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Alveolar bone is a specialized part of the mandibular
and maxillary bones that forms the primary support
structure for teeth. Although fundamentally compar-
able to other bone tissues in the body, alveolar bone
is subjected to continual and rapid remodeling as-
sociated with tooth eruption and subsequently the
functional demands of mastication. The ability of al-
veolar bone to undergo rapid remodeling is also im-
portant for positional adaptation of the teeth but
may be detrimental to the progression of peri-
odontal disease. The anatomical structure of alveolar
bone, which is quite complex, has recently been de-
scribed in detail (200). Alveolar bone is composed of
bundle bone (209), which is formed in layers in a
parallel orientation to the coronal-apical direction of
the tooth. Sharpey’s fibers extend obliquely from the
thin lamella of bone that lines the socket wall and
are continuous with fibers of the periodontal liga-
ment. A thicker outer layer of bone formed of cor-
tical plates extends from the jaw bone and forms the
lingual and labial surfaces of the alveolar process
and is largely made up of spongy cancellous bone.
Within the cancellous bone are numerous marrow
spaces, with smaller endosteal spaces present in the
cortical bone. Some of the small endosteal spaces
extend into, and are contiguous with, the peri-
odontal ligament.

Because of the small size and anatomical com-
plexity of alveolar bone, relatively few studies on the
cellular, and particularly the molecular, aspects of al-
veolar bone structure and metabolism have been
performed using alveolar bone itself. However, the
ability of bone cells derived from adult rabbit al-
veolar bone to form mineralized tissue nodules with
the characteristics of bone has been described (142,
224). A procedure has also recently been developed
for the isolation of adult human alveolar bone cells,
from 2-week-old osteogenic tissue recovered from
dental implant surgery, that form bone tissue in cul-
ture (174). While these systems provide a means of
investigating specialized aspects of the molecular
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and cellular biology of alveolar bone in a controlled
environment, much of the current information on
alveolar bone must be extrapolated from studies of
other bone tissues.

Cellular components

Osteogenic cells

Osteoblasts. During embryonic development, intra-
membranous bone of the maxilla and mandible ini-
tially forms from osteoblasts arising from condens-
ing mesenchyme in the facial region (Fig. 1) that
creates bony alveoli that house the individual teeth
of the developing dentition. The most active se-
cretory cells in bone, the osteoblasts, are generally
cuboidal or slightly elongated cells that line a large
percentage (depending on age and anatomical site)
of bone surfaces and are primarily responsible for
the production of the organic matrix of bone (94).
At the innermost surface of the tooth alveolus, the
positional arrangement of alveolar bone osteoblasts
must accommodate the interdigitating portions of
the periodontal ligament collagen fibers known as
Sharpey’s fibers that insert into the bone (115). Thus,
in three dimensions, these cells form an extensively
perforated sheet of otherwise contiguous osteoblasts
which, in addition to producing alveolar bone matrix
proper, must additionally embed continuously re-
modeling periodontal ligament fibers in a rather pre-
cise manner (124). The concerted cellular actions by
which this occurs appears complex and have not
been well studied. Also, the precise contributions of
nearby periodontal ligament fibroblasts and the al-
veolar osteoblasts remains to be determined for this
particular soft tissue–hard tissue interface. Occurring
simultaneously with these processes whereby peri-
odontal ligament fibers are attached to the bone sur-
face, continuous bone remodelling at the alveolar
surface and within the alveolar bone causes tempor-
ary detachment of small portions of the periodontal
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Fig. 1. Light micrographs of early and late stages of al- defined spaces that house bone marrow (M) and vascular
veolar bone development, organization and structure. channels, and where the bone outlines the wall of the
A, B. In embryonic development, mesenchyme (MES) in tooth alveolus, it becomes the attachment point (arrows)
the facial region condenses to form nodules of differen- for collagen fibers of the periodontal ligament (PL). In his-
tiated osteoblasts (Ob) that produce intramembranous tological sections of remodeling alveolar bone (AB), the
bone (B) within a space defined by the periosteum (P). four major cell types of bone can be readily observed (Ob,
In the mandible, this process occurs in the vicinity of a osteoblast; Oct, osteocyte; Ocl, osteoclast; Blc, bone-lining
transitory cartilaginous rod known as Meckel’s cartilage cell). Cement lines (CL), indicative of remodelling activity,
(MC). At this early stage, all intramembranous bone for- are also prominent features within the bone extracellular
mation occurs in close relation to capillaries (asterisks). matrix. Osteoblasts embed the extremities of periodontal
As osteogenesis progresses, all bone surfaces are lined by ligament collagen fibers as Sharpey’s fibers into the bone
a contiguous layer of osteoblasts that continue to produce on the innermost wall of the alveolus. The periodontal
bone in order to enlarge the dimensions of the trabeculae. ligament resides as a dense connective tissue rich in
Concomitant with the growth of this established bone, fibroblasts (F), and highly vascularized with capillaries
new mesenchymal condensations arise in neighboring (asterisks), linking the tooth to the alveolar bone. A, B:
areas to produce new osteoblasts and new trabeculae, all paraffin sections of embryonic pig mandible stained with
of which will collectively form the fetal maxilla and man- hematoxylin and eosin. C, D: Epon sections of post-natal
dible. C, D. Post-natally, the macroscopic merging of indi- mouse mandibular alveolar bone stained with toluidine
vidual trabeculae to form the maxilla and mandible leaves blue. Bars equal 50 mm.

ligament from the alveolus. Soon after, however, new
synthesis of periodontal ligament by fibroblasts to-
gether with new alveolar bone production by osteo-
blasts collectively allow for re-attachment at these
remodelled sites. Asynchronous remodeling of the
alveolar bone allows for maintenance of tooth bio-
mechanical function.

Osteoblasts are of mesenchymal origin, and when
fully differentiated and actively secreting bone ma-
trix are considