Sox9-dependent
mechanism (Lafont et al. 2008) and, on the contrary, normoxia of 21% pO2 may cause
chondrocyte dedifferentiation and even decreased cell survival in cartilage (Schneider
et al. 2007). Many in vitro experiments have shown that chondrocytes grow at
significantly lower oxygen levels than most other cell types, and one of the main
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causes for this is HIF. The HIF-1α knockout chondrocytes have been shown to be
unable to maintain ATP levels at hypoxic microenvironments, indicating a requirement
for this factor in chondrocyte metabolism (Pfander et al. 2003). Moreover, most pieces
of evidence indicate that glycolytic metabolism is the primary source of energy in
physiological conditions in chondrocytes, which further addresses the significance of
low oxygen levels in cartilage physiology ( Lee and Urban 1997; Marcus et al. 1973).
In addition, the synthesis of VEGF in chondrocytes is induced by hypoxia, and this
increase is lost in HIF-1β knockout cells (Pfander et al. 2003). An increasing number
of studies suggest that the effects of low oxygen tension on cartilage are also mediated
through ROS (Milner et al. 2007). Glycolytic metabolism prefered by chondrocytes
causes a continuous flux of ROS in cartilage and, importantly, ROS may primarily act
as physiological secondary messengers in chondrocytes. According to a hypothesis by
Gibson and colleagues (2008), ROS as secondary messengers may lead to the
activation of chondrocyte NHE that is involved in the transport of hydrogen and
sodium, resulting in alterations in the hydrostatic pressure of cartilage matrix and
cartilage matrix production by chondrocytes. According to these researchers, ROS may
even have a more important role in chondrocyte metabolism than hypoxia itself, since
they claim that oxygen would almost solely be needed in chondrocytes for ROS
production. Supporting the role of ROS in chondrocyte metabolism, synoviocytes have
in some studies been detected to release free radicals after cycles of anoxia/reoxygenation (Schneider et al. 2005). Intriguingly, TGFβ has been shown to cause a
pro-oxidative but not cytotoxic effect on articular cartilage by increasing ROS
formation in chondrocytes, whereas IGF-1 has presented a possible antioxidant
function in these cells (Jallali et al. 2007).
2.4.5 Significance of CA III in oxidative metabolism
Although mice lacking CA III are viable and fertile and have normal life spans (Kim et
al. 2004), it is evident that CA III has important functions in cell physiology. CA III is
especially abundant in type I oxidative muscle cells, whereas type II anaerobic muscle
cells do not contain significant amounts of it (Väänänen et al. 1985). Thus, due to its
localization in muscle cells, CA III has been linked with oxidative metabolism in the
muscle (Barreiro and Hussain 2010). Exhaustive physical exercise enhances the
production of free oxygen radicals due to hypoxia in muscle cells (Davies et al. 1982;
Jenkins 1988; for review, see Thomas et al. 1995), and CA III has two cysteine
residues which have been suggested to possess capacity for scavenging ROS. This
argument is based on the finding that if exposed to hypoxia, CA III is capable of
forming a disulfide link between glutathione and its two cysteine residues in Sglutathiolation (Chai et al. 1991). S-glutathiolation is one of the most important cellular
responses to oxidative stress, aiming at the inhibition of irreversible protein oxidation
(Cabiscol and Levine 1996). The hypothesis that CA III may be a ROS scavenger has
further been supported by a study by Zimmerman et al. (2004) who found that the
response of CA III to oxidative stress depends on the duration and severity of stress.
CA III sulfhydryl oxidation due to mild oxidative stress is reversible and partial,
whereas severe oxidative stress causes irreversible S-glutathiolation of both sulfhydryl
groups in CA III protein, reflecting protein oxidation. In line with these results,
Räisänen et al. (1999) showed that overexpression of CA III in NIH-3T3 cells may
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protect the cells against H2O2-induced apoptosis because of the resulting reduced
steady-state levels of intracellular ROS and increased cell proliferation rate. It has also
been suggested that CA III might have a role in the regulation of apoptosis, since a
study by Tang and others (2006) represented an upregulation of AKT and CA III
expression in cells where the Brain and Reproductive Organ Expressed gene, encoding
a conserved stress-modulating protein, was silenced by small interfering RNAs
(siRNAs).
Additionally, CA III has been implicated in fatty acid metabolism. It has been shown
that adipocyte cell lines express both CA II and CA III but only the amount of CA III is
increased by the administration of insulin (Lynch et al. 1993). Moreover, leptin, a
hormone secreted by adipose tissue, is capable of decreasing CA III expression (Alver
et al. 2004). This suggests that CA III is needed in the oxidative metabolism of
adipocytes. Interesting findings have also been made about the concentration of CA III
in livers of adult male rats (Carter et al. 2001). The expression of CA III in male livers
was approximately 30 times higher than in females and castration of male rats led to a
reduction in CA III concentrations that could be partially restored by testosterone
replacement. CA III expression in the liver has been detected to be predominantly
localized in the perivenous areas of the liver (Carter et al. 2001). Moreover, dietary use
of ethanol decreases CA III protein levels, linking the function of CA III to oxidative
stress also in liver tissue (Parkkila et al. 1999). Furthermore, recent findings indicate
that CA III levels in skeletal muscle cells of myasthenia gravis patients may be
insufficient (Du et al. 2009).
A previous study claims that CA III antibodies may be present in the sera of patients
with rheumatoid arthritis (RA), and that antigens for this antibody could be detected in
the synovial membrane (Robert-Pachot et al. 2007). However, these new
autoantibodies against CA III are not restricted to RA but are also found in other
autoimmune diseases, such as systemic lupus erythematosus. Thus, further studies are
needed to elucidate the significance of CA III antibodies in RA.
2.4.6 Metabolic bone disease in oxidative conditions
Coronary artery disease. Cardiovascular diseases have been associated with a number
of bone pathologies, including Paget´s disease and renal osteodystrophy (Laroche and
Delmotte 2005; Raggi et al. 2007; Schulz et al. 2004). The most consistent association,
nevertheless, was demonstrated between osteoporosis and atherosclerosis, and
particularly in relation to arterial mineralization (Hirose et al. 2003; Jorgensen et al.
2006; Magnus and Broussard 2005). Low bone mineral density has been shown to be
associated with previous myocardial infarction, carotid atherosclerosis, arterial
stiffness, and subsequent cardiovascular events (Hirose et al. 2003; Montalcini et al.
2004). This phenomenon may partly be explained by common risk factors of low bone
mineral density and coronary artery disease, such as age, genetic associations,
dyslipidemia, oxidative stress, inflammation, hyperhomocystinemia, hypertension,
diabetes mellitus, and smoking. Additionally, there are examples of proteins that are
important in regulating bone remodeling but that also have been implicated in
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atherosclerosis, including osteocalcin, OPG, RANKL, osteopontin and BMPs (Johnson
et al. 2006; Shao et al. 2006).
It has been speculated that coronary artery disease and osteoporosis may have a
common molecular origin. A recent study by Almeida and colleagues (2009) showed
that increased lipo-oxygenase-dependent lipid oxidation causes oxidative stress in
bone. This activates the FoxO family of transcription factors and, in turn, attenuates βcatenin/TCF-mediated transcription, leading to depression of the PPARγ gene
transcription (Almeida et al. 2009). The cascade ends with a decrease in Wnt signaling,
and since canonical Wnt signaling is necessary for osteoblast differentiation and
survival (for review, see Roblig and Turner 2009), coronary artery disease may lead to
decreased bone mineral density. This mechanism may partly explain the high incidence
of osteoporosis in these patients. Interesting suggestions have also been made about the
role of bone marrow stem cells, which can give rise to endothelial and vascular smooth
muscle cells (Caplice and Doyle 2005). Circulating osteoblast progenitor cells may
play a role in the calcification of blood vessels and heart valves, an active process
detected as a common complication of atherosclerosis (Abedin et al. 2004). In fact,
increasing evidence shows that a process similar to endochondral ossification may
occur in diseased heart valves, causing the calcification process (Caira et al. 2006).
Intriguingly, both BMP 4 and RANKL expressions have recently been connected with
calcification in vascular smooth muscle cell populations (Mikhaylova et al. 2007;
Panizo et al. 2009). Another interesting link of coronary artery disease to bone was
described by Matsubara and colleagues (2009) who found that patients with
cardiovascular disease have elevated blood OPG levels, which in turn is associated
with inflammation and oxidative stress. Furthermore, patients with high OPG presented
increased cardiovascular mortality. Therefore, it is clear that there is a close
relationship between atherosclerosis and bone, and the mechanisms underlying this
association appear to include the involvement of bone marrow-derived cells in the
repair and pathology of arteries, and oxidative stress.
A single missense mutation in LRP6, a coreceptor for the Wnt-signaling pathway, has
been genetically linked with diabetes and osteoporosis, as well as early coronary artery
disease, hyperlipidemia and hypertension (Mani et al. 2007). Hence, it is not surprising
that type 1 diabetes has previously been strongly associated with serious skeletal
disturbances, including decreased linear bone growth during pubertal growth (Ahmed
et al. 1998; Salerno et al. 1997), osteopenia and osteoporosis (Hampson et al. 1998;
Kemink et al. 2000), an increased risk of fragility fracture (Janghorbani et al. 2006)
and poor bone healing and regeneration following injury (Loder 1988). Analysis of
serum markers for bone remodeling in animals with type 1 diabetes suggests that bone
resorption is unaltered (Bonfanti et al. 1997; Kemink et al. 2000) or even decreased
(Gunczler et al. 1998). Thus, bone pathology in type 1 diabetes results from deficits in
bone formation that occur in both spontaneous and induced models of diabetes (Lu et
al. 2003; McCabe 2007; Thrailkill et al. 2005a). Several genes regulating
osteoblastogenesis and chondrogenesis, such as Runx2, are downregulated due to
diabetes (Fowlkes et al. 2007). Interestingly, systemic insulin administration markedly
improves bone formation in diabetic animals (Thrailkill et al. 2005b), and even local
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delivery of insulin to a fracture site has been suggested to stimulate bone regeneration
in diabetes (Thrailkill et al. 2005b). Recent studies in this area indicate that ROS may
play an important role in the initiation of both diabetes and osteoporosis, and activation
of the FoxO pathway and antagonism of Wnt signaling seem to be the common
molecular factors in both conditions (for review, see Manolagas 2010). However,
although it is already known that there exists a correlation between increased fracture
risk and type 2 diabetes, the influence of oxidative stress on this relationship is not
currently known.
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3 AIMS OF THE STUDY
Regulation of oxidative metabolism and acid-base balance in calcified tissues are fairly
unknown subjects even though diseases in calcified tissues can be directly associated
with changes in these systems. Therefore, we explored the role of carbonic anhydrases
and bicarbonate transport proteins in bone resorbing human and murine osteoclasts.
We also studied oxidative metabolism at the murine cartilage-bone interface where
calcification occurs.
Thus, the specific aims of this study were to:
- Identify and localize possible bicarbonate transport metabolon proteins in osteoclasts,
including membrane-bound CA isoenzymes IV, IX, XII and XIV and an electroneutral
sodium-dependent bicarbonate co-transport protein NBCn1;
- Assess the significance of CA IV and CA XIV as well as NBCn1 in bone resorption
by osteoclasts in vitro;
- Evaluate the physiological role of CA III in chondrocyte metabolism at the murine
bone-cartilage interface.

Materials and Methods
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4 MATERIALS AND METHODS
4.1 Immunohistochemistry (I-III)
4.1.1 Preparing rat bones for immunohistochemistry (I-II)
Perfusion fixation of rat bones was used to allow antigen preservation and excellent
tissue morphology. Three-day-old rat pups were heparinized to avoid clotting and then
anesthetized according to routine procedures. A cannula was inserted to the left
ventricle for vascular delivery of the fixative and a cut was made in the right atrium.
PBS (phosphate-buffered saline) was first injected through the cannula with a
peristaltic pump (1 ml/min), following a vasodilator flush with 0.2% ethyl acetimidate
in PBS. After this, 4% paraformaldehyde – 0.25% sucrose in 0.2 M phosphate buffer,
pH 7.2) was injected for 5-12 minutes at 1.5 ml/min. Immediately after perfusion,
femori, tibiae and humeri were dissected and immersion fixed in paraformaldehyde
overnight. Bone samples were washed in PBS for 30 min and decalcified in 14%
EDTA (pH 7.2). The bones were finally embedded in paraffin and cut into three- or
five-μm sections with a microtome.
4.1.2 Dissection of embryonal mouse cartilage (III)
Female non-transgenic C57b1 x DBA Del 1 mice were used in study III. The gender of
the animals was determined at embryonal stage by amplifying the Sex-Determining
Region Y (primers: 1) agtgttcagccctacagc, 2) gagtacaggtgtgcagct). Mouse knee joints
were dissected under microscope to obtain epiphyseal cartilage from embryonal days E
16.5, E 18.5, E 20.5, and postpartum days D 0 and D 20, as well as 2 and 6 months
after birth. For histology, the samples comprising the entire knee joints were dissected
at the levels of femoral and tibial growth plates, fixed, mounted and cut with a
microtome into three- or five-μm sections. For RNA isolation and subsequent qPCR,
only epiphyseal cartilage was collected under a microscope.
4.1.3 Antibodies (I-III)
Polyclonal rabbit anti-CA IV and anti-CA XII antibodies have been characterized and
described previously (Tureci et al. 1998; Zhu and Sly 1990). Also the monoclonal antiCA IX antibody was characterized before (Pastorekova et al. 1997). The polyclonal
anti-CA XIV antibody (Parkkila et al. 2002) and polyclonal anti-NBCn1 antibody
(Vorum et al. 2000), as well as the in-house polyclonal antibodies against TRAcP
(Alatalo et al. 2000) and CA III (Räisänen et al. 1999) were used as described before.
4.1.4 Immunohistochemical analysis of rat and mouse bones (I-III)
Immunostaining procedures were performed according to the following protocol:
Rehydrated bone specimens were permeabilized with ficin solution or hyaluronidase
solution (both from Zymed), and non-specific antibody reactions were blocked with
3% bovine serum albumin (BSA). Endogenous peroxidase activity was blocked with
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3% H2O2 treatment, and endogenous biotin binding sites were blocked with an AvidinBiotin blocking kit, as suggested by the vendor (Vector Laboratories). CA IV, CA XII
and CA XIV antibodies were used at 1:3000 dilutions, CA IX was diluted 1:10, and the
CA III antibody was used at 1:2000 dilution. NBCn1 antibody was used at 1:300
dilution. After an overnight incubation at +4°C, bone specimens were rinsed with PBS,
and streptavidin-conjugated, species-specific secondary antibodies were added (Vector
Laboratories, diluted 1:300 in 0.5% BSA), followed by detection with ABC and DAB
reactions (Standard ABC Elite and Peroxidase Substrate Kits, Vector Laboratories).
Nuclei were visualized by methyl green counterstaining (Vector Laboratories) and
samples were mounted in Histomount.

4.2 Cell and tissue culture methods (I-II)
4.2.1 Rat osteoclast cultures (I-II, unpublished)
Osteoclasts were mechanically harvested from newborn rat long bones and cultured on
bovine cortical bone slices as described before (Lakkakorpi et al. 1989). After 30 min,
unattached cells were rinsed away and cells were cultured in α-MEM pH 7.0
containing 20 mM HEPES, 100 IU/ml penicillin, 100 μg/ml streptomycin and 10%
heat-inactivated fetal calf serum (Invitrogen). The culture atmosphere consisted of 5%
CO2/ 95% air at 37°C. For osteoclast activation experiments, human RANKL
(Peprotech) was added into the culture media to a final 20 ng/ml concentration after an
incubation period for cell attachment. For experiments studying rat osteoclast NBCn1
mRNA expression in different extracellular pH conditions, pH of the culture media
was set to 6.6 or 6.8 with hydrochloric acid or to 7.6 with sodium hydroxide
immediately before culturing. The cells were then divided into three groups: exposure
to normal (pH 7.2), alkaline (pH 7.6) or acidic (pH 6.6 or 6.8) culture medium. After 4,
24 or 48 hours, cultures were either stopped by fixing the cells with 3%
paraformaldehyde - 2% sucrose or, in case of RNA extraction, bone slices were
transferred into an RNA extraction buffer.
4.2.2 Human osteoclast cultures (I-II)
The study protocol and use of human material were approved by the Ethics Committee
of the Hospital District of Southwest Finland (Turku, Finland). Venous blood samples
were drawn from healthy adult male volunteers into heparin tubes (Venoject, Terumo)
and CD14-positive cells were isolated as described before (Husheem et al. 2005). A
total of 106 CD14+ cells were cultured either on glass coverslips or on bovine cortical
bone slices for 3 or 7 days. Cells were cultured in α-MEM (pH 7.0) supplemented with
20 mM HEPES, 100 IU/ml penicillin, 100 μg/ml streptomycin and 10% heatinactivated fetal calf serum (Invitrogen). To induce osteoclast formation, 20 ng/ml of
soluble human RANKL (Peprotech) and 10 ng/ml of human M-CSF (R&D Systems)
were added to the culture medium. At the desired time points, samples were either
fixed in 3% paraformaldehyde or transferred into RNA extraction buffer (GenElute
Mammalian total RNA isolation kit, Sigma Chemical Co). As for human osteoclast
studies in article I, human osteoclast precursor cells were purchased from Lonza and
cultured for 7 days in the presence of M-CSF, RANKL and TGF-β1 as suggested by
the vendor.
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4.2.3 Human osteoblast cultures (II)
Human mesenchymal stem cells were purchased from Lonza, and osteogenic induction
was carried out according to the manufacturer´s instructions. All inductions were
performed on 48-well plastic plates in 0.5 ml of culture medium (Lonza). A total of 20
000 cells were added to each well and the cells were cultured for 24 hours in the
presence of 5μg/ml of polybrene to prepare the cells for lentiviral transfection. The
cells were transduced with lentiviral particles as described below, and osteoblast
differentiation was allowed to continue for 4 or 8 days. For end-point assays on days 4
and 8, cells used for histological evaluation were fixed in 3% paraformaldehyde, and
cells used for ALP activity measurements were lysed in 50 mM Tris-HCl (pH 7.6),
0.1% Triton X-100, 0.9% NaCl. ALP activity measurements were performed as
described before (Heino et al. 2004), and another set of fixed cells was stained for ALP
(Leukocyte alkaline phosphatase kit, Sigma Aldrich) prior to microscopical evaluation.
4.2.4. Fetal mouse metacarpal cultures (III)
To study CA III expression in embryonal cartilage, fetal mouse metacarpi were
cultured in vitro as described before (Laitala-Leinonen et al. 1999). Embryos were
collected at the age of e15.5, when hypertrophic chondrocytes are not yet present in the
cartilage anlage. Metacarpals were isolated by microdissection and cultured for 7 days
in α-MEM supplemented with 100 IU/ml penicillin, 100 μg/ml streptomycin and 0.1%
BSA (Invitrogen) under either normoxia, hyperoxia (pO2 30%) or hypoxia (pO2 2%).
Samples were then fixed in 4% neutral formalin and decalcified in formic acid.
Decalcified samples were embedded in paraffin, serial sections were cut using a
microtome and Hematoxylin-Eosin (HE) staining was performed for morphological
analysis. Alternatively, total RNA was extracted from the metacarpals after 7 days of
culturing and used for PCR as described below.

4.3 Cytochemistry, microscopy and shRNA experiments
4.3.1 Immunocytochemistry, cytochemistry and microscopy (I-III)
Before staining, fixed cells were permeabilized with 0.5% Triton-X 100 for 4 minutes.
Cells were then histochemically stained for TRAcP (Leucocyte acid phosphatase
staining kit, Sigma Aldrich). Alternatively, cells were stained for cathepsin K using a
monoclonal antibody (Acris) or for NBCn1 using polyclonal NBCn1 antibodies
described before. ER and Golgi markers calnexin (Abcam) and AlexaFluor488 HPA
(Helix pomatia agglutinin, Invitrogen) were used for article II together with NBCn1
antibodies. Rhodamine-labeled secondary antibodies were purchased from Jackson
Immunochemicals. For actin ring visualization, fixed cells were incubated for 20 min
in AlexaFluor488- or 568Phalloidin (Invitrogen). For detection of nuclei, Hoechst or
DAPI (both from Invitrogen) was used as a counterstain and samples were mounted in
either Vectashield (Vector Laboratories) or the Prolong Gold Anti-Fade Reagent
(Invitrogen). The number of osteoclasts was counted under a fluorescence microscope.
Cells with at least 3 or more nuclei and actin rings were regarded as osteoclasts in our
studies. In article II, TRAcP- or cathepsin K-positive cells with nuclei counts of 3 or
more were regarded as osteoclasts. Rhodamine-conjugated WGA lectin (Whear Germ
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Agglutinin, Sigma Aldrich) was used to visualize resorption pits in osteoclast cultures
as described before (Selander et al. 1994).
Confocal microscopy was performed with a Leica TCS-SP confocal laser scanning
microscope equipped with an Argon-Krypton laser and LCS Leica Confocal Software
version 2.0 (Leica Microsystems GmbH). Alternatively, samples were analyzed using a
Leica DM IRB inverted microscope equipped with a CSU-10 laser confocal scanning
unit (Yokokawa, Tokyo), an Argon-Krypton laser (Melles Griot) and a CoolSNAP HQ
camera (Photometrics). Fluorescent images were acquired by using Metamorph
software (Molecular Devices Corporation).
4.3.2 Lentiviral NBCn1 shRNA transduction (II)
Transduction-ready lentiviral particles containing a pool of three SLC4A7-specific
shRNAs were purchased from Santa Cruz Biotechnology, Inc. For control
transductions, negative scrambled shRNA–containing lentiviral particles were
purchased and used. Another non-transduced control was included in all assays to
evaluate possible toxicity of the lentiviral particles. For NBCn1 shRNA transductions,
a total of 20 000 human CD14+ cells were seeded onto bovine cortical bone slices in
24 well plates, and the cells were cultured in 1 ml of culture media containing RANKL
and M-CSF for 6 days. To improve transduction efficiency, 5 μg/ml of polybrene
(Millipore) was added to the culture medium 24 h before transduction. Lentiviral
particles were diluted in fresh cell type-specific differentiation medium containing 5
μg/ml of polybrene. The culture medium on the 24-well plates was replaced with 200
μl of shRNA lentivirus dilution, and cells were further cultured for 2-8 days. Cell
viability was monitored microscopically after Hoechst staining and by using the Cell
Titer Blue assay (Promega). Intracellular acidification was studied by acridine orange
incorporation studies as described before (Palokangas et al. 1997). Bone resorption
activity in these samples was evaluated by measuring the release of C-terminal
fragments of type I collagen from the culture medium by Serum Crosslaps ELISA
(IDS).

4.4 RNA extraction and polymerase chain reaction methods (I-III)
4.4.1 RNA extraction and quantitative/real-time PCR (I-II)
After culturing rat osteoclasts on bone slices for the necessary time periods, RNA was
extracted from the mixed cell population using GenElute mammalian total RNA kit
(Sigma, USA), and genomic DNA was removed with RNase-free DNAse1 (Ambion,
USA) (I-II). Alternatively, Trizol reagent (Invitrogen) was used for RNA extraction
according to the manufacturer´s suggestions (unpublished). RT-PCR reagents were
purchased from Finnzymes (Finland) (I) or Promega (USA) (unpublished). Rat CAspecific PCR primers were designed using the following Biology Workbench Primer3
program (http://workbench.sdsc.edu/) being as follows: CA IV forward TGG TTG
AGG TGG GAA ACG-3´and reverse 5´-TGA GCC CTG GTA ACG GAA´. CA IX
forward ACC TCA GTA CTG CTT T-3´and reverse TTC CAA ATG GGA CAG
CAA. CA XII forward TTG AAC CTA ACC AAT GAT GGC and reverse GAA CAG
CAA GGA CAG CGA G (I). Since the rat CA XIV gene sequence was not available
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during our studies, CA XIV primers were designed by comparing human and mouse
CA XIV mRNA sequences and using conserved regions of the sequence in primer
design, the outcome being as follows: CA XIV forward TCA ACA GTG AG CCA C
and reverse TGT GAG TGA GCC GTT GTA GC (I). The total RNA extracted from a
2-day old rat kidney was used as a positive control (I, unpublished).
In study I, ten nanograms of total RNA was used as templates for reverse transcription
at +42°C for 50 min, followed by denaturation at +94°C for 2 minutes. The PCR
cycling protocol comprised 31 cycles of denaturation at +94°C for 30 sec, annealing at
primer-specific temperatures (+56°C for CA IV; +48°C for CA IX; +60°C for CA XII
and +56°C for CA XIV) for 30 sec and extension at +72°C for 60 sec. To evaluate the
differences in expression levels between CA XIV and GAPDH, samples were removed
from the PCR machine after 15, 20, 25 and 30 cycles for further analysis in 3% agarose
gels.
In study II, quantitative RT-PCR was performed as described before (Hu et al. 2005)
using the Opticon DNA Engine (MJ Research, USA) and DyNAmo SYBR Green 2step qRT-PCR system (Finnzymes, Finland). A 66nt long sequence of human NBCn1
(SLC4A7) was amplified using primers ACC CTC ACT TG CTT GAA AGG (forward)
and GAC CTG TTC GCA AAG AGT GG (reverse). GAPDH was amplified as the
housekeeping gene (Hu et al. 2005). NBCn1 fluorescence was normalized with the
GAPDH reference gene fluorescence, and fold change in NBCn1 gene expression was
calculated using the 2-ΔΔCT method (Livak and Schmittgen 2001).
In unpublished RT-PCR experiments measuring NBCn1 mRNA changes in rat
osteoclasts after exposure to anoxia or after alterations in extracellular pH, the NBCn1,
NHE 1 and CA II primers were used as follows: NBCn1 forward GCA TTT GTG
AGA CTG GCT CCT GCA GTT CTC and reverse TCC TAA GTG AAA GAG TTT
CTC CAA GGC TTC (Choi et al. 2000). NHE 1 forward CCT TTC TGG GGT TTA
CAC GGG AGG GAC TGT3 and reverse GTG GAG CTC TGA CTG GCA GGG
AAG ATT (Lee et al. 1998). CA II forward TGT GCA GCA CCC AGA TGG and
reverse CAG TTC TTC AGC CTC CCC (Hermo et al. 2005). GAPDH housekeeping
gene primers were used as a control as described before (Hu et al. 2005). The PCR
protocol was as following: two to four nanograms of total RNA was used as template
for reverse transcription at 45°C for 45 min, followed by denaturation at 94°C for 2
min. The PCR cycling protocol comprised 35 cycles of denaturation at 94°C for 30 s,
annealing at primer-specific temperatures (62°C for electroneutral NBCn1, 62°C for
GAPDH, 60°C for CA II and 71°C for NHE1) for 1 min, and extension at 68°C for 2
min. Final extension was performed for 7 minutes at 68°C. Amplification products
were size-fractionated in 2.5% agarose gels and visualized with ethidium bromide.
Each PCR was repeated at least three times and samples were analyzed
densitometrically. The relative expression of NBCn1 mRNA was counted by dividing
the relative optical density of the specific product by GAPDH intensity in the same
sample.
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4.4.2 RNA extraction from cartilage and real-time PCR (III)
In study III, cDNA synthesis, Affymetrix cDNA microarray analysis and qPCR were
performed at the Finnish Microarray and Sequencing Centre (Turku Centre for
Biotechnology, Finland). Total RNA was extracted from the metacarpus cultures after
7 days of culturing, and from the embryonal mouse knee epiphyseal cartilage on days
e18.5, e20.5 and 5 days and 1 month after birth, and from femoral muscle on day 5
after birth, by using a modification of the guanidium isothiocyanate method (Chirgwin
et al. 1979). The samples comprising the entire knee joints were microdissected at the
levels of femoral and tibial growth plates. Before extraction, skin and muscle tissues
were carefully removed from the knee joints. (Säämänen et al. 2007). Dissected tissues
were pulverized under liquid nitrogen prior to RNA extraction. After extraction, 1 μg
of total RNA was treated with RQ1 RNAse-free Dnase (Promega) to remove genomic
DNA. The first strand cDNA was synthesized with the M-MLV Reverse Transcriptase
RNase H Minus product according to the manufacturer´s instructions using oligo
(dT)15 primer (all from Promega). Real-time PCR was performed with the ABI
PRISM 7900HT Sequence Detection system (Applied Biosystems). Total reaction
volume was 10 μl, containing 2 × ABsolute QPCR ROX Mix (ABgene), 2 ng/μl of
cDNA, sense and antisense primers in 400 nM concentration (for CA III, forward: 5´AGGTGACCATGGCTAAGGAG-3´
and
reverse:
5´-TTCATGCCAGTGA
TCAGGAC-3´; for GAPDH forward: 5´-TGCACCACCAACTGCTTAG-3´ and
reverse: 5´-GGATGCAGGGATGATGTTC-3´), and Universal ProbeLibrary Probe
(#17 for CA III 5´-CAGCCACA-3´ and 5´-CAGAAGACTGT GGATGGCCCCTC-3´
for the housekeeping gene GAPDH; Roche Applied Science) at 100 nM concentration.
Muscle mRNA samples obtained on day d5 after birth were used as a control. CA III
expression was normalized using GADPH as an internal standard. A relative CA III
expression value for each sample was calculated with the 2-ΔΔCt method (Livak and
Schmittgen 2001). All qPCR analyses were performed twice for verification of the
Affymetrix cDNA microarray data.

4.5 Carbonic anhydrase inhibitor studies (I)
4.5.1 Effects of PCS on primary rat osteoclast cultures (I)
To examine the effects of CA inhibition, primary rat osteoclasts were cultured in the
presence of 1 μM or 10 μM acetazolamide or in the presence of 1 μM, 10 μM or 100
μM membrane-impermeable carbonic anhydrase inhibitor PCS. PCS is a potent CA
inhibitor for both cytosolic and membrane-bound CAs and it is membrane-impermeant
due to its permanent positive charge at the pyridinium ring, which interferes with its
crossing of biological lipid membranes (Casey et al. 2004). Acetazolamide also shows
very good inhibitory activity against cytosolic and membrane-associated CAs.
Inhibitors were added to the culture medium at the beginning of the culture after the
attachment period of osteoclasts on bone slices. Addition of PCS or acetazolamide to
cell culture medium did not affect the pH of the culture media. After 48 hours, cells
were fixed in 3% paraformaldehyde - 2% sucrose, and Phalloidin and Hoechst
stainings were performed as described above. Samples were examined with a
fluorescence microscope and the numbers of osteoclasts and actin rings were counted.
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After this, cells were removed from the bone slices and WGA-lectin staining was
performed to visualize resorption pits as described before (Selander et al. 1994).
4.5.2 Cell viability after PCS treatment (I)
In order to evaluate the possible effects of PCS and acetazolamide on cell viability,
primary rat osteoclasts were plated on 96 well plates. Unattached cells were rinsed
away after a 45-min attachment period and 1 μM, 10 μM or 100 μM PCS or 10 μM
acetazolamide was added. For system validation, 0.25% sodium azide was added to
some wells. After 48 h, Live/Dead viability assay (Molecular Probes Invitrogen, USA)
was used to evaluate the amounts of live and dead cells. Dead-to-live cell ratio was
determined by dividing the fluorescence obtained from Ethidium homodimer
measurement (indicates dead cells) by the fluorescence obtained from Calcein AM
measurement (indicates live cells). Measurements from 2 separate experiments with 3
replicas each were performed, and relative dead-to-live cell ratio in PCS-,
acetazolamide- or sodium azide-treated samples were calculated as percentage of the
dead-to-live cell ratio observed in the baseline samples.
4.5.3 Detection of intracellular pH after PCS treatment (I)
Intracellular acidification in rat osteoclasts was studied by staining live cells with
acridine orange (Hu et al. 2005). Primary rat osteoclasts were cultured for 48 hours in
several concentrations of acetazolamide or PCS. Live cells were then incubated in 5
μM acridine orange (Sigma, USA) for 15 min, after which samples were quickly rinsed
with fresh medium. Cells were immediately viewed under a fluorescence microscope
and the amount of intracellular acidification was evaluated.
4.5.4 Exposure of rat osteoclasts to vitamin D and CA inhibitors (unpublished)
Primary rat osteoclasts were harvested and cultured as described above. After the cell
attachment period, the cultures were incubated in a standard culture media with 1 µM,
10 µM or 100 μM PCS or 10 μM acetazolamide. Moreover, vitamin D (1,25(OH)2D3)
was added into the cultures in the final 10-8 M concentration. After 2 days of culturing,
the samples were fixed and the cells were stained for Phalloidin and Hoechst as
described above. The samples were viewed under microscope and the number of actin
rings was counted.

4.6 Hypoxic and anoxic experiments (II, III)
4.6.1 Rat osteoclasts as subjects to hypoxia (unpublished)
Primary rat osteoclast cultures were prepared as described above. After a 30-minute
attachment period to bone surface in normal culture conditions, the cells were
incubated in standard culture media with 1 µM, 10 µM or 100 μM PCS or 10 μM
acetazolamide. Some of the cultures were transferred to a hypoxic chamber, whereas a
part of the cultures remained in normal conditions for control. For hypoxic cultures, an
environment with 1% oxygen, 5% CO2 and 94% N2, +37°C, was maintained during 3
days of culture, whereafter cells were fixed inside the hypoxic chamber to avoid redox
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reactions. The cells were stained with Phalloidin and Hoechst and visualized in order to
count the numbers of multinuclear cells and actin rings. Moreover, hypoxic and
normoxic cultures were stained for TRACP and positive cells were counted under a
microscope. In addition, a TRACP immunoassay was performed as described earlier
(Alatalo et al. 2000): TRACP antiserum was added onto anti-rabbit IgG-coated
microtiter plates (EG & G Wallac) for 1 h. Cell culture media (200 µL) from each
sample group were incubated in the wells for 1 h, and bound enzyme activity was
detected using 8 mmol/L 4-nitrophenyl phosphate as substrate in 0.1 mol/L sodium
acetate buffer for 2 h at 37°C. The enzyme reactions were terminated by adding 25 µL
of 0.32 mol/L NaOH to the wells, and the absorbance at 405 nm (A405) was measured
with a model 2 Victor instrument (EG & G Wallac).
4.6.2 Rat osteoclasts as subjects to anoxia (unpublished)
Primary rat osteoclasts were harvested and pre-cultured on bovine bone slices in
normoxia for 24 hours as described above. An anoxic incubator (anaerobic system
model 1024, Forma Scientific; 10% H2, 5% CO2 and 85% N2, 37°C) was used to study
changes in NBCn1 mRNA expression after exposing the cells to anoxia for 5 min or 20
min. Trizol reagent and paraformaldehyde solution were balanced on ice in the anoxic
incubator before use, and the RNA extraction as well as cell fixation procedures were
initiated inside the chamber to avoid redox reactions.
4.6.3 Detection of ROS in cartilage samples (III)
Long bones of mouse embryos were dissected and immediately embedded in liquid
nitrogen to snap-freeze the samples. The samples were cut into 5-micrometer sections
with a cryotome and stored at -20°C before use. Carboxy-H2DCFDA (5-(and-6)carboxy-2',7'-dichlorodihydrofluorescein diacetate) was purchased from Molecular
Probes, USA, and prepared according to the manufacturer´s instructions. Immediately
before use, Carboxy-H2DCFDA was diluted with a phosphate buffer (pH 7.0) down to
a 50 µM concentration. Hoechst nuclear stain was added into the solution for 1:600
final concentration. Samples were incubated in the solution for 30 min at +37°C in the
dark. After washing, immersion fixation of the samples was performed in 3%
paraformaldehyde. The samples were mounted in Vectashield and visualized
immediately.
4.6.4 Oxidative challenge in fetal mouse metacarpal cultures (III)
To provoke possible changes in CA III expression, metacarpal cartilage anlage isolated
from e16 mouse embryos were cultured at hypoxia (1% O2), normoxia or hyperoxia
(30% O2) for 6 days as described before. Fixatives were allowed to reach equilibrium
at the desired oxygen level before adding them to the samples, and samples were
removed from the hypoxia or hyperoxia chambers only after fixation. Fixed samples
were embedded in paraffin and sectioned for subsequent immunohistochemistry using
a microtome.
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4.7 In vivo analysis (II)
4.7.1 An experimental animal model of systemic metabolic acidosis
Seven-week-old Sprague-Dawley rats (200-250 g) were assigned randomly to either
control group or NH4Cl-treated group. To examine the effects of chronic metabolic
acidosis on osteoclast NBCn1 protein expression, the rats were treated orally with
0.28 M NH4Cl in the drinking tap water for 2 weeks ad libitum (n = 5). Control rats
received tap water ad libitum (n = 5) and all rats had free access to standard rodent
food. During the last two days of the experiment, the rats were kept in metabolic cages
to collect urine on each morning. The pH of urine collected for the last 24 h before
termination of the experiment was measured with a PHM83 pH meter (Radiometer,
Copenhagen, Denmark), and urine osmolality was measured with an automatic
cryoscopic osmometer (Omomat 030, Gonotech, Berlin, Germany). Venous blood was
drawn in gas-tight syringes from the inferior vena cava. Blood was centrifuged for
15 min at 4000 g to remove blood cells, and the plasma was analyzed for sodium,
potassium, blood urea nitrogen (BUN) and creatinine with a Vitros 950 (Johnson
& Johnson, Table 1, II).

4.8 Promoter analysis
4.8.1 Promoter analysis of NBCn1 (SLC4A7)(unpublished)
To gain more insight into the physiological role of NBCn1 in resorbing osteoclasts,
potential transcriptional regulators were studied by in silico promoter analysis
(unpublished). Since annotation of the true 5' end of many genes is still uncertain, we
used a CAGE tag database (Kawaji et al. 2006) to locate transcription start sites (TSSs)
in mouse and human SLC4A7, the gene encoding NBCn1. The UCSC genome browser
was used to view highly conserved regulatory regions (Karolchik et al. 2003) in the
close vicinity of SLC4A7. 1.5kb sequences neighboring human (genome version
hg_18) and mouse (genome version mm_8) SLC4A7 potential TSS were retrieved from
USCS sequence database. To predict transcription factor binding sites (TFBSs), we
employed Conreal (Berezikov et al. 2006) with high quality matrices from
TRANSFAC professional 9.4 (Matys et al. 2003, Wingender et al. 1997). Ingenuity
Pathways Analysis version 5.0 (Ingenuity® Systems, www.ingenuity.com) was used to
study the interactions of TFs with binding sites in the SLC4A7 promoter region. The
TFs were overlaid onto a global molecular network developed from information
contained in the Ingenuity Pathways Knowledge Base, and networks were then
algorithmically generated based on their connectivity. Fischer’s exact test was used to
calculate a p-value determining the probability that the association between the genes
in the interaction pathway is explained by chance alone. Graphical representations of
the molecular relationships between genes / gene products were also produced. Genes /
gene products were represented as nodes, and the biological relationship between two
nodes was represented as an edge (line). All edges are supported by at least 1 reference
from the literature. Nodes were displayed using various shapes that represent the
functional class of the gene product. This analysis was carried out by Anne Seppänen,
MSc.
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4.9 Statistical analysis (I-III)
All values are presented as means ± standard deviation. Data were analyzed by
unpaired t-test between the two groups or by one-way analysis of variance (ANOVA)
followed by multiple comparisons test when the number of study groups was more
than two. Multiple comparisons tests were only applied when a significant difference
was determined in the ANOVA, P<0.05. P values < 0.05 were considered significant.
In article III, the mRNA sample groups consisted of epiphyseal cartilage samples from
embryonal days E18.5 (n=3), E20.5 (n=4), and epiphyseal cartilage samples from
postnatal days D5 (n=4), and D30 (n=2) after birth. In addition, muscle mRNA
samples (n=4) obtained on D5 were used as a control.
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5 RESULTS
5.1 Membrane-bound carbonic anhydrases in rat osteoclasts (I)
5.1.1 Expression of membrane-bound CAs in bone
To define the expression of membrane-bound carbonic anhydrase isoenzymes CA IV,
CA IX, CA XII and CA XIV in rat bone, we performed immunohistochemical
stainings on 3-day-old rat bone specimens. Our results showed that weak CA IV
staining was observable in a small population of bone marrow cells, in cells lining the
bone trabeculae, and in hypertrophic cartilage chondrocytes, while osteoclasts
remained negative for CA IV (I, Fig. 2 b). CA IX staining of bone was mostly
negative, with some faint staining present only in a population of bone marrow cells
and more intense staining in the hypertrophic cartilage (I, Fig. 2 c). In turn, CA XII
staining was quite intense, since many bone marrow cells, most of the bone lining cells
and chondrocytes were stained with the CA XII antibody (I, Fig. 2 d). Positively
stained tissue macrophages were also detectable in bone marrow, but osteoclasts
remained negative. CA XIV staining in bone was very intense, with multiple CA XIVpositive bone marrow cells (I, Fig. 2 e-f). Osteoclasts showed an intense positive CA
XIV reaction on their basolateral plasma membrane and, to a lesser extent, in their
cytoplasm. In the positively stained mononuclear bone marrow cells, both nuclei and
plasma membranes were stained with the CA XIV antibody. Moreover, both
proliferative chondrocytes and hypertrophic chondrocytes expressed CA XIV. Thus,
we concluded that CA XIV was the only membrane-bound carbonic anhydrase
expressed at protein level in rat osteoclasts.
We also used confocal microscopy to define the subcellular localization membranebound CA isoenzymes in human osteoclasts, and observed a distinct plasma membrane
staining for both CA IV and CA XIV in non-permeabilized human osteoclasts. In
permeabilized cells, some punctuate CA IV staining was visible inside the osteoclasts
near to the sealing zone (I, Fig. 3). Moreover, strong staining in perinuclear vesicles
was observed with the CA XIV antibody in permeabilized cells (I, Fig. 3). This
positive reaction was specifically located in the uptake zone of osteoclastic degradation
products.
Finally, we performed RT-PCR on RNA extracted from 2-day old primary rat
osteoclast cultures to confirm the expression of CA isoenzymes in these cells (I, Fig.
4). GAPDH was used as a housekeeping gene control in this experiment. We detected
CA IV and CA XII and CA XIV mRNA in cultured rat osteoclasts, but CA IX mRNA
expression was not observable. GAPDH mRNA expression significantly exceeded CA
XIV mRNA expression in the primary rat osteoclast cultures, however.
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5.1.2 Effects of membrane-bound CA inhibition on osteoclasts
After detecting the expression of several membrane-bound carbonic anhydrase
isoenzymes in rat osteoclasts, we wanted to explore the significance of these enzymes
in bone resorption. Therefore, we used a membrane-impermeable sulfonamide CA
inhibitor PCS in our experiments. We cultured primary rat osteoclasts in the presence
of PCS or acetazolamide, a soluble CA inhibitor, for two days, and monitored possible
changes in cell and nuclear morphology after the treatment.
We observed several changes in osteoclast morphology and function due to the
inhibition of membrane-bound carbonic anhydrases. Our control cultures refering to
acetazolamide-treated cultures and cultures with baseline culture media, displayed no
major differences as regards osteoclast and actin ring numbers. However, PCS-treated
cultures showed remarkable changes: there was an increase in the numbers of
osteoclasts and actin rings in cultures treated with 1 µM PCS compared to other
cultures (I, Fig. 5). In contrast, a dose-dependent decline in osteoclast survival was
seen due to 10 and 100 µM PCS treatment, and the number of multinuclear osteoclasts
was significantly lower in cultures containing these amounts of PCS as compared to
the baseline (I, Fig. 5). Furthermore, the number of actin rings after exposure to 10 and
100 µM PCS was lower than the number of actin rings in baseline cultures. Thus, we
drew the conclusion that PCS has a dose-dependent effect on osteoclast survival and
function, and possible toxic effects due to higher levels of PCS lead to osteoclast
apoptosis and loss of attachment to bone, reflected by disturbed actin rings (I, Fig. 6).
In addition to monitoring actin rings, we used phase contrast microscopy to visualize
the actual resorption capacity of PCS-treated osteoclasts. We saw that cells with
disrupted actin rings were often located on a resorption lacuna, suggesting that the
initiation of the bone resorption process in these cells had been normal. However, as
we visualized the resorption pits with WGA lectin attaching to the proteoglycans in the
resorption lacuna, we saw a significant decrease in the total number of resorption pits
in cultures subjected to PCS treatment (I, Fig. 7). Interestingly, long-term treatment
with acetazolamide did not have such a deleterious effect on bone resorption.
In addition, we used acridine orange to detect the state of intracellular acidification in
rat osteoclasts after membrane-bound carbonic anhydrase inhibition. In this
experiment, we observed that actively resorbing osteoclasts were near neutral with only
a few acidic vesicles scattered within the cytoplasm (I, Fig. 9), since these cells had
already secreted most of their acidic vesicles into the resorption lacuna. In contrast,
osteoclasts cultured in the presence of acetazolamide showed numerous acidic vesicles.
The effect of PCS depended on inhibitor concentration. When osteoclasts treated with
100 µM PCS were studied, an intense acidic vesicle staining was seen in the cytoplasm
(I, Fig. 9). The accumulation of acidic vesicles gradually diminished in samples treated
with 10 µM and 1 µM PCS, so that osteoclasts cultured in 1 µM PCS contained only
few acidic vesicles close to their cell membrane. This observation is interesting as it
appears that intracellular lysosomal acidification, essential to bone resorption,
remained functional in both PCS- and acetazolamide-treated cells but the treated cells
were not able to extrude the vesicles.
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We decided to study the net effect of PCS on cell viability in primary osteoclast
cultures. Thus, we performed Live/Dead stainings on rat osteoclast cultures exposed to
PCS. We were able to observe a very high ratio of cell death in cultures treated with
100 μM PCS and, thus, we confirmed that high concentrations of membraneimpermeable CA inhibitor were able to launch either cell apoptosis or necrosis in our
cultures (I, Fig. 8). On the other hand, 10 μM PCS enhanced the cell survival in
comparison with baseline cultures, and cultures treated with 1 µM PCS showed no
change in cell viability in comparison with baseline cultures.
After having monitored the dose-dependent impact of PCS on osteoclast survival and
function, we studied the effects of vitamin D on rat osteoclasts in PCS- and
acetazolamide-treated rat osteoclasts, expecting a possible positive influence on the
osteoclast survival rate due to this treatment (unpublished). In this experiment we
observed a dose-dependent reduction in actin ring numbers due to exposure to PCS, the
lowest actin ring number thus being observed with 100 µM PCS, but this decline was
not restored by vitamin D treatment (Fig. 5). Control cultures treated with vitamin D
contained more actin rings than control cultures incubated in vitamin D-free culture
media, but the difference in actin ring numbers was not statistically significant.
According to other published results, an increase in osteoclast numbers due to vitamin
D would nevertheless be expected (Suda et. al 1995).

Figure 5: Effects of vitamin D on actin ring numbers in primary rat osteclast cultures in the presence of
PCS or acetazolamide.

To examine the effects of membrane-bound carbonic anhydrase inhibition on TRACP
expression by rat osteoclasts, we cultured primary rat osteoclasts treated with 1, 10 or
100 µM concentrations of PCS in a hypoxic chamber for 3 days (unpublished). We
used both cellular staining and a culture media immunoassay to analyze the amount of
TRACP in these cultures. To our surprise, we observed that PCS caused a dosedependent increase in the amount of TRACP with both detection methods (Fig 6 a and
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b). This increase was partially abolished in hypoxia, a feature that could possibly be
explained by the generally reduced number of osteoclasts in hypoxic cultures (Fig. 6
b). Interestingly, cultures treated with 10 µM PCS and subjected to hypoxia showed an
increased cell survival in contrast to all other groups cultured in hypoxia (Fig. 6 b).

Figure 6: a) TRACP activity in culture media exposed to different concentrations of PCS in
hypoxia/normoxia b) Number of TRACP positive cells in primary rat osteoclast cultures exposed to
PCS in hypoxia/normoxia.

Figure 7: The number of multinuclear osteoclasts in cultures exposed to 1 % pO2.

5.2 Electroneutral NBCn1 in osteoclasts (II)
5.2.1 Expression of NBCn1 in rat osteoclasts
We studied the expression of the electroneutral sodium-bicarbonate co-transporter
NBCn1 in rat osteoclasts in order to clarify the role of bicarbonate transporter proteins
in bone resorption. A preceding study had shown that M-CSF causes NBCn1-mediated
intracellular alkalosis and promotes cell survival in non-resorbing osteoclast-like cells
(Boyer et al. 2007). Thus, we began by studying resorbing rat osteoclasts. We
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processed three-day old rat pup bone sections with immunohistochemistry in order to
define the subcellular localization of NBCn1 and found that NBCn1 was expressed at
protein level in the rat osteoclast ruffled border (II, Fig.1). In addition, we observed
NBCn1 immunolabeling in the periosteum, in both proliferative and hypertrophic
artilage matrix and in the articular cartilage matrix. We also prepared primary rat
osteoclast cultures and monitored NBCn1 mRNA expression after 4, 24 and 48 hours
of culturing in the presence or in the absence of RANKL. Interestingly, in the absence
of RANKL, the NBCn1 mRNA levels were low after the first 4 hours of culture but
increased significantly after 24 hours. In contrast, in the presence of RANKL, the
expression of NBCn1 mRNA increased already after 4 hours of culture, decreasing
after 24 hours of culture (Figure 8). This simple experiment suggests that osteoclasts
produce more NBCn1 during their activation, and the increased in NBC1n expression
might be sped up by RANKL, a potent stimulator of bone resorption.

Figure 8: Effects of RANKL on NBCn1 and
CA II mRNA expression. GAPDH represents
a house-keeping gene.

5.2.2 NBC1n in osteoclastogenesis and osteoblastogenesis
Isolated CD14+ cells from human peripheral blood were cultured on glass and bovine
cortical bone slices in the presence of RANKL and M-CSF to induce osteoclast
formation in order to study NBCn1 expression in these cells. Cells were either fixed or
total RNA was extracted at three time points (after isolation, after 3 and 7 days of
culture). We discovered the first significant increase in NBCn1 mRNA already after 3day culture on bone, as compared to undifferentiated CD14+ cells (II, Figure 2B).
Another strong induction in NBCn1 mRNA expression was detectable after 7 days, as
compared to undifferentiated CD14+ cells, and at this time point numerous mature
multinuclear osteoclasts with bone resorption capacity were observable in the
osteoclast cultures. Hence, we confirmed that NBCn1 expression was increased during
osteoclastogenesis and osteoclast activation also in humans.
Furthermore, we used confocal microscopy to evaluate the intracellular localization of
NBCn1 in human osteoclasts (II, Figure 3). We perceived that immunolabeling for
NBCn1 concentrated to the bone-facing areas of resorbing osteoclasts and especially
inside the actin ring, where bone resorption occurs. Some staining was detectable also
outside the actin ring but at areas where a resorption pit could be seen with phase
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contrast microscopy (Figures 3B and C). In addition, some diffuse staining was
observed at cytoplasmic areas where Golgi/ER organelles are located.
We also used mesenchymal stem cell cultures to monitor whether osteoblasts would
also express NBCn1. We noticed that mRNA levels of NBCn1 remained unchanged
during the 8-day culture period and confirmed that NBCn1 is not expressed in human
osteoblasts. Hence, when we compared NBCn1 mRNA expression levels between
mature human osteoclasts (day 7) and osteoblasts (day 8), a 9.7 ± 0.42 times higher
NBCn1 expression was observed in the bone resorbing osteoclasts than in osteoblasts.
5.2.3 Effects of acidosis on NBCn1 expression in rat osteoclasts
We set up an animal model to study the impact of chronic metabolic acidosis on rat
osteoclasts. 20- to 30-day-old rats were orally treated with 0.28 M ammonium chloride
(NHCl4) for 2 weeks to obtain chronic metabolic acidosis, and the development of
acidosis was evaluated by measuring urine pH (II, Table 1). After two weeks the
animals were sacrificed, the long bones were dissected and processed using an
immunohistochemical protocol. In this experiment, we were able to observe a clear
increase in the NBCn1 protein labeling intensity in rat osteoclasts exposed to chronic
metabolic acidosis (II, Fig. 2). Both the ruffled borders and the cytosol of osteoclasts
showed a clear increase in the NBCn1 immunolabeling intensity.
Furthermore, we explored whether NBCn1 mRNA expression would be sensitive to
extracellular pH changes in vitro. To study this, primary rat osteoclasts were cultured
on bovine bone slices at three different pH levels: pH 7.2 (control), pH 6.6 / pH 6.8
(acidic) or pH 7.6 (alkaline). A part of the cultured cells were fixed and a part of the
cultures were used for total RNA extraction after 4 hrs or 24 hrs of culturing. In all
three culture groups osteoclast morphology appeared normal and no changes in the
osteoclast numbers or viability were detected. NBCn1 mRNA levels were elevated in
both acidic and alkaline cultures after 4 hours of culturing as compared to control. An
increase in the NBCn1 mRNA expression was also observed after 24 hours of culturing
in response to both acidic and alkaline environments as compared to control (Figure 9).
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Figure 9. The effects of
acidic (pH 6.6-6.8) or
alkaline (pH 7.6) culture
media on NBCn1 mRNA
expression.
Control
cultures were maintained
at pH 7.2. Relative
expression was counted
by dividing the relative
optical
densities
of
NBCn1 by GAPDH (a).
RT-PCR was repeated
two times from separate
samples (n=3 in each
sample) and the data is
shown as mean +/- SD
(ANOVA: p = 6.9 x 105
). The effects of
extracellular pH on CA II
expression are shown in
section b.

5.2.4 Effects of anoxia on NBCn1 expression in rat osteoclasts
We subjected RANKL-activated primary rat osteoclasts cultured for 1 day to anoxic
stress for either 5 or 20 minutes. The aim of the experiment was to assess changes in
the NBCn1 mRNA expression in response to severe stress that would immediately
interrupt bone resorption and finally lead to osteoclast apoptosis. In this experiment,
we used sodium/hydrogen exchanger type 1 (NHE1) primers as a positive control
because NHE1 mRNA levels are known to be elevated in response to hypoxic/anoxic
stress (Shimoda et al. 2006). With this setting, we were able to see a dramatic decrease
in the NBCn1 mRNA levels already after 5 minutes of anoxia compared to control
levels (Figure 10). In contrast, the GAPDH and NHE1 mRNA levels remained
unchanged and the osteoclast morphology showed no apparent changes even after 20
minutes of anoxic stress. This finding may indicate that apoptotic changes were not yet
initiated but the bone resorption process may have been affected, associated with the
rapid downregulation of the genes related to osteoclast activation, including NBCn1.
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Figure 10. The effects of anoxic
stress on osteoclast morphology (ac) and NBCn1 mRNA expression
(d). Cultured osteoclasts were
exposed to anoxic stress for 5 (b) or
20 minutes (c) and osteoclasts
cultured at normoxia are shown in
section a. Apoptosis was evaluated
microscopically
after
DAPI
staining (blue nuclei in a-c) and
cytoskeletal
changes
were
determined after Phalloidin staining
(green in a-c). The bar in a-c
corresponds to 20 μm. The mRNA
expression levels of NBCn1, NHE1
and GAPDH were evaluated at
normoxia (N), or after 5 (marked
A5) or 20 minutes (marked A20) of
anoxic stress (d).

5.2.5 Downregulation of NBCn1 in osteoclast cultures with shRNAs
In an attempt to examine the effects of NBCn1 inhibition on primary rat osteoclasts,
we designed an experiment including small interfering RNA molecules targeted against
NBCn1 during human osteoclastogenesis and osteoblastogenesis. Lentiviral particles
containing three SLC4A7-specific shRNAs were transduced into CD14+ cells and
mesenchymal stem cells. CD14+ cells were cultured on bone in osteoclastic
differentiation media for 6 days before lentiviral transduction, and bone resorption
activity was evaluated on day 8 (48h after shRNA transduction, Figure 4A, II). A
significant, dose-dependent reduction in the bone resorption capacity and NBCn1
mRNA expression was observed (Figure 4A, II), while the numbers of osteoclasts
remained unchanged (Table I, II). Intracellular acidification was increased in shRNAtransduced osteoclasts (Figure 4B, II), as compared to mock-transfected resorbing cells
and inactive osteoclasts cultured on cover slips. Lentiviral shRNA transduction showed
no significant effects on osteoblast differentiation, cell morphology or viability (Figure
5, II).
5.2.6 Promoter and pathway analysis of the NBCn1 gene sequence
Based on homology with the SLC4A4 (electrogenic NBCe1), a gene (SLC4A7) coding
for an electroneutral NBC was cloned from a human skeletal muscle library and called
NBC 3. A rat electroneutral NBC was cloned from vascular smooth muscles and called
NBCn1, which is also a product of SLC4A7. Homology searches showed that the
SLC4A7 gene is well conserved among species (Figure 11), especially humans and rats.
While annotation of the rat genome is not complete, it was only possible to perform
promoter analysis on human SLC4A7. This gene is located in the minus strand of the
chromosomal locus 3p22, with multiple ESTs located in the noncoding upstream
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region, as shown in Figure 11. Promoter analysis suggested that the actual promoter
region seems to be located 27.6 kb upstream of the annotated transcription start site
(TSS). CAGE tag analysis revealed that a total of 23 CAGE tag clusters consisting of
225 individual CAGE tags were located at this region while only 1-2 CAGE tag
clusters were found near the annotated TSS. Conreal analysis showed that many pH- or
hypoxia-regulated transcription factors (TF) were located at the CAGE tag a maximum
of 27.6 kb upstream of the annotated TSS.
The interactions between TF binding sites located at 27.6 kb upstream of the annotated
TSS were analyzed using the Ingenuity Pathways Analysis (Figure 12). RANKL,
which upregulated NBCn1 expression in our osteoclast cultures, is regulated by Early
growth response proteins 2 and 3 (EGR2 and EGR3), both TFs that also have binding
sites in the SLC4A7 promoter. RANKL also stimulates the expression genes crucial for
bone resorption, namely cathepsin K, TRACP 5b and MMP9.
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Figure 11: Promoter analysis of human SLC4A7 gene encoding NBCn1. On the basis of high interspecies
homology and inadequate annotation of rat NBCn1 gene, the corresponding human SLC4A7 gene
(NM_003615) was studied. The noncoding upstream region contained multiple ESTs and conserved areas.
A total of 150kb upstream of transcription start site was analyzed for CAGE tags, and the CAGE tag
maximum at 27.6 kb was further analyzed for transcription factor binding sites using Conreal.
Abbreviations: MAZ, myc-associated zinc finger; MITF, microphthalmia-associated transcription factor;
AHR, aryl hydrocarbon receptor; E2F1, E2F-transcription factor 1; ARNT (HIF-1β), aryl hydrocarbon
receptor nuclear translocator; EGR, early growth response; ACP5, tartrate-resistant acid phosphatase 5b;
CTSK, cathepsin K; MMP9, matrix metalloproteinase 9; TNFSF11 (RANKL), receptor activator of NFκB
ligand.
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Figure 12: Transcription factors with
binding sites at the SLC4A7 promoter were
uploaded to Ingenuity Pathways Analysis
for interaction network analysis. The
uploaded genes were overlaid onto a global
molecular network developed from
information contained in the Ingenuity
Pathways Knowledge Base, and the
network was algorithmically generated
based on gene connectivity. Transcription
factors with binding sites at the SLC4A7
promoter are shown as orange nodes, and
gene products crucial for bone resorption
are marked with blue arrows. Nodes are
displayed using various shapes that
represent the functional class of the gene
product. Abbreviations: JDP2, jun
dimerization protein.

5.3 Carbonic anhydrase III in cartilage (III)
5.3.1 Expression of CA III in embryonal mouse cartilage
We performed immunohistochemistry on both embryonal and newborn mouse limb
sections in order to study CA III expression in developing cartilage. We observed that
already on day e14.5, distinct CA III staining was visible in the lacunae of
prehypertrophic chondrocytes of our samples, but proliferative cartilage remained
negative for CA III (III, Fig. 2 B). A similar CA III staining pattern was observed also
on day e16.5 at the interface between hypertrophic cartilage and bone, but its intensity
was stronger than on day e14.5 (data not shown). On day e18.5, intense CA III staining
was detectable in hypertrophic chondrocytes (III, Fig. 2 B). In addition, newborn
mouse limb sections expressed CA III in their hypertrophic cartilage but, in contrast,
20-day-old mice limbs presented only faint CA III positivity in this area. Finally, 2month-old mouse cartilage showed CA III staining only in some chondrocyte lacunae
at the articular surfaces (data not shown) and in a few hypertrophic cells (III, Fig. 2 B).
Skeletal muscle that was used as a positive control stained positive, as expected.
Quantitative PCR confirmed the high expression of CA III also at mRNA level in
embryonal cartilage (III, Fig. 2 A). In metacarpal cultures, intense CA III staining was
observed in hypertrophic chondrocytes (III, 1 D, E and I), and the staining was first
observed in prehypertrophic chondrocytes located at the centre if the cartilage anlage
(III, Fig 1 H).
5.3.2 Co-localization of CA III with ROS in mouse cartilage
We wanted to explore the localization of reactive oxygen species in embryonal mouse
limb cartilage. Therefore, we processed snap-freezed mouse limb samples into
cryosections and exposed them to carboxy-H2DCFDA, a reagent which emits
fluorescent light when oxidized. In this experiment, we observed that cartilage samples
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from both days e18.5 and e20.5 presented reactive oxygen species localized at the
hypertrophic cartilage and at the proliferative cartilage of the growth plate (III, Fig. 5 )
as well as at the articular surface of joints (III, Fig. 5). Most ROS on day e18.5 were
observable in the hypertrophic cartilage (III, Fig. 5) while, in contrast, most of ROS on
day e20.5 were localized in the proliferative cartilage (data not shown). Another
interesting finding was that when we compared samples from days e18.5 and e20.5,
there was a significant decrease in the fluorescence of carboxy-H2DCFDA in the
articular surfaces on day e20.5 (data not shown). In conclusion, possible colocalization
of ROS and CA III was observed in our embryological limb cartilage samples.
5.3.3 The effects of oxidative challenge on CA III expression
To evaluate the physiological responses of CA III to altered O2 content, we cultured
fetal mouse metacarpi in hypoxia (2% O2), normoxia and hyperoxia (30% O2). Genetic
responses to this treatment were studied by qPCR to confirm how VEGF and HIF-1
levels changed in the cartilage anlage. As expected, significant increases in VEGFα,
type I collagen and HIF-1β mRNA expressions were observed in hypoxia, along with
decreased HIF-1α and I type X collagen mRNA expressions. The morphological
analysis of cultured metacarpals showed increased calcification but only limited
hypertrophy in hypoxia, as compared to normoxia. The development of the primary
marrow cavity was abolished in hypoxia (III, Fig. 3 A), although an increased cell
density was observed at these areas, resembling proliferative chondrocytes. In
hyperoxia, increased expression of type X collagen was observed while all hypoxiaresponsive genes were downregulated. An increase in the width of the hypertrophic
cartilage zone was observed in hyperoxia, but the development of the primary marrow
cavity was similar to the normoxic samples (III, Fig. 3 A). It was of interest to note that
the expression of CA III mRNA was substantially down-regulated in hypoxia, but it
was also decreased in hyperoxia, as compared to normoxia (III, Fig. 4 A). When the
protein expression was analyzed by immunohistochemistry, a significant increase in
CA III protein was observed in hypoxia, localized mostly in the extracellular matrix at
areas underlining the developing perichondrium (III, Fig. 4 B). Also in hyperoxia, an
increase in CA III protein staining was observed at the hypertrophic cartilage matrix, as
compared to normoxia. These data clearly show how physiological responses on the
mRNA and protein levels may be totally opposite.
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6 DISCUSSION
6.1 Bicarbonate transport in osteoclasts
6.1.1 CA IV, CA XIV and NBCn1 participate in bone resorption
Systemic pH can be defined as the ratio of the amount of acids, such as lactate and
carbonic acid, to the amount of bases in systemic fluids in humans. The most important
base that buffers acids in the body is bicarbonate, the availability of which is controlled
by multiple mechanisms: absorption of dietary bases in the gastrointestinal tract,
absorption/reabsorption of bicarbonate by the kidneys and binding/release of
bicarbonate from bone. It is clear that the bicarbonate supply is secured by many
overlapping mechanisms because it is constantly needed in physiological activities in
the body and because its depletion could result in metabolic acidosis, a life-threatening
condition for the whole system.
We have described mechanisms of bicarbonate transport in osteoclasts. First, we
determined the subcellular localization of three bicarbonate transport proteins CA XIV,
CA IV and NBCn1 in rat and human osteoclasts. Furthermore, we explained that these
proteins play prominent roles in osteoclastic bone resorption, and that inhibition of
these proteins with shRNAs or selective inhibitors results in abnormal osteoclast
morphology and reduced bone resorption capacity. Additionally, we have come to the
conclusion that a bicarbonate transport metabolon may be present in osteoclasts, and
presume that this metabolon is responsible for the disposal of excess bicarbonate and
carbonate from the resorption lacuna during bone resorption.
In article I, we found that inhibition of carbonic anhydrase activity on the non-bone
facing plasma membrane, using a cell membrane-impermeable carbonic anhydrase
inhibitor PCS, resulted in severe defects in osteoclast morphology, lack of attachment
to bone and inhibition of acid release to the resorption lacuna. Furthermore, cell
survival was diminished in our cultures when using 100 μM PCS. This observation can
either be caused by 1) direct toxic effects of PCS, independent of carbonic anhydrase
inhibition leading to necrosis, or 2) membrane-bound carbonic anhydrase inhibition by
PCS, leading to changes in cellular signaling and eventually to programmed cell death.
It is rather difficult to know which one of the options we encountered in our study.
Nevertheless, we observed that acetazolamide, a sulfonamide inhibitor with a soluble
structure but otherwise similar to PCS, was not able to induce cell death or have an
impact on actin ring numbers when administered to primary rat osteoclast cultures.
Hence, we conclude that a direct toxic effect of PCS on osteoclasts is at least not the
only mechanism that affected osteoclasts in our cultures but could, nevertheless explain
reduced cell survival due to higher concentrations of PCS. This uncertainty can,
however, be seen as a limitation of our study.
An intriguing observation was also made in article I about primary rat osteoclasts
exposed to 10 μM PCS: increased cell survival was detected in these cultures in
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comparison with baseline, and the difference remained constant even after exposure of
osteoclasts to severe hypoxia, a strong pro-apoptotic stimulus. Since it can be assumed
that the impact of PCS on osteoclasts is associated with inhibition of extracellular
carbonic anhydrase activity, it is probable that this effect also explains the enhanced
cell survival. Inhibition of carbonic anhydrase activity on a resorbing osteoclast cell
membrane directly leads to accumulation of bicarbonate in the immediate vicinity of
the basolateral osteoclast cell membrane. This shift toward extracellular alkalosis
might explain our observation concerning increased cell survival, because systemic
alkalosis has previously been shown to inactivate osteoclasts and to possibly reduce
osteoclast apoptosis (Arnett, 2008). The mechanism could, in fact, involve the action of
NBCn1 that has been shown to contribute to enhanced CSF-induced survival of
osteoclast-like cells. Nevertheless, more studies are warranted to elucidate this option.
In article II, we reported that an electroneutral sodium-dependent bicarbonate cotransporter NBCn1 is expressed at the ruffled border of resorbing rat osteoclasts. We
found that NBCn1 mRNA expression is readily induced by factors related to osteoclast
activation, such as acidosis and exposure to RANKL. To our surprise, we found that
extracellular alkalosis too induced NBCn1 mRNA expression in primary rat osteoclast
cultures in vitro. This finding is not consistent with previous studies in this field.
Nonetheless, it can be speculated that the increase in NBCn1 mRNA might possibly be
linked to the bi-directional function of NBCn1, since NBCn1 has been reported to be
able to transport bicarbonate both ways (into and out of the cell) when sodium is
available. This dual function could be necessary for the protection of osteoclasts from
an excessively alkaline environment. Furthermore, induction of alkalosis by sodium
hydroxide provides osteoclasts with a sodium load that could possibly also have an
effect on the expression of NBCn1. Nonetheless, we did not perform any experiments
to further elucidate this unexpected result, and it can be seen as a limitation in our
study.
6.1.2 Bicarbonate transport - the long-ignored necessity in osteoclasts
Osteoclasts are unique giant cells with only one known main function: bone resorption.
Many visionary studies conducted as early as the 1980s and 1990s thoroughly
investigated cellular machinery responsible for the implementation of this function.
Multiple experiments have confirmed the role of proteins that enable formation of the
ruffled border membrane domain in osteoclasts and efficient transportation of protons
and chloride. Nevertheless, the flip-side of the coin has gained little attention and has,
in my view, been severely underestimated. Transport of bicarbonate, a necessary
counterforce for the transport of acidic substances, has been forgotten in scientific
discussion.
We have shown in this study that bicarbonate transport proteins are of significance in
rat and human osteoclasts in vitro. Our investigations have shown that deletion of these
proteins from functional osteoclasts has effects that may even terminate bone
resorption. For the first time, we were able to conclude that bicarbonate transport
proteins are biologically necessary in functional osteoclasts -but this was no surprise to
us! On the contrary, it is very logical that these proteins are needed in osteoclasts,
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bearing in mind basic chemistry: for every proton, an alkaline ion arises from the
original compound. Furthermore, the skeleton is an obvious site for storing many
substances, including carbonate and bicarbonate. It is reasonable from a systemic point
of view to ensure the liberation of storage material at any time it may be required,
which is clearly the job of osteoclasts. In this way, rapid changes in the resorption
activity of osteoclasts ensure availability of alkaline ions for systemic needs.
Another important hypothesis that we resolved in this part of the study was that
osteoclasts possess appropriate machinery for a bicarbonate transport metabolon.
Although the existence and especially the properties of bicarbonate transport
metabolons have been under debate through the last decade, recent studies have
confirmed the existence of these metabolons in many cell types and multiple associated
proteins such as CA II, CA IV, CA XIV, NHE proteins and AE proteins as well as
sodium/bicarbonate transport proteins (see for example Casey et al. 2009; GonzalezBegne et al. 2007). Results indicate that in most cases, direct physical binding among
the bicarbonate transport metabolon proteins may be detected. Furthermore, CA XIV
knockout mice at least have already been shown to highly resemble AE3-deficient
mice, which further suggests that bicarbonate transport metabolon proteins occupy a
common important function and act in a chain in order to move bicarbonate efficiently.
In osteoclasts, the existence of bicarbonate transport metabolons has not been
suggested before and therefore our results may open up new perspectives for future
experimentation in this field. For instance, co-immunoprecipitation used to assess the
possible physical binding of proteins of the bicarbonate metabolon in osteoclasts could
give further information on this issue.
Both bone resorption and the function of intracellular CA II result in an excess of
intracellular bicarbonate, which cannot remain inside the actively resorbing osteoclast.
In our model of osteoclastic bicarbonate transport metabolon, bicarbonate in the bone
resorption lacuna is carried into the osteoclasts by NBCn1 located on the ruffled
border. Thereafter, intracellular bicarbonate is discarded from osteoclasts by AE(2)
proteins located on the basolateral membrane. Then CA XIV, the active CA domain of
which is located on the outside of osteoclast cell membrane, ensures the conversion of
bicarbonate to pH-neutral agents (water and carbon dioxide). In this way, osteoclasts
escape the formation of extracellular alkalosis by bicarbonate in their vicinity. Hence,
we suggest a functional metabolon for bicarbonate transport in osteoclasts, the
components of which include CA II, NBCn1, AE proteins and CA XIV (see Figure
13).
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Figure 13: Our suggestion for
a rat osteoclast bicarbonate
transport metabolon. CA II,
carbonic
anhydrase
II;
vATPase, vacuolar ATPase,
NBCn1,
sodium-dependent
bicarbonate
co-transporter;
AE, anion exchanger protein;
and CA XIV, carbonic
anhydrase XIV.

6.2 Oxidative metabolism in cartilage
6.2.1 Hypoxia and ROS - important mediators for cartilage development
The development, proliferation and vitality of chondrocytes have been shown to have a
direct link to hypoxia, an important regulator for this tissue. Nevertheless, recent
observations also indicate that reactive oxygen species (ROS) arising in cells due to
altered oxygen content could mediate at least some of the effects of hypoxia on
chondrocytes. This has been argued by referring to studies indicating that the existence
of ROS could be a physiological finding in cartilage exposed to normal or high oxygen
levels, and that reducing amounts of ROS due to severe hypoxia could hence represent
a pathway for modulating chondrocyte function (Milner and Wilkins, 2007).
We studied the expression of CA III in embryonal mouse cartilage in order to clarify
the role of oxidative metabolism in these cells. Carbonic anhydrase III has previously
been shown to play a role as a mechanism with which muscle cells defend themselves
against protein oxidation and increased ROS formation. Moreover, previous studies
have shown that NIH cells overexpressing CA III are able to maintain a lower state of
intracellular ROS and to escape apoptosis (Räisänen et al. 1999). Thus, CA III function
has previously been linked to ROS scavenging.
We found in our experiments that carbonic anhydrase III is expressed in mouse
cartilage from the early days of embryonal development until mature adulthood.
Interestingly, strongest expression of CA III both at protein and mRNA level was
observable during embryonal cartilage development when compared to samples
obtained after mouse birth. Moreover, the localization of CA III was different in
embryonal samples compared with postpartum samples, since most of CA III protein in
embryonal cartilage localized in the hypertrophic cartilage which, in turn, totally
lacked CA III after birth. It is not clear where this differential expression of CA III in
cartilage derives from, but it could be related to changing oxidative conditions in the
vicinity of proliferating and maturing chondrocytes during limb growth and have a link
to ROS production. In support of this we showed that embryonal cartilage samples

Discussion

75

contain reactive oxygen species and that these ROS are mostly detectable at the same
sites with CA III expression. Thus, if the function of CA III in cartilage and in muscle
is alike, CA III expression in hypertrophic chondrocytes could be needed for
preventing or for at least slowing down irreparable protein oxidation due to ROS
formation in chondrocytes.
We can only speculate as to why the amount of CA III immunoreactivity decreases
immediately after the birth of the animals. We propose that this phenomenon might
reflect alterations in the oxygen levels and in the pace of ROS formation during limb
cartilage growth. During the early phases of embryonal limb chondrogenesis the size of
avascular cartilage is small, and the level of hypoxia in hypertrophic chondrocytes may
be advantageous, allowing proper chondrocyte maturation and carrying a low risk of
protein oxidation and apoptosis. While the areas of proliferative and hypertrophic
cartilage develop and grow higher, however, hypertrophic chondrocytes might fall into
such low oxygen levels that the risk of cellular damage is high and that their
metabolism is downregulated. In order to stay alive long enough, hypertrophic
chondrocytes are therefore forced to express HIF-1 and VEGF which have been
observed to promote chondrocyte survival. VEGF expression is first detected in mouse
hypertrophic cartilage at e14.5-15.5 as it invites blood vessel sprouts to the area
(Carlevaro et al. 2000; Zelzer et al. 2002). At the same time point, the expression of
CA III in the hypertrophic cartilage increases according to our study, providing
hypertrophic chondrocytes with protection from protein oxidation, and allowing the
enlargement of cartilage in spite of an obvious proapoptotic stimulus by the very
hypoxic environment. The earliest blood vessel sprouts have been found to have
invaded the mouse limb hypertrophic cartilage at e15.5 for the formation of the
primary ossification centers (for review, see Riddle et al. 2009), simultaneously
providing a load of oxygen to the area. At this time, a need to protect chondrocytes
from oxidative damage is obvious, since a sudden supply of oxygen at the ossification
centers exposes nearby cells to reoxygenation reactions and a significant flux of ROS.
CA III could possibly play an important role in this regard, inhibiting the early death of
chondrocytes and thus allowing formation of a wide enough hypertrophic zone and
finally, the formation of the cartilage-bone interface. Later, after the birth of the mouse,
the width of the growth plate has been stabilized and the blood circulation in the area is
sufficient to support bone formation, and CA III expression may reduce to allow timely
hypertrophic chondrocyte death and formation of bone nodules at the cartilage-bone
interface.
It is important to realize that the fall of hypertrophic chondrocytes into a deep hypoxic
state and exposure to ROS after blood vessel sprouting may be prerequisites for the
development of the future cartilage-bone interface and not just “side-effects” of fast
limb development. This argument is linked to the pivotal role of VEGF in
endochondral bone formation. First of all, hypoxia is an important stimulator for HIF
and VEGF expression. Secondly, VEGF has been observed to regulate osteoblast
function and to induce bone formation by osteoblasts. Thirdly, blood vessels sprouting
due to expression of VEGF is needed for transferring both osteoblast and osteoclast
precursor cells to hypertrophic cartilage areas for initiation of bone formation. This
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notion is supported by multiple studies showing that the disruption of blood vessel
invasion of hypertrophic cartilage and inhibition of VEGF expression both lead to
decelerated replacement of chondrocytes by bone and an expanded hypertrophic zone
(Trueta and Buhr 1963, Zelzer et al. 2002), meaning that the timely appearance of
blood vessel sprouting in hypertrophic cartilage is essential as regards bone formation.
Thus, it is clear that VEGF provides not only pro-angiogenic stimulus to hypertrophic
cartilage, but it also promotes the formation of the cartilage-bone interface, and CA III
may be a supporting factor in this process.
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7 SUMMARY
Our aims in this study were to clarify regulation mechanisms for acid-base balance and
oxidative metabolism in calcified tissues. We concentrated especially on exploring
bicarbonate transport in osteoclasts and the role of various carbonic anhydrases in
osteoclasts and chondrocytes. These issues have not been studied troughly before,
albeit understanding such basic cellular functions may provide valuable tools for later
pharmaceutical development.
Our findings indicate that bicarbonate transport is an essential part of bone resorption,
and our data shows a clear decrease in the bone resorption capacity of osteoclasts when
bicarbonate transport proteins are inhibited. It has been known for long that both
carbonate and bicarbonate are released from the bone matrix in great amounts during
bone resorption. Neverthless, our study is the first one to link both membrane-bound
carbonic anhydrases and an electroneutral sodium-dependent bicarbonate transporter
NBCn1 to actively resorbing osteoclasts. Furthermore, our study has refered to the
existence of a bicarbonate transport metabolon in osteoclasts. Therefore, we have
provided new insights to the bone resorption process and suggested a pivotal role for
bicarbonate transport proteins in bone mineral metabolism.
We also defined the expression of a hypoxia-related protein, carbonic anhydrase III in
embryonal mouse cartilage in the second part of our study. Hypoxia, an important
regulator for chondrocyte function, is linked to the production of reactive oxygen
species which can be harmful to cells. We are the first to provide information on CA
III which may protect hypertrophic chondrocytes from oxidative damage and apoptosis
when they are exposed to oxidative challenges such as reactive oxygen species during
embryonal skeletogenesis. Our data increases knowledge in the formation of the
cartilage-bone-interface, a premise to trabecular bone formation and proper limb
development. These experiments may also in the future lead to the resolving of the
physiological function(s) of CA III, an area that has remained unsolved for decades.
In conclusion, we have studied in detail two aspects of calcified tissue metabolism. Our
findings provide new insights to the complexity of cellular functions in these tissues
and might help scientists to overcome therapeutical challenges related to diseases of
bone and cartilage. More specifically, these results suggest NBCn1, CA IV, CA XIV
and CA III as novel targets for drug development.

78

Acknowledgements

8 ACKNOWLEDGEMENTS
This study was carried out at the Department of Cell Biology and Anatomy, Institute of
Biomedicine, University of Turku during years 2004-2010. A part of the study was
conducted in the Department of Biochemistry and Cell Biology, School of Medicine,
Kyungpook National University, Taegu, Korea. I want to thank the head of the Institute
of Biomedicine, Professor Pirkko Härkönen, the head of the Department of Cell
Biology and Anatomy, Professor Juha Peltonen, and former heads Professor Kalervo
Väänänen and Professor Emeritus Risto Santti for providing excellent facilities and for
our convenient working environment at the University of Turku. Thanks go to
Professor Tae-Hwan Kwon for providing me with the wonderful opportunity and great
facilities to carry out my projects in Korea during spring 2007. I also want to thank the
Director of the Turku Graduate School of Biomedical Sciences (TUBS), Professor Olli
Lassila, for support and advice during this project.
My warmest gratitude belongs to my supervisor Docent Tiina Laitala-Leinonen, whose
devotion to research has been a continuous source of inspiration for me during this
thesis project and medical studies. Tiina´s motivation, expertise, multiple talents,
friendliness and intelligence are amazing! Our discussions and brainstorming sessions
have really opened my eyes to research. Your endless support has guided me through
these studies, and I know that your advice will stay in my heart during my future
career. I cannot thank you enough.
I also want to express my sincerest gratitude to Professor Tae-Hwan Kwon, who let me
work in his research group during spring 2007 in Taegu, Korea. I felt very welcome in
Korea from day one because of your friendliness and continuous support. Working at
the Kyungpook National University was an unforgettable experience for me, and I
enjoyed the enthusiastic atmosphere in your laboratory very much. Your kindness,
intelligence and insight in the field of biomedical research have been a real motivation
to me. I want to thank you for your help and I hope that our friendship continues in the
future. I would also like to take the opportunity to thank your students and laboratory
personnel who were extremely well-motivated and skillful and with whom I made
many friends.
My thesis supervisory committee is acknowledged for providing advice and
suggestions during my studies. Professor Kalervo Väänänen has been a major source of
support during this study. His unique experience and insight in bone biology have been
essential for this study. His belief in my projects has carried me through some
challenging times. Thanks go to Professor Seppo Parkkila for providing expertise in
our carbonic anhydrase studies. His collaboration during the first steps of this project
was invaluable.
I want to acknowledge my coauthors, whose contribution to this project has been of
major importance. Thanks go to Professor Claudiu Supuran at the University of

Acknowledgements

79

Florence, Italy, for his excellent knowledge in carbonic anhydrase inhibition. Thanks
go to Dr. Anna-Marja Säämänen for interesting discussions during our CA III study
and for opening my eyes to cartilage research. Thanks go to fellow PhD student Jussi
Heinonen for his collaboration during our CA III studies, and for friendship. Thanks go
to PhD student Anne Seppänen for introducing me to computer analysis, for
conducting the promoter analysis in this study and for her friendship. Thanks go to
Professor Silvia Pastorekova for providing the CA IX antibody and to Professor Søren
Nielsen for providing the NBCn1 antibody.
Warm thanks go to all former and present members of Boneheads, since you have
provided so much friendship during these years! I want to dedicate my special thanks
to Salla Laine, Mirkka Hirvonen, Katja Fagerlund, Jonas Nyman, Johanna Likojärvi,
Kaisa Ivaska, Hannele Ylipahkala, Terhi Heino, Sari Alatalo, Yi Sun, Guoliang Gu,
and ZhiQi Peng for sharing the ups and downs during this project. Warm thanks also
go to Salla Laine, Niina Loponen and Vivian Visnapuu for sharing the office and
coffee breaks with me for a few years, and to Jonas for interesting discussions during
my studies. Thanks go to Professor Teuvo Hentunen for many pieces of advice and for
telling the best jokes in the department! Thanks go to Dr. Jukka Vääräniemi for his
endless patience when guiding me in the use of microscopes.
I also want to express my gratitude to the entire staff of the Department of Cell Biology
and Anatomy. Special thanks go to Iris Dunder and Soili Huhta, whose friendly
attitude and help in various matters have been essential on many occasions. Moreover,
I want to thank the whole lab personnel for their excellent technical assistance. Thanks
also go to Nanna Merikoski, Paula Pennanen, Anneli Kurkela and Paula Pernilä for our
fun moments in the lab. Thanks go to Sarah Hollis and Hilkka Salmén for proofreading
the thesis.
Warm thanks and love go to my friends, with whom I have shared the ups and downs
of this project. Special thanks go to the “Spice Girls+R”: Kaisa, Tiina, Venla, Reetta,
Elisa and Riku: you are the greatest friends! I also want to thank Essi, Mirva, Kirsi,
Aino, Jonna and the “Iidesjärven lenkkiporukka” for sharing your opinions, thoughts
and friendship with me.
I can never express enough gratitude and love to my family: my parents Markku and
Heljä and my sisters Miia and Maria, my parents-in-law Leena and Simo and my
brother-in-law Timo. I would not have made it this far without you. Thanks and love to
my daughter Aura for keeping mummy´s feet on the ground. You are my precious little
sunshine!
Finally, thanks go to my husband Tuomo for his unlimited love and support during our
years together. You have always encouraged me to make my dreams come true. I love
you!

80

References

9 REFERENCES
Abad V, Meyers JL, Weise M, Gafni RI, Barnes KM,
Nilsson O, Bacher JD, Baron J (2002) The role of the
resting zone in growth plate chondrogenesis.
Endocrinology 143:1851-1857.
Abedin M, Tintut Y, Demer LL (2004) Vascular
calcification: mechanisms and clinical ramifications.
Arterioscler Thromb Vasc Biol 24:1161-1170.
Abu EO, Horner A, Kusec V, Triffitt JT, Compston JE
(1997) The localization of androgen receptors in human
bone. J Clin Endocrinol Metab 82:3493-3497.
Adragna NC, White RE, Orlov SN, Lauf PK (2000) K-Cl
cotransport in vascular smooth muscle and erythrocytes:
possible implication in vasodilation. Am J Physiol Cell
Physiol 278:C381-390.
Ahmed ML, Connors MH, Drayer NM, Jones JS, Dunger
DB (1998) Pubertal growth in IDDM is determined by
HbA1c levels, sex, and bone age. Diabetes Care 21:831835.
Ajubi NE, Klein-Nulend J, Nijweide PJ, VrijheidLammers T, Alblas MJ, Burger EH (1996) Pulsating
fluid flow increases prostaglandin production by cultured
chicken osteocytes--a cytoskeleton-dependent process.
Biochem Biophys Res Commun 225:62-68.
Akeno N, Czyzyk-Krzeska MF, Gross TS, Clemens TL
(2001) Hypoxia induces vascular endothelial growth
factor gene transcription in human osteoblast-like cells
through
the
hypoxia-inducible
factor-2alpha.
Endocrinology 142:959-962.
Alatalo SL, Halleen JM, Hentunen TA, Mönkkönen J,
Väänänen HK (2000) Rapid screening method for
osteoclast differentiation in vitro that measures tartrateresistant acid phosphatase 5b activity secreted into the
culture medium. Clin Chem 46:1751-1754.
Alini M, Marriott A, Chen T, Abe S, Poole AR (1996) A
novel angiogenic molecule produced at the time of
chondrocyte hypertrophy during endochondral bone
formation. Dev Biol 176:124-132.
Almeida M, Ambrogini E, Han L, Manolagas SC, Jilka
RL (2009) Increased lipid oxidation causes oxidative
stress, increased peroxisome proliferator-activated
receptor-gamma expression, and diminished proosteogenic Wnt signaling in the skeleton. J Biol Chem
284:27438-27448

Alver A, Ucar F, Keha EE, Kalay E, Ovali E (2004)
Effects of leptin and insulin on CA III expression in rat
adipose tissue. J Enzyme Inhib Med Chem 19:279-281.
Amarilio R, Viukov SV, Sharir A, Eshkar-Oren I,
Johnson RS, Zelzer E (2007) HIF1alpha regulation of
Sox9 is necessary to maintain differentiation of hypoxic
prechondrogenic cells during early skeletogenesis.
Development 134:3917-3928.
Anderson RE, Schraer H, Gay CV (1982) Ultrastructural
immunocytochemical localization of carbonic anhydrase
in normal and calcitonin-treated chick osteoclasts. Anat
Rec 204:9-20.
Arai M,Nagasawa T, Koshihara Y, Yamamoto S, Togari
A (2003) Effects of beta-adrenergic agonists on boneresorbing activity in human osteoclast-like cells.
Biochim Biophys Acta 1640:137-142.
Arkett SA, Dixon SJ, Sims SM (1994) Effects of
extracellular calcium and protons on osteoclast
potassium currents. J Membr Biol 140:163-171.
Arkett SA, Dixon SJ, Sims SM (1992) Substrate
influences rat osteoclast morphology and expression of
potassium conductances. J Physiol 458:633-653.
Arnett TR, Gibbons DC, Utting JC, Orriss IR, Hoebertz
A, Rosendaal M, Meghji S (2003) Hypoxia is a major
stimulator of osteoclast formation and bone resorption. J
Cell Physiol 196:2-8.
Arnett TR, Spowage M (1996) Modulation of the
resorptive activity of rat osteoclasts by small changes in
extracellular pH near the physiological range. Bone
18:277-279.
Arnett TR (2008) Extracellular pH regulates bone cell
function. J Nutr 138:415-418.
Asotra S, Gupta AK, Sodek J, Aubin JE, Heersche JN
(1994) Carbonic anhydrase II mRNA expression in
individual
osteoclasts
under
"resorbing"
and
"nonresorbing" conditions. J Bone Miner Res 9:11151122.
Aubin JE, Triffit J (2002) Mesenchymal stem cells and
osteoblast differentiation. New York, USA, Academic
Press: 59-81.

Alnaeeli M, Teng YT (2009) Dendritic cells differentiate
into osteoclasts in bone marrow microenvironment in
vivo. Blood 113:264-265.

Azarani A, Orlowski J, Goltzman D (1995) Parathyroid
hormone and parathyroid hormone-related peptide
activate the Na+/H+ exchanger NHE-1 isoform in
osteoblastic cells (UMR-106) via a cAMP-dependent
pathway. J Biol Chem 270:23166-23172.

Alvarez J, Sohn P, Zeng X, Doetschman T, Robbins DJ,
Serra R (2002) TGFbeta2 mediates the effects of
hedgehog on hypertrophic differentiation and PTHrP
expression. Development 129:1913-1924.

Baker RK, Wallach S, Tashjian AH, Jr. (1973) Plasma
calcitonin in pycnodysostosis: intermittently high basal
levels and exaggerated responses to calcium and
glucagon infusions. J Clin Endocrinol Metab 37:46-55.

References
Baron R, Neff L, Louvard D, Courtoy PJ (1985) Cellmediated extracellular acidification and bone resorption:
evidence for a low pH in resorbing lacunae and
localization of a 100-kD lysosomal membrane protein at
the osteoclast ruffled border. J Cell Biol. 101:2210-22.
Barreiro E, Hussain S (2010) Protein Carbonylation In
Skeletal Muscles: Impact On Function. Antioxid Redox
Signal 12:417-29.
Bastani B, Ross FP, Kopito RR, Gluck SL (1996)
Immunocytochemical localization of vacuolar H+ATPase and Cl--HCO3- anion exchanger (erythrocyte
band-3 protein) in avian osteoclasts: effect of calciumdeficient diet on polar expression of the H+-ATPase
pump. Calcif Tissue Int 58:332-336.
Beavan S, Horner A, Bord S, Ireland D, Compston J
(2001)
Colocalization
of
glucocorticoid
and
mineralocorticoid receptors in human bone. J Bone
Miner Res 16:1496-1504
Bennett BD, Alvarez U, Hruska KA (2001) Receptoroperated osteoclast calcium sensing. Endocrinology
142:1968-1974.
Berezikov E, van Tetering G, Verheul M, van de Belt J,
van Laake L, Vos J, Verloop R, van de Wetering M,
Guryev V, Takada S, van Zonneveld AJ, Mano H,
Plasterk R, Cuppen E (2006) Many novel mammalian
microRNA candidates identified by extensive cloning
and RAKE analysis. Genome Res 16:1289-1298.

81

follow-Up in insulin-dependent diabetic children. Calcif
Tissue Int 60:397-400.
Bonnet N, Brunet-Imbault B, Arlettaz A, Horcajada MN,
Collomp K, Benhamou CL, Courteix D (2005) Alteration
of trabecular bone under chronic beta2 agonists
treatment. Med Sci Sports Exerc 37:1493-1501.
Boron WF, Boulpaep EL (1983) Intracellular pH
regulation in the renal proximal tubule of the
salamander: Basolateral HCO3− transport. J Gen Physiol
81:53–94.
Boskey AL (2002) Pathogenesis of cartilage
calcification: mechanisms of crystal deposition in
cartilage. Curr Rheumatol Rep 4:245-51.
Bouyer P, Sakai H, Itokawa T, Kawano T, Fulton CM,
Boron WF, Insogna KL (2007) Colony-stimulating
factor-1 increases osteoclast intracellular pH and
promotes survival via the electroneutral Na/HCO3
cotransporter NBCn1. Endocrinology 148:831-840.
Boyce BF, Xing L, Jilka RL, Bellido T, Weinstein RS,
Parfitt AM, Manolagas SC (2002) Principles of Bone
Biology: Apoptosis in bone cells, 2nd ed. San Diego,
USA, Academic Press: 151-168.
Brady HJ, Lowe N, Sowden JC, Edwards M,
Butterworth PH (1991) The human carbonic anhydrase I
gene has two promoters with different tissue
specificities. Biochem J. 277:903-5.

Blair HC, Teitelbaum SL, Ghiselli R, Gluck S (1989)
Osteoclastic bone resorption by a polarized vacuolar
proton pump. Science 245:855-857.

Brandt S, Jentsch TJ (1995) ClC-6 and ClC-7 are two
novel broadly expressed members of the CLC chloride
channel family. FEBS Lett 377:15-20.

Blair HC, Teitelbaum SL, Tan HL, Koziol CM,
Schlesinger PH (1991) Passive chloride permeability
charge coupled to H(+)-ATPase of avian osteoclast
ruffled membrane. Am J Physiol 260:C1315-1324.

Brosius FC, 3rd, Alper SL, Garcia AM, Lodish HF
(1989) The major kidney band 3 gene transcript predicts
an amino-terminal truncated band 3 polypeptide. J Biol
Chem 264:7784-7787.

Bliziotes M, McLoughlin S, Gunness M, Fumagalli F,
Jones SR, Caron MG (2000) Bone histomorphometric
and biomechanical abnormalities in mice homozygous
for deletion of the dopamine transporter gene. Bone
26:15-19.

Broxmeyer HE, Cooper S, Lu L, Miller ME, Langefeld
CD, Ralph P (1990) Enhanced stimulation of human
bone marrow macrophage colony formation in vitro by
recombinant human macrophage colony-stimulating
factor in agarose medium and at low oxygen tension.
Blood 76:323-329.

Blumer MJ, Longato S, Fritsch H (2008) Structure,
formation and role of cartilage canals in
the developing bone. Ann Anat 190: 305-315.
Bobick BE, Chen FH, Le AM, Tuan RS (2009)
Regulation of the chondrogenic phenotype in culture.
Birth Defects Res C Embryo Today 87:351-371.
Boedtkjer E, Praetorius J, Fuchtbauer EM, Aalkjaer C
(2007) Antibody-independent localization of the
electroneutral Na+,HCO3- cotransporter NBCn1 (slc4a7)
in mice. Am J Physiol Cell Physiol.
Bonewald LF (2007) Osteocytes as dynamic
multifunctional cells. Ann N Y Acad Sci 1116:281-90.
Bonfanti R, Mora S, Prinster C, Bognetti E, Meschi F,
Puzzovio M, Proverbio MC, Chiumello G (1997) Bone
modeling indexes at onset and during the first year of

Burguera B, Hofbauer LC, Thomas T, Gori F, Evans GL,
Khosla S, Riggs BL, Turner RT (2001) Leptin reduces
ovariectomy-induced bone loss in rats. Endocrinology
142:3546-3553.
Bushinsky DA (1995a) The contribution of acidosis to
renal osteodystrophy. Kidney Int 47:1816-1832.
Bushinsky DA (1995b) Stimulated osteoclastic and
suppressed osteoblastic activity in metabolic but not
respiratory acidosis. Am J Physiol 268:C80-88.
Bushinsky DA, Wolbach W, Sessler NE, Mogilevsky R,
Levi-Setti R (1993) Physicochemical effects of acidosis
on bone calcium flux and surface ion composition. J
Bone Miner Res 8:93-102.
Cabiscol E, Levine RL (1996) The phosphatase activity
of carbonic anhydrase III is reversibly regulated by
glutathiolation. Proc Natl Acad Sci U S A 93:4170-4174.

82

References

Caira FC, Stock SR, Gleason TG, McGee EC, Huang J,
Bonow RO, Spelsberg TC, McCarthy PM, Rahimtoola
SH, Rajamannan NM (2006) Human degenerative valve
disease is associated with up-regulation of low-density
lipoprotein receptor-related protein 5 receptor-mediated
bone formation. J Am Coll Cardiol 47:1707-1712.

Chai YC, Jung CH, Lii CK, Ashraf SS, Hendrich S, Wolf
B, Sies H, Thomas JA (1991) Identification of an
abundant S-thiolated rat liver protein as carbonic
anhydrase III; characterization of S-thiolation and
dethiolation reactions. Arch Biochem Biophys 284:270278.

Calvo W (1968) The innervation of the bone marrow in
laboratory animals. Am J Anat 123: 315–328.

Chen EY, Fujinaga M, Giaccia AJ (1999) Hypoxic
microenvironment within an embryo induces apoptosis
and is essential for proper morphological development.
Teratology 60:215-225.

Canalis E (2009) Growth factor control of bone mass. J
Cell Biochem 108:769-777.
Caplice NM, Doyle B (2005) Vascular progenitor cells:
origin and mechanisms of mobilization, differentiation,
integration, and vasculogenesis. Stem Cells Dev 14:122139.

Chen LM, Choi I, Haddad GG, Boron WF (2007)
Chronic continuous hypoxia decreases the expression of
SLC4A7 (NBCn1) and SLC4A10 (NCBE) in mouse
brain. Am J Physiol Regul Integr Comp Physiol
293:R2412-2420.

Carbajo E, Lopez JM, Santos F, Ordonez FA, Nino P,
Rodriguez J (2001) Histologic and dynamic changes
induced by chronic metabolic acidosis in the rat growth
plate. J Am Soc Nephrol 12:1228-1234.

Chenu C (2002) Glutamatergic regulation of bone
remodeling. J Musculoskelet Neuronal Interact 2: 282284.

Carlevaro MF, Cermelli S, Cancedda R, Descalzi
Cancedda F (2000) Vascular endothelial growth factor
(VEGF) in cartilage neovascularization and chondrocyte
differentiation: auto-paracrine role during endochondral
bone formation. J Cell Sci 113 (Pt 1):59-69.
Carmeliet P, Dor Y, Herbert JM, Fukumura D,
Brusselmans K, Dewerchin M, Neeman M, Bono F,
Abramovitch R, Maxwell P, Koch CJ, Ratcliffe P,
Moons L, Jain RK, Collen D, Keshert E (1998) Role of
HIF-1alpha in hypoxia-mediated apoptosis, cell
proliferation and tumour angiogenesis. Nature 394:485490.
Carter MJ, Parsons DS (1971)The isoenzymes of
carbonic anhydrase: tissue, subcellular distribution and
functional significance, with particular reference to the
intestinal tract. J Physiol 215:71-94.
Carter N, Lonnerholm G, Meyerson B, Wistrand P
(2001) Androgen-linked control of carbonic anhydrase
III expression occurs in rat perivenous hepatocytes; an
immunocytochemical study. Ups J Med Sci 106:67-76.
Carter ND (1991) Hormonal and neuronal control of
carbonic anhydrase III gene expression in skeletal
muscle. New York, USA, Plenum Publishing Corp.
Casey JR, Morgan PE, Vullo D, Scozzafava A,
Mastrolorenzo A, Supuran CT (2004) Carbonic
anhydrase inhibitors. Design of selective, membraneimpermeant inhibitors targeting the human tumorassociated isozyme IX. J Med Chem 47:2337-2347.
Casey JR, Sly WS, Shah GN, Alvarez BV (2009)
Bicarbonate Homeostasis in Excitable Tissues: Role of
AE3 Cl-/HCO3- Exchanger andCarbonic Anhydrase
XIV Interaction. Am J Physiol Cell Physiol 297:1091102.
Cernanec J, Guilak F, Weinberg JB, Pisetsky DS, Fermor
B (2002) Influence of hypoxia and reoxygenation on
cytokine-induced production of proinflammatory
mediators in articular cartilage. Arthritis Rheum 46:968975.

Chirgwin JM, Przybyla AE, MacDonald RJ, Rutter WJ
(1979) Isolation of biologically active ribonucleic acid
from sources enriched in ribonuclease. Biochemistry
18:5294-5299.
Choi I, Aalkjaer C, Boulpaep EL, Boron WF (2000) An
electroneutral sodium/bicarbonate cotransporter NBCn1
and associated sodium channel. Nature 405:571-575.
Chubinskaya S, Hurtig M, Rueger DC (2007) OP1/BMP-7 in cartilage repair. Int Orthop 31:773-781.
Chubinskaya S, Kawakami M, Rappoport L, Matsumoto
T, Migita N, Rueger DC (2007) Anti-catabolic effect of
OP-1 in chronically compressed intervertebral discs. J
Orthop Res 25:517-530.
Cinti S, Frederich RC, Zingaretti MC, De Matteis R,
Flier JS, Lowell BB (1997) Immunohistochemical
localization of leptin and uncoupling protein in white and
brown adipose tissue. Endocrinology 138:797-804.
Considine RV, Sinha MK, Heiman ML, Kriauciunas A,
Stephens TW, Nyce MR, Ohannesian JP, Marco CC,
McKee LJ, Bauer TL, et al. (1996) Serum
immunoreactive-leptin concentrations in normal-weight
and obese humans. N Engl J Med 334:292-295.
Cruzoé-Souza M, Sasso-Cerri E, Cerri PS (2009)
Immunohistochemical detection of estrogen receptor beta
in alveolar bone cells of estradiol-treated female rats:
possible direct action on osteoclast life span. J Anat 215:
673-681.
Czupalla C, Mansukoski H, Pursche T, Krause E,
Hoflack B (2005) Comparative study of protein and
mRNA expression during osteoclastogenesis. Proteomics
5:3868-3875.
Dai J, Rabie AB (2007) VEGF: an essential mediator of
both angiogenesis and endochondral ossification. J Dent
Res 86:937-950.
Daluiski A, Engstrand T, Bahamonde ME, Gamer LW,
Agius E, Stevenson SL, Cox K, Rosen V, Lyons KM

References
(2001) Bone morphogenetic protein-3 is a negative
regulator of bone density. Nat Genet 27:84-88.
Darnay BG, Besse A, Poblenz AT, Lamothe B, Jacoby JJ
(2007). TRAFs in RANK signaling. Adv Exp Med Biol
597:152-159.
Das RH, van Osch GJ, Kreukniet M, Oostra J, Weinans
H, Jahr H (2010) Effects of individual control of pH and
hypoxia in chondrocyte culture. J Orthop Res 28:537-45.
Datta HK, MacIntyre I, Zaidi M (1989) The effect of
extracellular calcium elevation on morphology and
function of isolated rat osteoclasts. Biosci Rep 9:747751.
David JP, Sabapathy K, Hoffmann O, Idarraga MH,
Wagner EF (2002) JNK1 modulates osteoclastogenesis
through both c-Jun phosphorylation-dependent and independent mechanisms. J Cell Sci 115:4317-4325.
Davies KJ, Quintanilha AT, Brooks GA, Packer L (1982)
Free radicals and tissue damage produced by exercise.
Biochem Biophys Res Commun 107:1198-1205.
de Souza Malaspina TS, dos Santos CX, Campanelli AP,
Laurindo FR, Sogayar MC, Granjeiro JM (2008)
Tartrate-resistant acid phosphatase activity and
glutathione levels are modulated during hFOB 1.19
osteoblastic differentiation. J Mol Histol 39:627-634.
Demuth DR, Showe LC, Ballantine M, Palumbo A,
Fraser PJ, Cioe L, Rovera G, Curtis PJ (1986) Cloning
and structural characterization of a human non-erythroid
band 3-like protein. Embo J 5:1205-1214.
Diaz-Corte C, Fernandez-Martin JL, Barreto S, Gomez
C, Fernandez-Coto T, Braga S, Cannata JB (2001) Effect
of aluminium load on parathyroid hormone synthesis.
Nephrol Dial Transplant 16:742-745.
Dickinson DA, Forman HJ (2002) Glutathione in defense
and signaling: lessons from a small thiol. Ann N Y Acad
Sci 973:488-504.
Dobnig H, Turner RT (1995) Evidence that intermittent
treatment with parathyroid hormone increases bone
formation in adult rats by activation of bone lining cells.
Endocrinology 136:3632-3638.
Dodd JS, Raleigh JA, Gross TS (1999) Osteocyte
hypoxia: a novel mechanotransduction pathway. Am J
Physiol 277:C598-602.
Dodgson SJ, Quistorff B, Ridderstrale Y (1993)
Carbonic anhydrases in cytosol, nucleus, and membranes
of rat liver. J Appl Physiol 75:1186-1193.

83

Ducy P, Schinke T, Karsenty G (2000b) The osteoblast:
a sophisticated fibroblast under central surveillance.
Science 289:1501-1504.
Dunwoodie SL (2009)The role of hypoxia in
development of the Mammalian embryo. Dev Cell
17:755-773.
Elefteriou F, Ahn JD, Takeda S, Starbuck M, Yang X,
Liu X, Kondo H, Richards WG, Bannon TW, Noda M,
Clement K, Vaisse C, Karsenty G (2005) Leptin
regulation of bone resorption by the sympathetic nervous
system and CART. Nature 434:514-520.
Eppell SJ, Tong W, Katz JL, Kuhn L, Glimcher MJ
(2001) Shape and size of isolated bone mineralites
measured using atomic force microscopy. J Orthop Res
19:1027-1034.
Fallon MD (1984) Bone resorbing fluid from osteoclasts
is acidic: an in vitro micropuncture study. Amsterdam,
Netherlands, Elsevier.
Favus MJ, Bushinsky DA, Lemann JJ (2006) Regulation
of Calcium, Magnesium, and Phosphate Metabolism, 6th
ed. Washington D.C., USA, American Society for Bone
and Mineral Research: 76-83.
Forgac M (2007) Vacuolar ATPases: rotary proton
pumps in physiology and pathophysiology. Nat Rev Mol
Cell Biol 8:917-929.
Fowlkes JL, Bunn RC, Liu L, Wahl EC, Coleman HN,
Cockrell GE, Perrien DS, Lumpkin CK, Jr., Thrailkill
KM (2007) Runt-related transcription factor 2 (RUNX2)
and RUNX2-related osteogenic genes are downregulated
throughout osteogenesis in type 1 diabetes mellitus.
Endocrinology.
Fox SW, Chambers TJ, Chow JW (1996) Nitric oxide is
an early mediator of the increase in bone formation by
mechanical stimulation. Am J Physiol 270:E955-960.
Frattini A, Orchard PJ, Sobacchi C, Giliani S, Abinun M,
Mattsson JP, Keeling DJ, Andersson AK, Wallbrandt P,
Zecca L, Notarangelo LD, Vezzoni P, Villa A (2000)
Defects in TCIRG1 subunit of the vacuolar proton pump
are responsible for a subset of human autosomal
recessive osteopetrosis. Nat Genet 25:343-346.
Fujikawa-Adachi K, Nishimori I, Taguchi T, Onishi S
(1999) Human carbonic anhydrase XIV (CA14a): cDNA
cloning, mRNA expression, and mapping to
chromosome 1. Genomics 61:74-81.

Du AL, Ren HM, Lu CZ, Tu JL, Xu CF, Sun YA (2009)
Carbonic anhydrase III is insufficient in muscles of
myasthenia gravis patients. Autoimmunity 42:209-215.

Fujikawa-Adachi K, Nishimori I, Taguchi T, Onishi S.
Human mitochondrial carbonic anhydrase VB (1999b).
cDNA cloning, mRNA expression, subcellular
localization, and mapping to chromosome x. J Biol
Chem. 274:21228-21233.

Ducy P, Amling M, Takeda S, Priemel M, Schilling AF,
Beil T, Shen J, Vinson C, Rueger JM, Karsenty G.
(2000a) Leptin inhibits bone formation through a
hypothalamic relay: A central control of bone mass. Cell
100:197-207.

Fujikawa-Adachi K, Nishimori I, Sakamoto S, Morita M,
Onishi S, Yonezawa S, Hollingsworth MA (1999c)
Identification of carbonic anhydrase IV and VI mRNA
expression in human pancreas and salivary glands.
Pancreas 18:329-335.

84

References

Fukuoka H, Aoyama M, Miyazawa K, Asai K, Goto S
(2005) Hypoxic stress enhances osteoclast differentiation
via increasing IGF2 production by non-osteoclastic cells.
Biochem Biophys Res Commun 328:885-894.
Gabay C, Dreyer M, Pellegrinelli N, Chicheportiche R,
Meier CA (2001) Leptin directly induces the secretion of
interleukin 1 receptor antagonist in human monocytes. J
Clin Endocrinol Metab 86:783-791.
Genbacev O, Zhou Y, Ludlow JW, Fisher SJ (1997)
Regulation of human placental development by oxygen
tension. Science 277:1669-1672.
Geng W, Hill K, Zerwekh JE, Kohler T, Muller R, Moe
OW (2009) Inhibition of osteoclast formation and
function by bicarbonate: role of soluble adenylyl cyclase.
J Cell Physiol 220:332-340.
Gerber HP, Vu TH, Ryan AM, Kowalski J, Werb Z,
Ferrara N (1999) VEGF couples hypertrophic cartilage
remodeling, ossification and angiogenesis during
endochondral bone formation. Nat Med 5:623-628.
Gerstenfeld LC and Shapiro FD (1996) Expression of
bone-specific genes by hypertrophic
chondrocytes: implication of the complex functions of
the hypertrophic chondrocyte during
endochondral bone development. J Cell Biochem 62: 19.
Gibson JS, Milner PI, White R, Fairfax TP, Wilkins RJ
(2008). Oxygen and reactive oxygen species in articular
cartilage: modulators of ionic homeostasis. Pflugers Arch
455:563-573.
Gillen CM, Brill S, Payne JA, Forbush B, 3rd (1996)
Molecular cloning and functional expression of the K-Cl
cotransporter from rabbit, rat, and human. A new
member of the cation-chloride cotransporter family. J
Biol Chem 271:16237-16244.
Glowacki J (1998) Angiogenesis in fracture repair. Clin
Orthop Relat Res 82-89.
Gonzalez-Begne M, Nakamoto T, Nguyen HV, Stewart
AK, Alper SL, Melvin JE (2007) Enhanced formation of
a HCO3- transport metabolon in exocrine cells of Nhe1/- mice.
J Biol Chem. 282:35125-32.
Green J, Maor G (2000) Effect of metabolic acidosis on
the growth hormone/IGF-I endocrine axis in skeletal
growth centers. Kidney Int 57:2258-2267.
Greger R, Schlatter E (1983) Properties of the basolateral
membrane of the cortical thick ascending limb of Henle's
loop of rabbit kidney. A model for secondary active
chloride transport. Pflugers Arch 396:325-334.
Grgic M, Jelic M, Basic V, Basic N, Pecina M,
Vukicevic S (1997) Regeneration of articular cartilage
defects in rabbits by osteogenic protein-1 (bone
morphogenetic protein-7). Acta Med Croatica 51:23-27.

Grimshaw MJ, Mason RM (2000) Bovine articular
chondrocyte function in vitro depends upon oxygen
tension. Osteoarthritis Cartilage 8:386-392.
Grinstein S, Rotin D, Mason MJ (1989) Na+/H+
exchange and growth factor-induced cytosolic pH
changes. Role in cellular proliferation. Biochim Biophys
Acta 988:73-97.
Gross TS, Akeno N, Clemens TL, Komarova S,
Srinivasan S, Weimer DA, Mayorov S (2001) Selected
Contribution: Osteocytes upregulate HIF-1alpha in
response to acute disuse and oxygen deprivation. J Appl
Physiol 90:2514-2519.
Gross TS, King KA, Rabaia NA, Pathare P, Srinivasan S
(2005) Upregulation of osteopontin by osteocytes
deprived of mechanical loading or oxygen. J Bone Miner
Res 20:250-256.
Gu G, Nars M, Hentunen TA, Metsikkö K, Väänänen
HK (2006) Isolated primary osteocytes express
functional gap junctions in vitro. Cell Tissue Res
323:263-271.
Gunczler P, Lanes R, Paz-Martinez V, Martins R, Esaa
S, Colmenares V, Weisinger JR (1998) Decreased
lumbar spine bone mass and low bone turnover in
children and adolescents with insulin dependent diabetes
mellitus followed longitudinally. J Pediatr Endocrinol
Metab 11:413-419.
Gupta A, Edwards JC, Hruska KA (1996) Cellular
distribution and regulation of NHE-1 isoform of the NAH exchanger in the avian osteoclast. Bone 18:87-95.
Gustafsson BI, Westbroek I, Waarsing JH, Waldum H,
Solligard E, Brunsvik A, Dimmen S, van Leeuwen JP,
Weinans H, Syversen U (2006) Long-term serotonin
administration leads to higher bone mineral density,
affects bone architecture, and leads to higher femoral
bone stiffness in rats. J Cell Biochem 97:1283-1291.
Haase VH (2006) The VHL/HIF oxygen-sensing
pathway and its relevance to kidney disease. Kidney Int
69:1302-1307.
Hall AC, Starks I, Shoults CL, Rashidbigi S (1996)
Pathways for K+ transport across the bovine articular
chondrocyte membrane and their sensitivity to cell
volume. Am J Physiol 270:C1300-1310.
Hall GE, Kenny AD (1987) Role of carbonic anhydrase
in bone resorption: effect of acetazolamide on basal and
parathyroid hormone-induced bone metabolism. Calcif
Tissue Int 40:212-218.
Hall GE, Kenny AD (1985) Role of carbonic anhydrase
in bone resorption induced by 1,25 dihydroxyvitamin D3
in vitro. Calcif Tissue Int 37:134-142.
Hall TJ, Chambers TJ (1990) Na+/H+ antiporter is the
primary proton transport system used by osteoclasts
during bone resorption. J Cell Physiol 142:420-424.
Hall TJ, Chambers TJ (1989) Optimal bone resorption by
isolated rat osteoclasts requires chloride/bicarbonate
exchange. Calcif Tissue Int 45:378-380.

References
Hall TJ, Higgins W, Tardif C, Chambers TJ (1991) A
comparison of the effects of inhibitors of carbonic
anhydrase on osteoclastic bone resorption and purified
carbonic anhydrase isozyme II. Calcif Tissue Int 49:328332.
Hall TJ, Schaeublin M, Chambers TJ (1992) Na+/H(+)antiporter activity is essential for the induction, but not
the maintenance of osteoclastic bone resorption and
cytoplasmic spreading. Biochem Biophys Res Commun
188:1097-1103.

85

Hofbauer LC, Gori F, Riggs BL, Lacey DL, Dunstan CR,
Spelsberg TC, Khosla S (1999) Stimulation of
osteoprotegerin ligand and inhibition of osteoprotegerin
production by glucocorticoids in human osteoblastic
lineage cells: potential paracrine mechanisms of
glucocorticoid-induced osteoporosis. Endocrinology
140:4382-4389.
Hoffmann EK, Simonsen LO (1989) Membrane
mechanisms in volume and pH regulation in vertebrate
cells. Physiol Rev 69:315-382.

Halmi P, Parkkila S, Honkaniemi J (2006) Expression of
carbonic anhydrases II, IV, VII, VIII and XII in rat brain
after kainic acid induced status epilepticus. Neurochem
Int 48:24-30

Hoggard N, Hunter L, Duncan JS, Williams LM,
Trayhurn P, Mercer JG (1997) Leptin and leptin receptor
mRNA and protein expression in the murine fetus and
placenta. Proc Natl Acad Sci U S A 94:11073-11078.

Hammerland LG, Parihar AS, Nemeth EF, Sanguinetti
MC (1994) Voltage-activated potassium currents of
rabbit osteoclasts: effects of extracellular calcium. Am J
Physiol 267:C1103-1111.

Holliday LS, Lu M, Lee BS, Nelson RD, Solivan S,
Zhang L, Gluck SL (2000) The amino-terminal domain
of the B subunit of vacuolar H+-ATPase contains a
filamentous actin binding site. J Biol Chem 275:3233132337.

Hampson G, Evans C, Petitt RJ, Evans WD, Woodhead
SJ, Peters JR, Ralston SH (1998) Bone mineral density,
collagen type 1 alpha 1 genotypes and bone turnover in
premenopausal women with diabetes mellitus.
Diabetologia 41:1314-1320.
Härkönen PL, Väänänen HK (2006) Monocytemacrophage system as a target for estrogen and selective
estrogen receptor modulators. Ann N Y Acad Sci
1089:218-27.
Hazenberg JG, Hentunen TA, Heino TJ, Kurata K, Lee
TC, Taylor D (2009) Microdamage detection and repair
in bone: fracture mechanics, histology, cell biology.
Technol Health Care 17:67-75.
Heino TJ, Hentunen TA, Väänänen HK (2004).
Conditioned medium from osteocytes stimulates the
proliferation of bone marrow mesenchymal stem cells
and their differentiation into osteoblasts. Exp Cell Res
294:458-468.
Henger A, Tutt P, Riesen WF, Hulter HN, Krapf R
(2000) Acid-base and endocrine effects of aldosterone
and angiotensin II inhibition in metabolic acidosis in
human patients. J Lab Clin Med 136:379-389.
Hermo L, Chong DL, Moffatt P, Sly WS, Waheed A,
Smith CE (2005) Region- and cell-specific differences in
the distribution of carbonic anhydrases II, III, XII, and
XIV in the adult rat epididymis. J Histochem Cytochem
53:699-713.
Hilvo M, Innocenti A, Monti SM, De Simone G,
Supuran CT, Parkkila S (2008) Recent advances in
research on the most novel carbonic anhydrases, CA XIII
and XV. Curr Pharm Des 14:672-678.
Hirose K, Tomiyama H, Okazaki R, Arai T, Koji Y,
Zaydun G, Hori S, Yamashina A (2003) Increased pulse
wave velocity associated with reduced calcaneal
quantitative osteo-sono index: possible relationship
between atherosclerosis and osteopenia. J Clin
Endocrinol Metab 88:2573-2578.

Holotnakova T, Ziegelhoffer A, Ohradanova A,
Hulikova A, Novakova M, Kopacek J, Pastorek J,
Pastorekova S (2007) Induction of carbonic anhydrase
IX by hypoxia and chemical disruption of oxygen
sensing in rat fibroblasts and cardiomyocytes. Pflugers
Arch 456:323-37.
Horowitz MC, Lorenzo JA (2002) Local regulators of
bone: IL-1, TNF, lymphotoxin, interferon g, IL-8, IL-10,
IL-4, the LIF/ IL-6 family, and additional cytokines. San
Diego, Academic Press
Horton WA, Campbell D, Machado MA, Aulthouse AL,
Ahmed S, Ellard JT (1989) Tissue and cell studies of the
growth plate in the chondrodysplasias. Am J Med Genet
34:91-95.
Hosokawa S, Endoh T, Shibukawa Y, Tsumura M,
Ichikawa H, Tazaki M, Furusawa M (2010) Calcitonin
gene-related peptide- and adrenomedullin-induced
facilitation of calcium current by different signal
pathways in nucleus tractus solitarius. Brain Res in
press.
Hotamisligil GS, Shargill NS, Spiegelman BM (1993)
Adipose expression of tumor necrosis factor-alpha: direct
role in obesity-linked insulin resistance. Science 259:8791
Hott M, Marie PJ (1989) Carbonic anhydrase activity in
fetal rat bone resorbing cells: inhibition by acetazolamide
infusion. J Dev Physiol 12:277-281.
Hu CJ, Wang LY, Chodosh LA, Keith B, Simon MC
(2003) Differential roles of hypoxia-inducible factor
1alpha (HIF-1alpha) and HIF-2alpha in hypoxic gene
regulation. Mol Cell Biol 23:9361-9374.
Hu Y, Nyman J, Muhonen P, Väänänen HK, LaitalaLeinonen T (2005) Inhibition of the osteoclast V-ATPase
by small interfering RNAs. FEBS Lett 579:4937-4942.
Hunziker EB (1994) Mechanism of longitudinal bone
growth and its regulation by growth plate chondrocytes.
Microsc Res Tech 28:505-519.

86

References

Husheem, M. Nyman, J. K. Vääräniemi, J. Väänänen, H.
K. Hentunen, T. A. (2005) Characterization of
circulating human osteoclast progenitors: development of
in vitro resorption assay. Calcif Tissue Int 76: 222-30..
Im HJ, Pacione C, Chubinskaya S, Van Wijnen AJ, Sun
Y, Loeser RF (2003) Inhibitory effects of insulin-like
growth factor-1 and osteogenic protein-1 on fibronectin
fragment- and interleukin-1beta-stimulated matrix
metalloproteinase-13 expression in human chondrocytes.
J Biol Chem 278:25386-25394.
Ishac EJ, Jiang L, Lake KD, Varga K, Abood ME, Kunos
G (1996) Inhibition of exocytotic noradrenaline release
by presynaptic cannabinoid CB1 receptors on peripheral
sympathetic nerves. Br J Pharmacol 118: 2023-2028.
Islam A, Glomski C, Henderson ES (1990) Bone lining
(endosteal) cells and hematopoiesis: a light microscopic
study of normal and pathologic human bone marrow in
plastic-embedded sections. Anat Rec 227:300-306.
Iwamoto J, Takeda T, Sato Y, Yeh JK (2004) Response
of cortical and cancellous bones to mild calcium
deficiency in young growing female rats: a bone
histomorphometry study. Exp Anim 53:347-354.
Iyer NV, Kotch LE, Agani F, Leung SW, Laughner E,
Wenger RH, Gassmann M, Gearhart JD, Lawler AM, Yu
AY, Semenza GL (1998) Cellular and developmental
control of O2 homeostasis by hypoxia-inducible factor 1
alpha. Genes Dev 12:149-162.
Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J,
Gaskell SJ, Kriegsheim Av, Hebestreit HF, Mukherji M,
Schofield CJ, Maxwell PH, Pugh CW, Ratcliffe PJ
(2001) Targeting of HIF-alpha to the von Hippel-Lindau
ubiquitylation complex by O2-regulated prolyl
hydroxylation. Science 292:468-472.
Jallali N, Ridha H, Thrasivoulou C, Butler P, Cowen T
(2007) Modulation of intracellular reactive oxygen
species level in chondrocytes by IGF-1, FGF, and TGFbeta1. Connect Tissue Res 48:149-158.
Jandziszak K, Suarez C, Saenger PH, Brion LP (2000)
Time course of the response to recombinant growth
hormone in acidotic mice. Pediatr Nephrol 14:922-926.
Janghorbani M, Feskanich D, Willett WC, Hu F (2006)
Prospective study of diabetes and risk of hip fracture: the
Nurses' Health Study. Diabetes Care 29:1573-1578
Jenkins RR (1988) Free radical chemistry. Relationship
to exercise. Sports Med 5:156-170.
Jennings ML (1989) Structure and function of the red
blood cell anion exchange protein. Prog Clin Biol Res
292:327-338.
Jentsch TJ, Friedrich T, Schriever A, Yamada H (1999)
The CLC chloride channel family. Pflugers Arch
437:783-795.
Johnson RC, Leopold JA, Loscalzo J (2006) Vascular
calcification: pathobiological mechanisms and clinical
implications. Circ Res 99:1044-1059.

Jorgensen L, Joakimsen O, Mathiesen EB, Ahmed L,
Berntsen GK, Fonnebo V, Joakimsen R, Njolstad I,
Schirmer H, Jacobsen BK (2006) Carotid plaque
echogenicity and risk of nonvertebral fractures in
women: a longitudinal population-based study. Calcif
Tissue Int 79:207-213.
Josephsen K, Praetorius J, Frische S, Gawenis LR, Kwon
TH, Agre P, Nielsen S, Fejerskov O (2009) Targeted
disruption of the Cl-/HCO3- exchanger Ae2 results in
osteopetrosis in mice. Proc Natl Acad Sci U S A
106:1638-1641.
Joyce ME, Roberts AB, Sporn MB, Bolander ME (1990)
Transforming growth factor-beta and the initiation of
chondrogenesis and osteogenesis in the rat femur. J Cell
Biol 110:2195-2207
Kajiya H, Okamoto F, Fukushima H, Okabe K (2003)
Calcitonin inhibits proton extrusion in resorbing rat
osteoclasts via protein kinase A. Pflugers Arch 445:651658.
Kajiya H, Okamoto F, Li JP, Nakao A, Okabe K (2006)
Expression of mouse osteoclast K-Cl Co-transporter-1
and its role during bone resorption. J Bone Miner Res
21:984-992.
Kalhoff H, Manz F, Diekmann L, Kunz C, Stock GJ,
Weisser F (1993) Decreased growth rate of low-birthweight infants with prolonged maximum renal acid
stimulation. Acta Paediatr 82:522-527.
Kalinina EV, Chernov NN, Saprin AN (2008)
Involvement of thio-, peroxi-, and glutaredoxins in
cellular redox-dependent processes. Biochemistry
(Mosc) 73:1493-1510.
Kallio H, Pastorekova S, Pastorek J, Waheed A, Sly WS,
Männisto S, Heikinheimo M, Parkkila S (2006)
Expression of carbonic anhydrases IX and XII during
mouse embryonic development. BMC Dev Biol 6:22.
Kanatani M, Sugimoto T, Fukase M, Fujita T (1991)
Effect of elevated extracellular calcium on the
proliferation of osteoblastic MC3T3-E1 cells:its direct
and indirect effects via monocytes. Biochem Biophys
Res Commun 181:1425-1430.
Kanatani M, Sugimoto T, Kanzawa M, Yano S, Chihara
K (1999) High extracellular calcium inhibits osteoclastlike cell formation by directly acting on the calciumsensing receptor existing in osteoclast precursor cells.
Biochem Biophys Res Commun 261:144-148.
Karhukorpi EK (1991) Carbonic anhydrase II in rat acid
secreting cells: comparison of osteoclasts with gastric
parietal cells and kidney intercalated cells. Acta
Histochem 90:11-20.
Karolchik D, Baertsch R, Diekhans M, Furey TS,
Hinrichs A, Lu YT, Roskin KM, Schwartz M, Sugnet
CW, Thomas DJ, Weber RJ, Haussler D, Kent WJ
(2003) The UCSC Genome Browser Database. Nucleic
Acids Res 31:51-54.

References
Karsenty G (2006) Convergence between bone and
energy homeostases: leptin regulation of bone mass. Cell
Metab 4:341-348.
Kasperk C, Fitzsimmons R, Strong D, Mohan S,
Jennings J, Wergedal J, Baylink D (1990) Studies of the
mechanism by which androgens enhance mitogenesis
and differentiation in bone cells. J Clin Endocrinol
Metab 71:1322-1329.
Kasperk C, Helmboldt A, Borcsok I, Heuthe S, Cloos O,
Niethard F, Ziegler R (1997) Skeletal site-dependent
expression of the androgen receptor in human
osteoblastic cell populations. Calcif Tissue Int 61:464473.
Kasperk CH, Wergedal JE, Farley JR, Linkhart TA,
Turner RT, Baylink DJ (1989) Androgens directly
stimulate proliferation of bone cells in vitro.
Endocrinology 124:1576-1578.
Katagiri T, Boorla S, Frendo JL, Hogan BL, Karsenty G
(1998) Skeletal abnormalities in doubly heterozygous
Bmp4 and Bmp7 mice. Dev Genet 22:340-8.
Kaunisto K, Parkkila S, Rajaniemi H, Waheed A, Grubb
J, Sly WS (2002) Carbonic anhydrase XIV: luminal
expression suggests key role in renal acidification.
Kidney Int 61:2111-2118.
Kawaji H, Kasukawa T, Fukuda S, Katayama S, Kai C,
Kawai J, Carninci P, Hayashizaki Y (2006) CAGE
Basic/Analysis Databases: the CAGE resource for
comprehensive promoter analysis. Nucleic Acids Res
34:D632-636.
Kemink SA, Hermus AR, Swinkels LM, Lutterman JA,
Smals AG (2000) Osteopenia in insulin-dependent
diabetes mellitus; prevalence and aspects of
pathophysiology. J Endocrinol Invest 23:295-303.
Kenny AD (1985) Role of carbonic anhydrase in bone:
partial inhibition of disuse atrophy of bone by parenteral
acetazolamide. Calcif Tissue Int 37:126-133.
Khosla S, Lufkin EG, Hodgson SF, Fitzpatrick LA,
Melton LJ, 3rd (1994) Epidemiology and clinical
features of osteoporosis in young individuals. Bone
15:551-555.
Khosla S, Melton LJ, 3rd, Riggs BL (2002) Clinical
review 144: Estrogen and the male skeleton. J Clin
Endocrinol Metab 87:1443-1450.
Kim G, Lee TH, Wetzel P, Geers C, Robinson MA,
Myers TG, Owens JW, Wehr NB, Eckhaus MW, Gros G,
Wynshaw-Boris A, Levine RL (2004) Carbonic
anhydrase III is not required in the mouse for normal
growth, development, and life span. Mol Cell Biol
24:9942-9947.
Kim JM, Jeong D, Kang HK, Jung SY, Kang SS, Min
BM (2007) Osteoclast precursors display dynamic
metabolic shifts toward accelerated glucose metabolism
at an early stage of RANKL-stimulated osteoclast
differentiation. Cell Physiol Biochem 20:935-946.

87

Kishi T, Hagino H, Kishimoto H, Nagashima H (1998)
Bone responses at various skeletal sites to human
parathyroid hormone in ovariectomized rats: effects of
long-term
administration,
withdrawal,
and
readministration. Bone 22:515-522.
Kitaura H, Sands MS, Aya K, Zhou P, Hirayama T,
Uthgenannt B, Wei S, Takeshita S, Novack DV, Silva
MJ, Abu-Amer Y, Ross FP, Teitelbaum SL (2004)
Marrow stromal cells and osteoclast precursors
differentially
contribute
to
TNF-alpha-induced
osteoclastogenesis in vivo. J Immunol 173:4838-4846.
Kitaura H, Zhou P, Kim HJ, Novack DV, Ross FP,
Teitelbaum SL (2005) M-CSF mediates TNF-induced
inflammatory osteolysis. J Clin Invest 115:3418-3427.
Kivelä AJ, Kivela J, Saarnio J, Parkkila S (2005)
Carbonic anhydrases in normal gastrointestinal tract and
gastrointestinal tumours. World J Gastroenterol 11:155163.
Klein-Nulend J, Semeins CM, Ajubi NE, Nijweide PJ,
Burger EH (1995) Pulsating fluid flow increases nitric
oxide (NO) synthesis by osteocytes but not periosteal
fibroblasts--correlation with prostaglandin upregulation.
Biochem Biophys Res Commun 217:640-648.
Knowles HJ, Athanasou NA (2009) Acute hypoxia and
osteoclast activity: a balance between enhanced
resorption and increased apoptosis. J Pathol 218:256264.
Knowles HJ, Athanasou NA (2008) Hypoxia-inducible
factor is expressed in giant cell tumour of bone and
mediates paracrine effects of hypoxia on monocyteosteoclast differentiation via induction of VEGF. J
Pathol 215:56-66.
Kobayashi S, Morgans CW, Casey JR, Kopito RR (1994)
AE3 anion exchanger isoforms in the vertebrate retina:
developmental regulation and differential expression in
neurons and glia. J Neurosci 14:6266-6279.
Koester MK, Pullan LM, Noltmann EA (1981) The pnitrophenyl phosphatase activity of muscle carbonic
anhydrase. Arch Biochem Biophys 211:632-642.
Komarova SV, Ataullakhanov FI, Globus RK (2000)
Bioenergetics and mitochondrial transmembrane
potential during differentiation of cultured osteoblasts.
Am J Physiol Cell Physiol 279:C1220-1229.
Komm BS, Terpening CM, Benz DJ, Graeme KA,
Gallegos A, Korc M, Greene GL, O'Malley BW,
Haussler MR (1988) Estrogen binding, receptor mRNA,
and biologic response in osteoblast-like osteosarcoma
cells. Science 241:81-84.
Kong YY, Boyle WJ, Penninger JM (1999a)
Osteoprotegerin ligand: a common link between
osteoclastogenesis, lymph node formation and
lymphocyte development. Immunol Cell Biol 77:188193.
Kong YY, Yoshida H, Sarosi I, Tan HL, Timms E,
Capparelli C, Morony S, Oliveira-dos-Santos AJ, Van G,
Itie A, Khoo W, Wakeham A, Dunstan CR, Lacey DL,

88

References

Mak TW, Boyle WJ, Penninger JM (1999b) OPGL is a
key regulator of osteoclastogenesis, lymphocyte
development and lymph-node organogenesis. Nature
397:315-323.
Kopito RR, Lee BS, Simmons DM, Lindsey AE,
Morgans CW, Schneider K (1989) Regulation of
intracellular pH by a neuronal homolog of the
erythrocyte anion exchanger. Cell 59:927-937.
Kornak U, Kasper D, Bosl MR, Kaiser E, Schweizer M,
Schulz A, Friedrich W, Delling G, Jentsch TJ (2001)
Loss of the ClC-7 chloride channel leads to osteopetrosis
in mice and man. Cell 104:205-215.
Kornak U, Schulz A, Friedrich W, Uhlhaas S, Kremens
B, Voit T, Hasan C, Bode U, Jentsch TJ, Kubisch C
(2000) Mutations in the a3 subunit of the vacuolar H(+)ATPase cause infantile malignant osteopetrosis. Hum
Mol Genet 9:2059-2063.
Krieger NS, Sessler NE, Bushinsky DA (1992) Acidosis
inhibits osteoblastic and stimulates osteoclastic activity
in vitro. Am J Physiol 262:F442-448.

Laitala-Leinonen T, Lowik C, Papapoulos S, Väänänen
HK (1999) Inhibition of intravacuolar acidification by
antisense RNA decreases osteoclast differentiation and
bone resorption in vitro. J Cell Sci 112 (Pt 21):36573666.
Laitala-Leinonen T, Väänänen HK (1999) Decreased
bone resorption, osteoclast differentiation, and
expression of vacuolar H+-ATPase in antisense DNAtreated mouse metacarpal and calvaria cultures ex vivo.
Antisense Nucleic Acid Drug Dev 9:155-169.
Laitala T, Väänänen HK (1994) Inhibition of bone
resorption in vitro by antisense RNA and DNA
molecules targeted against carbonic anhydrase II or two
subunits of vacuolar H(+)-ATPase. J Clin Invest
93:2311-2318.
Laitala T, Väänänen K (1993) Proton channel part of
vacuolar H(+)-ATPase and carbonic anhydrase II
expression is stimulated in resorbing osteoclasts. J Bone
Miner Res 8:119-126.

Kudrycki KE, Shull GE (1989) Primary structure of the
rat kidney band 3 anion exchange protein deduced from a
cDNA. J Biol Chem 264:8185-8192

Lakkakorpi PT, Lehenkari PP, Rautiala TJ, Väänänen
HK (1996) Different calcium sensitivity in osteoclasts on
glass and on bone and maintenance of cytoskeletal
structures on bone in the presence of high extracellular
calcium. J Cell Physiol 168:668-77.

Kuemmerle N, Krieg RJ, Jr., Latta K, Challa A, Hanna
JD, Chan JC (1997) Growth hormone and insulin-like
growth factor in non-uremic acidosis and uremic
acidosis. Kidney Int Suppl 58:S102-105.

Lakkakorpi P, Tuukkanen J, Hentunen T, Järvelin K,
Väänänen K (1989) Organization of osteoclast
microfilaments during the attachment to bone surface in
vitro. J Bone Miner Res 4:817-825.

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S,
Gustafsson JA (1996) Cloning of a novel receptor
expressed in rat prostate and ovary. Proc Natl Acad Sci
U S A 93:5925-5930.

Lakkakorpi PT, Väänänen HK (1996) Cytoskeletal
changes in osteoclasts during the resorption cycle.
Microsc Res Tech 33:171-181.

Kwon TH, Fulton C, Wang W, Kurtz I, Frokiaer J,
Aalkjaer C, Nielsen S (2002) Chronic metabolic acidosis
upregulates rat kidney Na-HCO cotransporters NBCn1
and NBC3 but not NBC1. Am J Physiol Renal Physiol
282:F341-351.
Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR,
Burgess T, Elliott R, Colombero A, Elliott G, Scully S,
Hsu H, Sullivan J, Hawkins N, Davy E, Capparelli C, Eli
A, Qian YX, Kaufman S, Sarosi I, Shalhoub V, Senaldi
G, Guo J, Delaney J, Boyle WJ (1998) Osteoprotegerin
ligand is a cytokine that regulates osteoclast
differentiation and activation. Cell 93:165-176.
Lafont JE, Talma S, Hopfgarten C, Murphy CL (2008)
Hypoxia promotes the differentiated human articular
chondrocyte phenotype through SOX9-dependent and independent pathways. J Biol Chem 283:4778-4786.
Laitala-Leinonen T (2005) Unsatisfactory gene transfer
into bone-resorbing osteoclasts with liposomal
transfection systems. J Negat Results Biomed 4:5.
Laitala-Leinonen T, Howell ML, Dean GE, Väänänen
HK (1996) Resorption-cycle-dependent polarization of
mRNAs for different subunits of V-ATPase in boneresorbing osteoclasts. Mol Biol Cell 7:129-142.

Lam J, Takeshita S, Barker JE, Kanagawa O, Ross FP,
Teitelbaum
SL
(2000)
TNF-alpha
induces
osteoclastogenesis by direct stimulation of macrophages
exposed to permissive levels of RANK ligand. J Clin
Invest 106:1481-1488.
Laroche M, Delmotte A (2005) Increased arterial
calcification in Paget's disease of bone. Calcif Tissue Int
77:129-133.
Lee KH, Park JW, Chun YS (2004) Non-hypoxic
transcriptional activation of the aryl hydrocarbon
receptor nuclear translocator in concert with a novel
hypoxia-inducible factor-1alpha isoform. Nucleic Acids
Res 32:5499-5511.
Lee MG, Schultheis PJ, Yan M, Shull GE, Bookstein C,
Chang E, Tse M, Donowitz M, Park K, Muallem S
(1998) Membrane-limited expression and regulation of
Na+-H+ exchanger isoforms by P2 receptors in the rat
submandibular gland duct. J Physiol 513 (Pt 2):341-357.
Lee RB, Urban JP (1997) Evidence for a negative
Pasteur effect in articular cartilage. Biochem J 321 (Pt
1):95-102.
Lee SH, Kim T, Park ES, Yang S, Jeong D, Choi Y, Rho
J (2008) NHE10, an osteoclast-specific member of the
Na+/H+ exchanger family, regulates osteoclast

References
differentiation and survival. Biochem Biophys Res
Commun 369:320-326.
Lee SH, Rho J, Jeong D, Sul JY, Kim T, Kim N, Kang
JS, Miyamoto T, Suda T, Lee SK, Pignolo RJ, KoczonJaremko B, Lorenzo J, Choi Y (2006) v-ATPase V0
subunit d2-deficient mice exhibit impaired osteoclast
fusion and increased bone formation. Nat Med 12:14031409.
Lee WY, Huang SC, Hsu KF, Tzeng CC, Shen WL
(2008) Roles for hypoxia-regulated genes during cervical
carcinogenesis: somatic evolution during the hypoxiaglycolysis-acidosis sequence. Gynecol Oncol 108:377384.
Lees RL, Heersche JN (2000) Differences in regulation
of pH(i) in large (>/=10 nuclei) and small (</=5 nuclei)
osteoclasts. Am J Physiol Cell Physiol 279:C751-761.
Lehenkari P, Hentunen TA, Laitala-Leinonen T,
Tuukkanen J, Väänänen HK (1998) Carbonic anhydrase
II plays a major role in osteoclast differentiation and
bone resorption by effecting the steady state intracellular
pH and Ca2+. Exp Cell Res 242:128-137.
Lehtonen J, Shen B, Vihinen M, Casini A, Scozzafava A,
Supuran CT, Parkkila AK, Saarnio J, Kivelä AJ, Waheed
A, Sly WS, Parkkila S (2004) Characterization of CA
XIII, a novel member of the carbonic anhydrase isozyme
family. J Biol Chem. 279:2719-2727.
Lennon DP, Edmison JM, Caplan AI (2001) Cultivation
of rat marrow-derived mesenchymal stem cells in
reduced oxygen tension: effects on in vitro and in vivo
osteochondrogenesis. J Cell Physiol 187:345-355.
Li YP, Chen W, Liang Y, Li E, Stashenko P (1999)
Atp6i-deficient mice exhibit severe osteopetrosis due to
loss of osteoclast-mediated extracellular acidification.
Nat Genet 23:447-451.
Lian JB, Javed A, Zaidi SK, Lengner C, Montecino M,
van Wijnen AJ, Stein JL, Stein GS (2004) Regulatory
controls for osteoblast growth and differentiation: role of
Runx/Cbfa/AML factors. Crit Rev Eukaryot Gene Expr
14:1-41.
Lind M, Schumacker B, Søballe K, Keller J, Melsen F,
Bünger C (1993). Transforming growth factor-beta
enhances fracture healing in rabbit tibiae. Acta Orthop
Scand 64:553-6.
Linn SC, Kudrycki KE, Shull GE (1992) The predicted
translation product of a cardiac AE3 mRNA contains an
N terminus distinct from that of the brain AE3 Cl/HCO3- exchanger. Cloning of a cardiac AE3 cDNA,
organization of the AE3 gene, and identification of an
alternative transcription initiation site. J Biol Chem
267:7927-7935.
Liu S, Gupta A, Quarles LD (2007) Emerging role of
fibroblast growth factor 23 in a bone-kidney axis
regulating systemic phosphate homeostasis and
extracellular matrix mineralization. Curr Opin Nephrol
Hypertens. 2007 16:329-35.

89

Liu S, Zhou J, Tang W, Jiang X, Rowe DW, Quarles LD
(2006) Pathogenic role of Fgf23 in Hyp mice. Am J
Physiol Endocrinol Metab 291:E38-49.
Liu XH, Kirschenbaum A, Yao S, Levine AC (2007)
Androgens promote preosteoblast differentiation via
activation of the canonical Wnt signaling pathway. Ann
N Y Acad Sci 1116:423-431.
Liu Y, Song L, Wang Y, Rojek A, Nielsen S, Agre P,
Carbrey JM (2009) Osteoclast differentiation and
function in aquaglyceroporin AQP9-null mice. Biol Cell
101:133-140.
Livak KJ, Schmittgen TD (2001) Analysis of relative
gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods 25:402408.
Loder RT (1988) The influence of diabetes mellitus on
the healing of closed fractures. Clin Orthop Relat
Res:210-216.
López-Barneo J, Ortega-Sáenz P, Pardal R, Pascual A,
Piruat JI, Durán R, Gómez-Díaz R (2009) Oxygen
sensing in the carotid body. Ann N Y Acad Sci
1177:119-131.
Loiselle FB, Morgan PE, Alvarez BV, Casey JR (2004)
Regulation of the human NBC3 Na+/HCO3cotransporter by carbonic anhydrase II and PKA. Am J
Physiol Cell Physiol 286: 1423-1433.
Lu H, Kraut D, Gerstenfeld LC, Graves DT (2003)
Diabetes interferes with the bone formation by affecting
the expression of transcription factors that regulate
osteoblast differentiation. Endocrinology 144:346-352.
Lu X, Kambe F, Cao X, Kozaki Y, Kaji T, Ishii T, Seo H
(2008) 3beta-Hydroxysteroid-delta24 reductase is a
hydrogen peroxide scavenger, protecting cells from
oxidative stress-induced apoptosis. Endocrinology
149:3267-3273.
Lund-Olesen K (1970) Oxygen tension in synovial
fluids. Arthritis Rheum 13:769-776
Luu HH, Song WX, Luo X, Manning D, Luo J, Deng
ZL, Sharff KA, Montag AG, Haydon RC, He TC (2007)
Distinct roles of bone morphogenetic proteins in
osteogenic differentiation of mesenchymal stem cells. J
Orthop Res 25:665-77.
Lynch CJ, Hazen SA, Horetsky RL, Carter ND, Dodgson
SJ (1993) Differentiation-dependent expression of
carbonic anhydrase II and III in 3T3 adipocytes. Am J
Physiol 265:C234-243.
Maemura K, Hsieh CM, Jain MK, Fukumoto S, Layne
MD, Liu Y, Kourembanas S, Yet SF, Perrella MA, Lee
ME (1999) Generation of a dominant-negative mutant of
endothelial PAS domain protein 1 by deletion of a potent
C-terminal transactivation domain. J Biol Chem
274:31565-31570.
Mach DB, Rogers SD, Sabino MC, Luger NM, Schwei
MJ, Pomonis JD, Keyser CP, Clohisy DR, Adams DJ,
O’Leary P, Mantyh PW (2002) Origins of skeletal pain:

90

References

sensory and sympathetic innervation of the mouse femur.
Neuroscience 113: 155–166.
Mackie EJ, Ahmed YA, Tatarczuch L, Chen KS, Mirams
M (2008) Endochondral ossification: how cartilage is
converted into bone in the developing skeleton. Int J
Biochem Cell Biol 40: 46-62.
Magnus JH, Broussard DL (2005) Relationship between
bone mineral density and myocardial infarction in US
adults. Osteoporos Int 16:2053-2062.
Mahon PC, Hirota K, Semenza GL (2001) FIH-1: a
novel protein that interacts with HIF-1α and VHL to
mediate repression of HIF-1 transcriptional activity.
Genes Dev 15:2675–2686.
Makino Y, Cao R, Svensson K, Bertilsson G, Asman M,
Tanaka H, Cao Y, Berkenstam A, Poellinger L (2001)
Inhibitory PAS domain protein is a negative regulator of
hypoxia-inducible gene expression. Nature 414:550-554.
Mani A, Radhakrishnan J, Wang H, Mani A, Mani MA,
Nelson-Williams C, Carew KS, Mane S, Najmabadi
H,Wu D, Lifton RP (2007) LRP6 mutation in a family
with early coronary disease and metabolic risk factors.
Science 315: 1278–1282.

kinases in response to epidermal growth factor, hypoxia,
and mechanical stress in vitro. Biochem Biophys Res
Commun 249:350-354.
Matsui S, Satoh H, Kawashima H, Nagasaka S, Niu CF,
Urushida T, Katoh H, Watanabe Y, Hayashi H (2007)
Non-genomic effects of aldosterone on intracellular ion
regulation and cell volume in rat ventricular myocytes.
Can J Physiol Pharmacol 85:264-273.
Matys V, Fricke E, Geffers R, Gossling E, Haubrock M,
Hehl R, Hornischer K, Karas D, Kel AE, Kel-Margoulis
OV, Kloos DU, Land S, Lewicki-Potapov B, Michael H,
Munch R, Reuter I, Rotert S, Saxel H, Scheer M, Thiele
S, Wingender E (2003) TRANSFAC: transcriptional
regulation, from patterns to profiles. Nucleic Acids Res
31:374-378.
Maurer P, Meyer L, Eckert AW, Berginski M, Schubert J
(2006) Measurement of oxygen partial pressure in the
mandibular bone using a polarographic fine needle
probe. Int J Oral Maxillofac Surg 35:231-236.
May RC, Kelly RA, Mitch WE (1986) Metabolic
acidosis stimulates protein degradation in rat muscle by a
glucocorticoid-dependent mechanism. J Clin Invest
77:614-621.

Manolagas SC (2010). From Estrogen-Centric to Aging
and Oxidative Stress: A Revised Perspective of the
Pathogenesis of Osteoporosis. Endocr Rev in press.

McCabe LR (2007) Understanding the pathology and
mechanisms of type I diabetic bone loss. J Cell Biochem
102:1343-1357.

Manolagas SC (2000) Birth and death of bone cells:
basic regulatory mechanisms and implications for the
pathogenesis and treatment of osteoporosis. Endocr Rev
21:115-137.

McMurtrie HL, Cleary HJ, Alvarez BV, Loiselle FB,
Sterling D, Morgan PE, Johnson DE, Casey JR (2004)
The bicarbonate transport metabolon. J Enzyme Inhib
Med Chem 19:231-236.

Manolson MF, Yu H, Chen W, Yao Y, Li K, Lees RL,
Heersche JN (2003) The a3 isoform of the 100-kDa VATPase subunit is highly but differentially expressed in
large (>or=10 nuclei) and small (<or= nuclei)
osteoclasts. J Biol Chem 278:49271-49278.

McSheehy PM, Chambers TJ (1986) Osteoblast-like
cells in the presence of parathyroid hormone release
soluble factor that stimulates osteoclastic bone
resorption. Endocrinology 119:1654-1659.

Margolis DS, Szivek JA, Lai LW, Lien YH (2008)
Phenotypic characteristics of bone in carbonic anhydrase
II-deficient mice. Calcif Tissue Int 82:66-76.
Marie PJ (2009) The calcium-sensing receptor in bone
cells: A potential therapeutic target in osteoporosis. Bone
Aug 4. (Epub ahead of print), in press.
Marcus RE (1973) The effect of low oxygen
concentration on growth, glycolysis, and sulfate
incorporation by articular chondrocytes in monolayer
culture. Arthritis Rheum 16:646–656.
Marotte H, Miossec P (2008) Prevention of bone mineral
density loss in patients with rheumatoid arthritis treated
with anti-TNFalpha therapy. Biologics 2:663-669.
Matsubara K, Stenvinkel P, Qureshi AR, Carrero JJ,
Axelsson J, Heimbürger O, Bárány P, Alvestrand A,
Lindholm B, Suliman ME (2009) Inflammation modifies
the association of osteoprotegerin with mortality in
chronic kidney disease. J Nephrol 22:774-782.
Matsuda N, Morita N, Matsuda K, Watanabe M (1998)
Proliferation and differentiation of human osteoblastic
cells associated with differential activation of MAP

Menanteau J, Neuman WF, Neuman MW (1982) A study
of bone proteins which can prevent hydroxyapatite
formation. Metab Bone Dis Relat Res 4:157-162.
Mikhaylova L, Malmquist J, Nurminskaya M (2007)
Regulation of in vitro vascular calcification by BMP4,
VEGF and Wnt3a. Calcif Tissue Int 81:372-381.
Miller SC, de Saint-Georges L, Bowman BM, Jee WS
(1989) Bone lining cells: structure and function.
Scanning Microsc 3:953-960; discussion 960-951.
Milner PI, Fairfax TP, Browning JA, Wilkins RJ, Gibson
JS (2006) The effect of O2 tension on pH homeostasis in
equine articular chondrocytes. Arthritis Rheum 54:35233532.
Milner PI, Wilkins RJ, Gibson JS (2007) The role of
mitochondrial reactive oxygen species in pH regulation
in articular chondrocytes. Osteoarthritis Cartilage
15:735-742.
Miyauchi A, Hruska KA, Greenfield EM, Duncan R,
Alvarez J, Barattolo R, Colucci S, Zambonin-Zallone A,
Teitelbaum SL, Teti A (1990) Osteoclast cytosolic
calcium, regulated by voltage-gated calcium channels

References
and extracellular calcium, controls podosome assembly
and bone resorption. J Cell Biol 111:2543-2552.
Miyazaki T, Sanjay A, Neff L, Tanaka S, Horne WC,
Baron R (2004) Src kinase activity is essential for
osteoclast function. J Biol Chem 279:17660-6.
Mizuno Y, Hosoi T, Inoue S, Ikegami A, Kaneki M,
Akedo Y, Nakamura T, Ouchi Y, Chang C, Orimo H
(1994) Immunocytochemical identification of androgen
receptor in mouse osteoclast-like multinucleated cells.
Calcif Tissue Int 54:325-326.
Mobasheri A, Golding S, Pagakis SN, Corkey K, Pocock
AE, Fermor B, O'Brien MJ, Wilkins RJ, Ellory JC,
Francis MJ (1998) Expression of cation exchanger NHE
and anion exchanger AE isoforms in primary human
bone-derived osteoblasts. Cell Biol Int 22:551-562.
Montalcini T, Emanuele V, Ceravolo R, Gorgone G,
Sesti G, Perticone F, Pujia A (2004) Relation of low
bone mineral density and carotid atherosclerosis in
postmenopausal women. Am J Cardiol 94:266-269.
Morgan PE, Pastorekova S, Stuart-Tilley AK, Alper SL,
Casey JR (2007) Interactions of transmembrane carbonic
anhydrase, CAIX, with bicarbonate transporters. Am J
Physiol Cell Physiol 293:C738-748.
Mori K, Ogawa Y, Ebihara K, Tamura N, Tashiro K,
Kuwahara T, Mukoyama M, Sugawara A, Ozaki S,
Tanaka I, Nakao K (1999) Isolation and characterization
of CA XIV, a novel membrane-bound carbonic
anhydrase from mouse kidney. J Biol Chem 274:1570115705.
Morris DC, Väänänen HK, Anderson HC (1983) Matrix
vesicle calcification in rat epiphyseal growth plate
cartilage prepared anhydrously for electron microscopy.
Metab Bone Dis Relat Res 5:131-137.
Morrison MS, Turin L, King BF, Burnstock G, Arnett
TR (1998) ATP is a potent stimulator of the activation
and formation of rodent osteoclasts. J Physiol 511 (Pt
2):495-500.
Mount DB, Mercado A, Song L, Xu J, George AL, Jr.,
Delpire E, Gamba G (1999) Cloning and characterization
of KCC3 and KCC4, new members of the cationchloride cotransporter gene family. J Biol Chem
274:16355-16362.
Mulari MT, Zhao H, Lakkakorpi PT, Väänänen HK
(2003) Osteoclast ruffled border has distinct subdomains
for secretion and degraded matrix uptake. Traffic 4:113125.
Mundy GR, Poser JW (1983) Chemotactic activity of the
gamma-carboxyglutamic acid containing protein in bone.
Calcif Tissue Int 35:164-168.
Murata M, Yudoh K, Masuko K (2007) The potential
role of vascular endothelial growth factor (VEGF) in
cartilage How the angiogenic factor could be involved in
the pathogenesis of osteoarthritis? Osteoarthritis
Cartilage 16:279-86.

91

Murphy CL, Polak JM (2004) Control of human articular
chondrocyte differentiation by reduced oxygen tension. J
Cell Physiol 199:451-459.
Nakamura H, Moriyama Y, Futai M, Ozawa H (1994)
Immunohistochemical localization of vacuolar H(+)ATPase in osteoclasts of rat tibiae. Arch Histol Cytol
57:535-539.
Namba K, Abe M, Saito S, Satake M, Ohmoto T,
Watanabe T, Sato Y (2000) Indispensable role of the
transcription factor PEBP2/CBF in angiogenic activity of
a murine endothelial cell MSS31. Oncogene 19:106-114.
Neuman WF, Neuman MW, Diamond AG, Menanteau J,
Gibbons WS (1982) Blood:bone disequilibrium. VI.
Studies of the solubility characteristics of brushite:
apatite
mixtures
and
their
stabilization
by
noncollagenous proteins of bone. Calcif Tissue Int
34:149-157.
Nielsen RH, Karsdal MA, Sorensen MG, Dziegiel MH,
Henriksen K (2007) Dissolution of the inorganic phase
of bone leading to release of calcium regulates osteoclast
survival. Biochem Biophys Res Commun 360:834-839.
Niida S, Kaku M, Amano H, Yoshida H, Kataoka H,
Nishikawa S, Tanne K, Maeda N, Kodama H (1999)
Vascular endothelial growth factor can substitute for
macrophage colony-stimulating factor in the support of
osteoclastic bone resorption. J Exp Med 190:293-298.
Niida S, Kondo T, Hiratsuka S, Hayashi S, Amizuka N,
Noda T, Ikeda K, Shibuya M (2005) VEGF receptor 1
signaling is essential for osteoclast development and
bone marrow formation in colony-stimulating factor 1deficient mice. Proc Natl Acad Sci U S A 102:1401614021.
Nordström T, Shrode LD, Rotstein OD, Romanek R,
Goto T, Heersche JN, Manolson MF, Brisseau GF,
Grinstein S (1997) Chronic extracellular acidosis induces
plasmalemmal vacuolar type H+ ATPase activity in
osteoclasts. J Biol Chem 272:6354-6360.
O'Brien CA, Jia D, Plotkin LI, Bellido T, Powers CC,
Stewart SA, Manolagas SC, Weinstein RS (2004)
Glucocorticoids act directly on osteoblasts and
osteocytes to induce their apoptosis and reduce bone
formation and strength. Endocrinology 145:1835-1841.
Ogilvie JM, Ohlemiller KK, Shah GN, Ulmasov B,
Becker TA, Waheed A, Hennig AK, Lukasiewicz PD,
Sly WS (2007) Carbonic anhydrase XIV deficiency
produces a functional defect in the retinal light response.
Proc Natl Acad Sci U S A 104:8514-8519.
Ohlsson A, Cumming WA, Paul A, Sly WS (1986)
Carbonic anhydrase II deficiency syndrome: recessive
osteopetrosis with renal tubular acidosis and cerebral
calcification. Pediatrics 77:371-381.
Ohlsson A, Stark G, Sakati N (1980) Marble brain
disease: recessive osteopetrosis, renal tubular acidosis
and cerebral calcification in three Saudi Arabian
families. Dev Med Child Neurol 22:72-84.

92

References

Orlowski J, Grinstein S (2004) Diversity of the
mammalian sodium/proton exchanger SLC9 gene family.
Pflugers Arch 447:549-565.
Orlowski J, Grinstein S (1997) Na+/H+ exchangers of
mammalian cells. J Biol Chem 272:22373-22376.
Oshin AO, Stewart MC (2007) The role of bone
morphogenetic
proteins
in
articular
cartilage
development, homeostasis and repair. Vet Comp Orthop
Traumatol 20:151-158.
Oursler MJ, Bradley EW, Elfering SL, Giulivi C (2005)
Native, not nitrated, cytochrome c and mitochondriaderived hydrogen peroxide drive osteoclast apoptosis.
Am J Physiol Cell Physiol 288:C156-168.
Oursler MJ, Osdoby P, Pyfferoen J, Riggs BL, Spelsberg
TC (1991) Avian osteoclasts as estrogen target cells.
Proc Natl Acad Sci U S A 88:6613-6617.
Paley D (1990) Problems, obstacles, and complications
of limb lengthening by the Ilizarov technique. Clin
Orthop Relat Res:81-104.
Palokangas H, Mulari M, Väänänen HK (1997)
Endocytic pathway from the basal plasma membrane to
the ruffled border membrane in bone-resorbing
osteoclasts. J Cell Sci 110 (Pt 15):1767-1780.
Panizo S, Cardus A, Encinas M, Parisi E, Valcheva P,
Lopez-Ongil S, Coll B, Fernandez E, Valdivielso JM
(2009) RANKL increases vascular smooth muscle cell
calcification through a RANK-BMP4-dependent
pathway. Circ Res 104:1041-1048.

complementary DNA sequence and expression in human
and rat alimentary tracts. Gastroenterology 112:398-408.
Pastorekova S, Parkkila S, Pastorek J, Supuran CT
(2004) Carbonic anhydrases: current state of the art,
therapeutic applications and future prospects. J Enzyme
Inhib Med Chem 19:199-229.
Payne JA, Stevenson TJ, Donaldson LF (1996)
Molecular characterization of a putative K-Cl
cotransporter in rat brain. A neuronal-specific isoform. J
Biol Chem 271:16245-16252.
Pederson L, Kremer M, Judd J, Pascoe D, Spelsberg TC,
Riggs BL, Oursler MJ (1999) Androgens regulate bone
resorption activity of isolated osteoclasts in vitro. Proc
Natl Acad Sci U S A 96:505-510.
Peters C, Bayer MJ, Buhler S, Andersen JS, Mann M,
Mayer A (2001) Trans-complex formation by proteolipid
channels in the terminal phase of membrane fusion.
Nature 409:581-588.
Pfander D, Cramer T, Schipani E, Johnson RS (2003)
HIF-1alpha controls extracellular matrix synthesis by
epiphyseal chondrocytes. J Cell Sci 116:1819-1826.
Pi M, Quarles LD (2004) A novel cation-sensing
mechanism in osteoblasts is a molecular target for
strontium. J Bone Miner Res 19:862-869.
Pias EK, Aw TY (2002) Early redox imbalance mediates
hydroperoxide-induced apoptosis in mitotic competent
undifferentiated PC-12 cells. Cell Death Differ 9:10071016.

Parikka V, Lehenkari P, Sassi ML, Halleen J, Risteli J,
Härkonen P, Väänänen HK (2001) Estrogen reduces the
depth of resorption pits by disturbing the organic bone
matrix degradation activity of mature osteoclasts.
Endocrinology 142:5371-5378.

Plotkin LI, Aguirre JI, Kousteni S, Manolagas SC,
Bellido T (2005) Bisphosphonates and estrogens inhibit
osteocyte apoptosis via distinct molecular mechanisms
downstream of extracellular signal-regulated kinase
activation. J Biol Chem 280:7317-7325.

Park HJ, Rajbhandari I, Yang HS, Lee S, Cucoranu D,
Cooper DS, Klein JD, Sands JM, Choi I (2010) Neuronal
Expression of Sodium/Bicarbonate Cotransporter
NBCn1 (SLC4A7) and its Response to Chronic
Metabolic Acidosis. Am J Physiol Cell Physiol in press.

Plotkin LI, Weinstein RS, Parfitt AM, Roberson PK,
Manolagas SC, Bellido T (1999). Prevention of osteocyte
and osteoblast apoptosis by bisphosphonates and
calcitonin. J Clin Invest 104:1363-1374.

Parkkila S (2000) An overview of the distribution and
function of carbonic anhydrase in mammals. EXS 90:7993.
Parkkila S, Halsted CH, Villanueva JA, Väänänen HK,
Niemelä O (1999) Expression of testosterone-dependent
enzyme, carbonic anhydrase III, and oxidative stress in
experimental alcoholic liver disease. Dig Dis Sci
44:2205-2213.

Pouyssegur J, Sardet C, Franchi A, L'Allemain G, Paris
S (1984) A specific mutation abolishing Na+/H+ antiport
activity in hamster fibroblasts precludes growth at
neutral and acidic pH. Proc Natl Acad Sci U S A
81:4833-4837.
Purkerson JM, Kittelberger AM, Schwartz GJ (2007)
Basolateral carbonic anhydrase IV in the proximal tubule
is a glycosylphosphatidylinositol-anchored protein.
Kidney Int 71:407-416.

Parkkila S, Kivelä AJ, Kaunisto K, Parkkila AK,
Hakkola J, Rajaniemi H, Waheed A, Sly WS (2002) The
plasma membrane carbonic anhydrase in murine
hepatocytes identified as isozyme XIV. BMC
Gastroenterol 2:13.

Pushkin A, Abuladze N, Gross E, Newman D,
Tatishchev S, Lee I, Fedotoff O, Bondar G, Azimov R,
Ngyuen M, Kurtz I (2004) Molecular mechanism of
kNBC1-carbonic anhydrase II interaction in proximal
tubule cells. J Physiol 559:55-65.

Pastorekova S, Parkkila S, Parkkila AK, Opavsky R,
Zelnik V, Saarnio J, Pastorek J (1997) Carbonic
anhydrase IX, MN/CA IX: analysis of stomach

Putney LK, Barber DL (2003) Na-H exchange-dependent
increase in intracellular pH times G2/M entry and
transition. J Biol Chem 278:44645-44649.

References
Qian DZ, Kachhap SK, Collis SJ, Verheul HM, Carducci
MA, Atadja P, Pili R (2006) Class II histone deacetylases
are associated with VHL-independent regulation of
hypoxia-inducible factor 1 alpha. Cancer Res 66:88148821.
Quarles LD (2003) FGF23, PHEX, and MEPE regulation
of phosphate homeostasis and skeletal mineralization.
Am J Physiol Endocrinol Metab 285:E1-9.
Quinn JM, Itoh K, Udagawa N, Hausler K, Yasuda H,
Shima N, Mizuno A, Higashio K, Takahashi N, Suda T,
Martin TJ, Gillespie MT (2001) Transforming growth
factor beta affects osteoclast differentiation via direct and
indirect actions. J Bone Miner Res 16:1787-1794.
Raggi P, Giachelli C, Bellasi A (2007) Interaction of
vascular and bone disease in patients with normal renal
function and patients undergoing dialysis. Nat Clin Pract
Cardiovasc Med 4:26-33.
Reinecke M, Schmid AC, Heyberger-Meyer B, Hunziker
EB, Zapf J (2000) Effect of growth hormone and insulinlike growth factor I (IGF-I) on the expression of IGF-I
messenger ribonucleic acid and peptide in rat tibial
growth plate and articular chondrocytes in vivo.
Endocrinology 141:2847-2853.
Reseland JE, Syversen U, Bakke I, Qvigstad G, Eide LG,
Hjertner O, Gordeladze JO, Drevon CA (2001) Leptin is
expressed in and secreted from primary cultures of
human osteoblasts and promotes bone mineralization. J
Bone Miner Res 16:1426-1433.
Riddle RC, Khatri R, Schipani E, Clemens TL (2009)
Role of hypoxia-inducible factor-1alpha in angiogenicosteogenic coupling.J Mol Med. 87:583-90.
Ripamonti U, Ferretti C, Teare J, Blann L (2009)
Transforming Growth Factor-beta Isoforms and the
Induction of Bone Formation: Implications for
Reconstructive Craniofacial Surgery. J Craniofac Surg
20:1544-1555.
Ritchie CK, Maercklein PB, Fitzpatrick LA (1994)
Direct effect of calcium channel antagonists on
osteoclast function: alterations in bone resorption and
intracellular calcium concentrations. Endocrinology
135:996-1003.
Ritz E, Gross ML (2005) Hyperphosphatemia in renal
failure. Blood Purif 23:6-9.
Robert-Pachot M, Desbos A, Moreira A, Becchi M,
Tebib J, Bonnin M, Aitsiselmi T, Bienvenu J, Fabien N
(2007) Carbonic anhydrase III: a new target for
autoantibodies in autoimmune diseases. Autoimmunity
40:380-389.
Robey PG, Boskey AL (2003) Extracellular matrix and
biomineralization of bone. Philadelphia, USA,
Lippincott, Williams and Wilkins.
Robling AG, Turner CH (2009) Mechanical signaling for
bone modeling and remodeling. Crit Rev Eukaryot Gene
Expr 19:319-338.

93

Romero MF, Fulton CM, Boron WF (2004) The SLC4
family of HCO 3 - transporters. Pflugers Arch 447:495509.
Rosen CJ, Ackert-Bicknell CL, Adamo ML, Shultz KL,
Rubin J, Donahue LR, Horton LG, Delahunty KM,
Beamer WG, Sipos J, Clemmons D, Nelson T, Bouxsein
ML, Horowitz M (2004) Congenic mice with low serum
IGF-I have increased body fat, reduced bone mineral
density, and an altered osteoblast differentiation
program. Bone 35:1046-58.
Rossi F, Sikniscalco D, Luongo L, De Petronecellis L,
Bellini G, Petrosino S, Torella M, Santoro C, Nobili B,
Perrotta S, DI Marzo V, Maione S (2009) The
endovanilloid/ endocannabinoid system in human
osteoclasts: Possible involvement in bone formation and
resorption. Bone 44:476-484.
Rotin D, Grinstein S (1989) Impaired cell volume
regulation in Na(+)-H+ exchange-deficient mutants. Am
J Physiol 257:C1158-1165.
Rotin D, Steele-Norwood D, Grinstein S, Tannock I
(1989) Requirement of the Na+/H+ exchanger for tumor
growth. Cancer Res 49:205-211.
Ryan HE, Lo J, Johnson RS (1998) HIF-1 alpha is
required for solid tumor formation and embryonic
vascularization. Embo J 17:3005-3015.
Räisänen SR, Lehenkari P, Tasanen M, Rahkila P,
Härkonen PL, Väänänen HK (1999) Carbonic anhydrase
III protects cells from hydrogen peroxide-induced
apoptosis. Faseb J 13:513-522.
Saadeh PB, Mehrara BJ, Steinbrech DS, Dudziak ME,
Greenwald JA, Luchs JS, Spector JA, Ueno H, Gittes
GK, Longaker MT (1999) Transforming growth factorbeta1 modulates the expression of vascular endothelial
growth factor by osteoblasts. Am J Physiol 277:C628637.
Säämänen AM, Hyttinen M, Vuorio E (2007) Analysis
of arthritic lesions in the Del1 mouse: a model for
osteoarthritis. Methods Mol Med 136:283-302.
Sakai H, Kawawaki J, Moriura Y, Mori H, Morihata H,
Kuno M (2006) pH dependence and inhibition by
extracellular calcium of proton currents via
plasmalemmal vacuolar-type H+-ATPase in murine
osteoclasts. J Physiol 576:417-425.
Sakai H, Nakamura F, Kuno M (1999) Synergetic
activation of outwardly rectifying Cl- currents by
hypotonic stress and external Ca2+ in murine osteoclasts.
J Physiol 515 (Pt 1):157-168.
Salerno M, Argenziano A, Di Maio S, Gasparini N,
Formicola S, De Filippo G, Tenore A (1997) Pubertal
growth, sexual maturation, and final height in children
with IDDM. Effects of age at onset and metabolic
control. Diabetes Care 20:721-724.
Salo J, Lehenkari P, Mulari M, Metsikkö K, Väänänen
HK (1997) Removal of osteoclast bone resorption
products by transcytosis. Science 276:270-273.

94

References

Salo J, Metsikkö K, Palokangas H, Lehenkari P,
Väänänen HK (1996) Bone-resorbing osteoclasts reveal
a dynamic division of basal plasma membrane into two
different domains. J Cell Sci 109 (Pt 2):301-307.

Semenza GL (2000) HIF-1: mediator of physiological
and pathophysiological responses to hypoxia. J Appl
Physiol 88:1474-1480.

Sanchez-Elsner T, Botella LM, Velasco B, Corbi A,
Attisano L, Bernabeu C (2001) Synergistic cooperation
between hypoxia and transforming growth factor-beta
pathways on human vascular endothelial growth factor
gene expression. J Biol Chem 276:38527-38535.

Semenza GL, Jiang BH, Leung SW, Passantino R,
Concordet JP, Maire P, Giallongo A (1996) Hypoxia
response elements in the aldolase A, enolase 1, and
lactate dehydrogenase A gene promoters contain
essential binding sites for hypoxia-inducible factor 1. J
Biol Chem 271:32529-32537.

Schinke T, Karsenty G (1999) Characterization of Osf1,
an osteoblast-specific transcription factor binding to a
critical cis-acting element in the mouse Osteocalcin
promoters. J Biol Chem 274:30182-30189.

Sender S, Gros G, Waheed A, Hageman GS, Sly WS
(1994) Immunohistochemical localization of carbonic
anhydrase IV in capillaries of rat and human skeletal
muscle. J Histochem Cytochem 42:1229-1236.

Schipani E, Ryan HE, Didrickson S, Kobayashi T,
Knight M, Johnson RS (2001) Hypoxia in cartilage: HIF1alpha is essential for chondrocyte growth arrest and
survival. Genes Dev 15:2865-2876.

Serre CM, Farlay D, Delmas PD, Chenu C (1999)
Evidence for a dense and intimate innervation of the
bone tissue, including glutamate-containing fibres. Bone
25:623-629.

Schlesinger PH, Blair HC, Teitelbaum SL, Edwards JC
(1997) Characterization of the osteoclast ruffled border
chloride channel and its role in bone resorption. J Biol
Chem 272:18636-18643.

Shah GN, Ulmasov B, Waheed A, Becker T, Makani S,
Svichar N, Chesler M, Sly WS (2005) Carbonic
anhydrase IV and XIV knockout mice: roles of the
respective carbonic anhydrases in buffering the
extracellular space in brain. Proc Natl Acad Sci U S A
102:16771-16776.

Schlienger RG, Kraenzlin ME, Jick SS, Meier CR (2004)
Use of beta-blockers and risk of fractures. JAMA
292:1326-1332.
Schneider N, Mouithys-Mickalad A, Lejeune JP,
Duyckaerts C, Sluse F, Deby-Dupont G, Serteyn D
(2007) Oxygen consumption of equine articular
chondrocytes: influence of applied oxygen tension and
glucose concentration during culture. Cell Biol Int
31:878–886.
Schneider N, Mouithys-Mickalad AL, Lejeune JP, DebyDupont GP, Hoebeke M, Serteyn DA (2005)
Synoviocytes, not chondrocytes, release free radicals
after cycles of anoxia/re-oxygenation. Biochem Biophys
Res Commun 334:669-673.
Schulz E, Arfai K, Liu X, Sayre J, Gilsanz V (2004)
Aortic calcification and the risk of osteoporosis and
fractures. J Clin Endocrinol Metab 89:4246-4253.
Schwartz GJ, Brown D, Mankus R, Alexander EA,
Schwartz JH (1994) Low pH enhances expression of
carbonic anhydrase II by cultured rat inner medullary
collecting duct cells. Am J Physiol 266:C508-514.
Schwartz GJ, Kittelberger AM, Barnhart DA,
Vijayakumar S (2000) Carbonic anhydrase IV is
expressed in H(+)-secreting cells of rabbit kidney. Am J
Physiol Renal Physiol 278:F894-904.
Seghezzi G, Patel S, Ren CJ, Gualandris A, Pintucci G,
Robbins ES, Shapiro RL, Galloway AC, Rifkin DB,
Mignatti P (1998) Fibroblast growth factor-2 (FGF-2)
induces vascular endothelial growth factor (VEGF)
expression in the endothelial cells of forming capillaries:
an autocrine mechanism contributing to angiogenesis. J
Cell Biol 141:1659-1673.
Selander K, Lehenkari P, Vaananen HK (1994) The
effects of bisphosphonates on the resorption cycle of
isolated osteoclasts. Calcif Tissue Int 55:368-375.

Shao JS, Cai J, Towler DA (2006) Molecular
mechanisms of vascular calcification: lessons learned
from the aorta. Arterioscler Thromb Vasc Biol 26:14231430.
Shapiro IM, Mansfield KD, Evans SM, Lord EM, Koch
CJ (1997) Chondrocytes in the endochondral growth
cartilage are not hypoxic. Am J Physiol 272:C11341143.
Shibata T, Sakai H, Nakamura F, Shioi A, Kuno M
(1997) Differential effect of high extracellular Ca2+ on
K+ and Cl- conductances in murine osteoclasts. J Membr
Biol 158:59-67.
Shibutani T, Heersche JN (1993) Effect of medium pH
on osteoclast activity and osteoclast formation in cultures
of dispersed rabbit osteoclasts. J Bone Miner Res 8:331336.
Shimoda LA, Fallon M, Pisarcik S, Wang J, Semenza
GL (2006) HIF-1 regulates hypoxic induction of NHE1
expression and alkalinization of intracellular pH in
pulmonary arterial myocytes. Am J Physiol Lung Cell
Mol Physiol 291:L941-949.
Shinoda Y, Kawaguchi H, Higashikawa A, Hirata M,
Miura T, Saito T, Nakamura K, Chung UI, Ogata N
(2010) Mechanisms underlying catabolic and anabolic
functions of parathyroid hormone on bone by
combination of culture systems of mouse cells. J Cell
Biochem 109:755-63.
Shomento SH, Wan C, Cao X, Faugere MC, Bouxsein
ML, Clemens TL, Riddle RC (2010) Hypoxia-inducible
factors 1alpha and 2alpha exert both distinct and
overlapping functions in long bone development. J Cell
Biochem 109:196-204.

References

95

Silver IA, Murrills RJ, Etherington DJ (1988)
Microelectrode studies on the acid microenvironment
beneath adherent macrophages and osteoclasts. Exp Cell
Res 175:266-276.

Spicer SS, Ge ZH, Tashian RE, Hazen-Martin DJ,
Schulte BA (1990) Comparative distribution of carbonic
anhydrase isozymes III and II in rodent tissues. Am J
Anat 187:55-64.

Silverton SF, Dodgson SJ, Fallon MD, Forster RE, 2nd
(1987) Carbonic anhydrase activity of chick osteoclasts
is increased by parathyroid hormone. Am J Physiol
253:E670-674.

Srinivasan S, Avadhani NG (2007) Hypoxia-mediated
mitochondrial stress in RAW264.7 cells induces
osteoclast-like TRAP-positive cells. Ann N Y Acad Sci
1117:51-61.

Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang
MS, Luthy R, Nguyen HQ, Wooden S, Bennett L, Boone
T, Shimamoto G, DeRose M, Elliott R, Colombero A,
Tan HL, Trail G, Sullivan J, Davy E, Bucay N,
Renshaw-Gegg L, Hughes TM, Hill D, Pattison W,
Campbell P, Sander S, Van G, Tarpley J, Derby P, Lee
R, Boyle WJ (1997) Osteoprotegerin: a novel secreted
protein involved in the regulation of bone density. Cell
89:309-319.

St-Arnaud R (2008) The direct role of vitamin D on bone
homeostasis. Arch Biochem Biophys 473:225-230.

Singh R, Mailloux RJ, Puiseux-Dao S, Appanna VD
(2007) Oxidative stress evokes a metabolic adaptation
that favors increased NADPH synthesis and decreased
NADH production in Pseudomonas fluorescens. J
Bacteriol. 2007 189:6665-6675.

Steinbrech DS, Mehrara BJ, Saadeh PB, Greenwald JA,
Spector JA, Gittes GK, Longaker MT (2000) VEGF
expression in an osteoblast-like cell line is regulated by a
hypoxia response mechanism. Am J Physiol Cell Physiol
2000 278:853-860.

Skerry TM, Bitensky L, Chayen J, Lanyon LE (1989)
Early strain-related changes in enzyme activity in
osteocytes following bone loading in vivo. J Bone Miner
Res 4:783-788.

Steinbrech DS, Mehrara BJ, Saadeh PB, Chin G,
Dudziak ME, Gerrets RP, Gittes GK, Longaker MT
(1999) Hypoxia regulates VEGF expression and cellular
proliferation by osteoblasts in vitro. Plast Reconstr Surg
104:738-747.

Sly WS, Hewett-Emmett D, Whyte MP, Yu YS, Tashian
RE (1983) Carbonic anhydrase II deficiency identified as
the primary defect in the autosomal recessive syndrome
of osteopetrosis with renal tubular acidosis and cerebral
calcification. Proc Natl Acad Sci U S A 80:2752-2756.
Sly WS, Hu PY (1995) Human carbonic anhydrases and
carbonic anhydrase deficiencies. Annu Rev Biochem
64:375-401.
Sobacchi C, Frattini A, Orchard P, Porras O, Tezcan I,
Andolina M, Babul-Hirji R, Baric I, Canham N, Chitayat
D, Dupuis-Girod S, Ellis I, Etzioni A, Fasth A, Fisher A,
Gerritsen B, Gulino V, Horwitz E, Klamroth V, Lanino
E, Mirolo M, Musio A, Matthijs G, Nonomaya S,
Notarangelo LD, Ochs HD, Superti Furga A, Valiaho J,
van Hove JL, Vihinen M, Vujic D, Vezzoni P, Villa A
(2001) The mutational spectrum of human malignant
autosomal recessive osteopetrosis. Hum Mol Genet
10:1767-1773.
Soleimani M, Burnham CE (2001) Na+:HCO(3-)
cotransporters (NBC): cloning and characterization. J
Membr Biol. 2001 183:71-84.
Speziani C, Rivollier A, Gallois A, Coury F, Mazzorana
M, Azocar O, Flacher M, Bella C, Tebib J, Jurdic P,
Rabourdin-Combe C, Delprat C (2007) Murine dendritic
cell transdifferentiation into osteoclasts is differentially
regulated by innate and adaptive cytokines. Eur J
Immunol 37:747-757.
Spicer SS, Stoward PJ, Tashian RE (1979) The
immunohistolocalization of carbonic anhydrase in rodent
tissues. J Histochem Cytochem 27:820-31.

Stavri GT, Hong Y, Zachary IC, Breier G, Baskerville
PA, Yla-Herttuala S, Risau W, Martin JF, Erusalimsky
JD (1995) Hypoxia and platelet-derived growth factorBB synergistically upregulate the expression of vascular
endothelial growth factor in vascular smooth muscle
cells. FEBS Lett 358:311-315.

Sterling D, Alvarez BV, Casey JR (2002) The
extracellular component of a transport metabolon.
Extracellular loop 4 of the human AE1 Cl-/HCO3exchanger binds carbonic anhydrase IV. J Biol Chem
277:25239-25246.
Sterling D, Casey JR (2002) Bicarbonate transport
proteins. Biochem Cell Biol 80:483-497.
Sterling D, Reithmeier RA, Casey JR (2001) A transport
metabolon. Functional interaction of carbonic anhydrase
II and chloride/bicarbonate exchangers. J Biol Chem
276:47886-47894.
Su W, Shmukler BE, Chernova MN, Stuart-Tilley AK,
de Franceschi L, Brugnara C, Alper SL (1999) Mouse KCl cotransporter KCC1: cloning, mapping, pathological
expression, and functional regulation. Am J Physiol
277:C899-912.
Suda T, Takahashi N, Udagawa N, Jimi E, Gillespie MT,
Martin TJ (1999). Modulation of osteoclast
differentiation and function by the new members of the
tumor necrosis factor receptor and ligand families.
Endocr Rev 20:345-57.
Suda T, Udagawa N, Nakamura I, Miyaura C, Takahashi
N (1995) Modulation of osteoclast differentiation by
local factors. Bone 17:87-91.
Sundquist K, Lakkakorpi P, Wallmark B, Väänänen K
(1990) Inhibition of osteoclast proton transport by
bafilomycin A1 abolishes bone resorption. Biochem
Biophys Res Commun 168:309-13.

96

References

Sundquist KT, Leppilampi M, Järvelin K, Kumpulainen
T, Väänänen HK (1987) Carbonic anhydrase isoenzymes
in isolated rat peripheral monocytes, tissue macrophages,
and osteoclasts. Bone 8:33-38.
Suzuki H, Tomida A, Tsuruo T (2001) Dephosphorylated
hypoxia-inducible factor 1alpha as a mediator of p53dependent apoptosis during hypoxia. Oncogene 20:57795788.
Svichar N, Esquenazi S, Waheed A, Sly WS, Chesler M
(2006) Functional demonstration of surface carbonic
anhydrase IV activity on rat astrocytes. Glia 53:241-247.
Svichar N, Waheed A, Sly WS, Hennings JC, Hubner
CA, Chesler M (2009) Carbonic anhydrases CA4 and
CA14 both enhance AE3-mediated Cl--HCO3- exchange
in hippocampal neurons. J Neurosci 29:3252-3258.
Takacova M, Barathova M, Hulikova A, Ohradanova A,
Kopacek J, Parkkila S, Pastorek J, Pastorekova S,
Zatovicova M (2007) Hypoxia-inducible expression of
the mouse carbonic anhydrase IX demonstrated by new
monoclonal antibodies. Int J Oncol 31:1103-1110.
Takahashi N, Udagawa N, Takami M, Suda T (2002)
Cells of bone: osteoclast generation. San Diego,
Academic Press.
Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L,
Parker KL, Armstrong D, Ducy P, Karsenty G (2002)
Leptin regulates bone formation via the symphatetic
nervous system. Cell 111:305-317.
Takeuchi Y, Matsumoto T, Ogata E, Shishiba Y (1993)
Effects of transforming growth factor beta 1 and Lascorbate on synthesis and distribution of proteoglycans
in murine osteoblast-like cells. J Bone Miner Res 8:823830.
Takuma A, Kaneda T, Sato T, Ninomiya S, Kumegawa
M, Hakeda Y (2003) Dexamethasone enhances
osteoclast formation synergistically with transforming
growth factor-beta by stimulating the priming of
osteoclast progenitors for differentiation into osteoclasts.
J Biol Chem 278:44667-44674.
Tanaka S, Takahashi N, Udagawa N, Tamura T, Akatsu
T, Stanley ER, Kurokawa T, Suda T (1993) Macrophage
colony-stimulating factor is indispensable for both
proliferation and differentiation of osteoclast progenitors.
J Clin Invest 91:257-263.
Tanaka Y, Maruo A, Fujii K, Nomi M, Nakamura T, Eto
S, Minami Y (2000) Intercellular adhesion molecule 1
discriminates functionally different populations of
human osteoblasts: characteristic involvement of cell
cycle regulators. J Bone Miner Res 15:1912-1923.
Tang MK, Wang CM, Shan SW, Chui YL, Ching AK,
Chow PH, Grotewold L, Chan JY, Lee KK (2006)
Comparative proteomic analysis reveals a function of the
novel death receptor-associated protein BRE in the
regulation of prohibitin and p53 expression and
proliferation. Proteomics 6:2376-2385.
Teitelbaum SL (2006) Osteoclasts; culprits
inflammatory osteolysis. Arthritis Res Ther 8:201.

in

Teti A, Blair HC, Teitelbaum SL, Kahn JA, Carano A,
Grano M, Santacroce G, Schlesinger P, Zambonin
Zallone A (1989) Cytoplasmic pH is regulated in isolated
avian osteoclasts by a Cl-/HCO3- exchanger. Boll Soc
Ital Biol Sper 65:589-595.
Thomas JA, Poland B, Honzatko R (1995) Protein
sulfhydryls and their role in the antioxidant function of
protein S-thiolation. Arch Biochem Biophys 319:1-9.
Thrailkill KM, Liu L, Wahl EC, Bunn RC, Perrien DS,
Cockrell GE, Skinner RA, Hogue WR, Carver AA,
Fowlkes JL, Aronson J, Lumpkin CK, Jr. (2005a) Bone
formation is impaired in a model of type 1 diabetes.
Diabetes 54:2875-2881.
Thrailkill KM, Lumpkin CK, Jr., Bunn RC, Kemp SF,
Fowlkes JL (2005b) Is insulin an anabolic agent in bone?
Dissecting the diabetic bone for clues. Am J Physiol
Endocrinol Metab 289:E735-745.
Tien ES, Davis JW, Vanden Heuvel JP (2004)
Identification of the CREB-binding protein/p300interacting protein CITED2 as a peroxisome proliferatoractivated receptor alpha coregulator. J Biol Chem
279:24053-24063.
Tomkinson A, Gevers EF, Wit JM, Reeve J, Noble BS
(1998) The role of estrogen in the control of rat osteocyte
apoptosis. J Bone Miner Res 13:1243-1250.
Toyomura T, Murata Y, Yamamoto A, Oka T, SunWada GH, Wada Y, Futai M (2003) From lysosomes to
the plasma membrane: localization of vacuolar-type H+ ATPase with the a3 isoform during osteoclast
differentiation. J Biol Chem 278:22023-22030.
Trueta J, Buhr AJ (1963) The vascular contribution to
osteogenesis V. The vasculature supplying the epiphysial
cartilage in rachitic rats. J Bone Joint Surg Br 45:572–
581.
Tsuda E, Goto M, Mochizuki S, Yano K, Kobayashi F,
Morinaga T, Higashio K (1997) Isolation of a novel
cytokine from human fibroblasts that specifically inhibits
osteoclastogenesis. Biochem Biophys Res Commun
234:137-142.
Tuncay OC, Ho D, Barker MK (1994) Oxygen tension
regulates osteoblast function. Am J Orthod Dentofacial
Orthop 105:457-463.
Tureci O, Sahin U, Vollmar E, Siemer S, Gottert E, Seitz
G, Parkkila AK, Shah GN, Grubb JH, Pfreundschuh M,
Sly WS (1998) Human carbonic anhydrase XII: cDNA
cloning, expression, and chromosomal localization of a
carbonic anhydrase gene that is overexpressed in some
renal cell cancers. Proc Natl Acad Sci U S A 95:76087613.
Ubaidus S, Li M, Sultana S, de Freitas PH, Oda K,
Maeda T, Takagi R, Amizuka N (2009) FGF23 is mainly
synthesized by osteocytes in the regularly distributed
osteocytic lacunar canalicular system established after
physiological bone remodeling. J Electron Microsc
(Tokyo) 58:381-92.

References
Ulmasov B, Waheed A, Shah GN, Grubb JH, Sly WS,
Tu C, Silverman DN (2000) Purification and kinetic
analysis of recombinant CA XII, a membrane carbonic
anhydrase overexpressed in certain cancers. Proc Natl
Acad Sci U S A 97:14212-14217.
Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS
(1997) Protection from obesity-induced insulin resistance
in mice lacking TNF-alpha function. Nature 389:610614.

97

parathyroid hormone and parathyroid hormone-related
protein. J Bone Miner Res 11:1474-1481.
Wiederkehr M, Krapf R (2001) Metabolic and endocrine
effects of metabolic acidosis in humans. Swiss Med
Wkly 131:127-132.
Williams SE, Wootton P, Mason HS, Bould J, Iles DE,
Riccardi D, Peers C, Kemp PJ (2004) Hemoxygenase-2
is an oxygen sensor for a calcium-sensitive potassium
channel. Science 306:2093-2097.

van der Eerden BC, Hoenderop JG, de Vries TJ,
Schoenmaker T, Buurman CJ, Uitterlinden AG, Pols HA,
Bindels RJ, van Leeuwen JP (2005) The epithelial Ca2+
channel TRPV5 is essential for proper osteoclastic bone
resorption. Proc Natl Acad Sci U S A 102:17507-17512.

Vince JW, Reithmeier RA (1998) Carbonic anhydrase II
binds to the carboxyl terminus of human band 3, the
erythrocyte C1-/HCO3- exchanger. J Biol Chem
273:28430-28437.

Vandenput L, Ohlsson C (2009) Estrogens as regulators
of bone health in men. Nat Rev Endocrinol 5:437-443.

Wingender E, Dietze P, Karas H, Knuppel R (1996)
TRANSFAC: a database on transcription factors and
their DNA binding sites. Nucleic Acids Res 24:238-241.

Vanderschueren D, Bouillon R (1995) Androgens and
bone. Calcif Tissue Int 56:341-346.
Wang H, Singh D, Fliegel L (1997) The Na+/H+
antiporter potentiates growth and retinoic acid-induced
differentiation of P19 embryonal carcinoma cells. J Biol
Chem 272:26545-26549.
Wang L, Shi X, Zhao R, Halloran BP, Clark DJ, Jacobs
CR, Kingery WS (2009) Calcitonin-gene-related peptide
stimulates stromal cell osteogenic differentiation and
inhibits RANKL induced NF-kappaB activation,
osteoclastogenesis and bone resorption. Bone in press.
Wang V, Davis DA, Haque M, Huang LE, Yarchoan R
(2005) Differential gene up-regulation by hypoxiainducible factor-1alpha and hypoxia-inducible factor2alpha in HEK293T cells. Cancer Res 65:3299-3306.
Wang Y, Wan C, Gilbert SR, Clemens TL (2007a)
Oxygen sensing and osteogenesis. Ann N Y Acad Sci
1117:1-11.
Wang Y, Wan C, Deng L, Liu X, Cao X, Gilbert SR,
Bouxsein ML, Faugere MC, Guldberg RE, Gerstenfeld
LC, Haase VH, Johnson RS, Schipani E, Clemens TL
(2007b) The hypoxia-inducible factor alpha pathway
couples angiogenesis to osteogenesis during skeletal
development. J Clin Invest 117:1616-1626.
Wei S, Kitaura H, Zhou P, Ross FP, Teitelbaum SL
(2005) IL-1 mediates TNF-induced osteoclastogenesis. J
Clin Invest 115:282-290.
Weil-Maslansky E, Gutman Y, Sasson S (1994) Insulin
activates furosemide-sensitive K+ and Cl- uptake system
in BC3H1 cells. Am J Physiol 267:C932-939.
Weinstein RS, Jilka RL, Parfitt AM, Manolagas SC
(1998) Inhibition of osteoblastogenesis and promotion of
apoptosis of osteoblasts and osteocytes by
glucocorticoids. Potential mechanisms of their
deleterious effects on bone. J Clin Invest 102:274-282.
Weir EC, Lowik CW, Paliwal I, Insogna KL (1996)
Colony stimulating factor-1 plays a role in osteoclast
formation and function in bone resorption induced by

Winum JY, Scozzafava A, Montero JL, Supuran CT
(2009) Inhibition of carbonic anhydrase IX: a new
strategy against cancer. Anticancer Agents Med Chem
9:693-702.
Vitavska O, Wieczorek H, Merzendorfer H (2003) A
novel role for subunit C in mediating binding of the H+V-ATPase to the actin cytoskeleton. J Biol Chem
278:18499-18505.
Wong BR, Rho J, Arron J, Robinson E, Orlinick J, Chao
M, Kalachikov S, Cayani E, Bartlett FS, 3rd, Frankel
WN, Lee SY, Choi Y (1997) TRANCE is a novel ligand
of the tumor necrosis factor receptor family that activates
c-Jun N-terminal kinase in T cells. J Biol Chem
272:25190-25194.
Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg
HM, Tabin CJ (1996) Regulation of rate of cartilage
differentiation by Indian hedgehog and PTH-related
protein. Science 273:613-622.
Vorum H, Kwon TH, Fulton C, Simonsen B, Choi I,
Boron W, Maunsbach AB, Nielsen S, Aalkjaer C (2000)
Immunolocalization of electroneutral Na-HCO(3)(-)
cotransporter in rat kidney. Am J Physiol Renal Physiol
279:F901-909.
Wu MH, Urban JP, Cui ZF, Cui Z, Xu X (2007) Effect
of extracellular ph on matrix synthesis by chondrocytes
in 3D agarose gel. Biotechnol Prog 23:430-434.
Wyatt CN, Buckler KJ (2004) The effect of
mitochondrial inhibitors on membrane currents in
isolated neonatal rat carotid body type I cells. J Physiol
556:175-191
Väänänen HK, Horton M (1995) The osteoclast clear
zone is a specialized cell-extracellular matrix adhesion
structure. J Cell Sci 108 (Pt 8):2729-2732.
Väänänen HK, Karhukorpi EK, Sundquist K, Wallmark
B, Roininen I, Hentunen T, Tuukkanen J, Lakkakorpi P
(1990) Evidence for the presence of a proton pump of the
vacuolar H(+)-ATPase type in the ruffled borders of
osteoclasts. J Cell Biol 111:1305-1311.

98

References

Väänänen HK, Laitala-Leinonen T (2008) Osteoclast
lineage and function. Arch Biochem Biophys 473:132138.
Väänänen HK, Paloniemi M, Vuori J (1985) Purification
and localization of human carbonic anhydrase. III.
Typing of skeletal muscle fibers in paraffin embedded
sections. Histochemistry 83:231-235.
Väänänen HK, Parvinen EK (1983) High active
isoenzyme of carbonic anhydrase in rat calvaria
osteoclasts. Immunohistochemical study. Histochemistry
78:481-485.
Väänänen K (2005) Mechanism of osteoclast mediated
bone resorption--rationale for the design of new
therapeutics. Adv Drug Deliv Rev 57:959-971.
Yadav VK, Oury F, Suda N, Liu ZW, Gao XB,
Confavreux C, Klemenhagen KC, Tanaka KF, Gingrich
JA, Guo XE, Tecott LH, Mann JJ, Hen R, Horvath TL,
Karsenty G (2009) A serotonin-dependent mechanism
explains the leptin regulation of bone mass, appetite, and
energy expenditure. Cell 138 (976-989).
Yamasaki N, Tsuboi H, Hirao M, Nampei A, Yoshikawa
H, Hashimoto J (2009) High oxygen tension prolongs the
survival of osteoclast precursors via macrophage colonystimulating factor. Bone 44:71-79.
Yan GX, Chen J, Yamada KA, Kleber AG, Corr PB
(1996) Contribution of shrinkage of extracellular space
to extracellular K+ accumulation in myocardial
ischaemia of the rabbit. J Physiol 490 (Pt 1):215-228.
Yao S, Liu D, Pan F, Wise GE (2006) Effect of vascular
endothelial growth factor on RANK gene expression in
osteoclast precursors and on osteoclastogenesis. Arch
Oral Biol 51:596-602.
Yasuda H, Shima N, Nakagawa N, Mochizuki SI, Yano
K, Fujise N, Sato Y, Goto M, Yamaguchi K, Kuriyama
M, Kanno T, Murakami A, Tsuda E, Morinaga T,
Higashio K (1998a) Identity of osteoclastogenesis
inhibitory factor (OCIF) and osteoprotegerin (OPG): a
mechanism
by
which
OPG/OCIF
inhibits
osteoclastogenesis in vitro. Endocrinology 139:13291337.
Yasuda H, Shima N, Nakagawa N, Yamaguchi K,
Kinosaki M, Mochizuki S, Tomoyasu A, Yano K, Goto
M, Murakami A, Tsuda E, Morinaga T, Higashio K,
Udagawa N, Takahashi N, Suda T (1998b) Osteoclast
differentiation
factor
is
a
ligand
for
osteoprotegerin/osteoclastogenesis-inhibitory factor and
is identical to TRANCE/RANKL. Proc Natl Acad Sci U
S A 95:3597-3602.
Yirmiya R, Goshen I, Bajao A, Kreisel T, Feldman S,
Tam J, Trembovler V, Csernus V, Shohami E, Bab I
(2006) Depression induces bone loss trough stimulation
of the sympathetic nervous system. Proc Natl Acad Sci
USA 103: 16876-16881.
Yoshida CA, Komori T (2005) Role of Runx proteins in
chondrogenesis. Crit Rev Eukaryot Gene Expr 15:243254

Yoshida H, Hayashi S, Kunisada T, Ogawa M,
Nishikawa S, Okamura H, Sudo T, Shultz LD (1990)
The murine mutation osteopetrosis is in the coding
region of the macrophage colony stimulating factor gene.
Nature 345:442-444
Yoshiko Y, Wang H, Minamizaki T, Ijuin C, Yamamoto
R, Suemune S, Kozai K, Tanne K, Aubin JE, Maeda N
(2007) Mineralized tissue cells are a principal source of
FGF23. Bone 40:1565-1573.
Ypey DL, Weidema AF, Hold KM, Van der Laarse A,
Ravesloot JH, Van Der Plas A, Nijweide PJ (1992)
Voltage, calcium, and stretch activated ionic channels
and intracellular calcium in bone cells. J Bone Miner Res
7 Suppl 2:S377-387.
Yu AY, Frid MG, Shimoda LA, Wiener CM, Stenmark
K, Semenza GL (1998) Temporal, spatial, and oxygenregulated expression of hypoxia-inducible factor-1 in the
lung. Am J Physiol 275:818-826.
Zaidi M, Shankar VS, Tunwell R, Adebanjo OA,
Mackrill J, Pazianas M, O'Connell D, Simon BJ, Rifkin
BR, Venkitaraman AR, et al. (1995) A ryanodine
receptor-like molecule expressed in the osteoclast plasma
membrane functions in extracellular Ca2+ sensing. J Clin
Invest 96:1582-1590.
Zelzer E, McLean W, Ng YS, Fukai N, Reginato AM,
Lovejoy S, D'Amore PA, Olsen BR (2002) Skeletal
defects in VEGF(120/120) mice reveal multiple roles for
VEGF in skeletogenesis. Development. 129:1893-904.
Zhao M, Harris SE, Horn D, Geng Z, Nishimura R,
Mundy GR, Chen D (2002) Bone morphogenetic protein
receptor signaling is necessary for normal murine
postnatal bone formation. J Cell Biol 157:1049-1060.
Zheng MH, Fan Y, Wysocki S, Wood DJ, Papadimitriou
JM (1993) Detection of mRNA for carbonic anhydrase II
in human osteoclast-like cells by in situ hybridization. J
Bone Miner Res 8:113-118.
Zhou S, Cui Z, Urban JP (2004) Factors influencing the
oxygen concentration gradient from the synovial surface
of articular cartilage to the cartilage-bone interface: a
modeling study. Arthritis Rheum 50:3915-3924.
Zhu XL, Sly WS (1990) Carbonic anhydrase IV from
human lung. Purification, characterization, and
comparison with membrane carbonic anhydrase from
human kidney. J Biol Chem 265:8795-8801.
Zimmerman UJ, Wang P, Zhang X, Bogdanovich S,
Forster R (2004) Anti-oxidative response of carbonic
anhydrase III in skeletal muscle. IUBMB Life 56:343347.
Zuscik MJ, Hilton MJ, Zhang X, Chen D, O'Keefe RJ
(2008) Regulation of
chondrogenesis and chondrocyte differentiation by
stress. J Clin Invest 118: 429-438.
Zwerina J, Redlich K, Schett G, Smolen JS (2005)
Pathogenesis of rheumatoid arthritis: targeting cytokines.
Ann N Y Acad Sci 1051:716-729.

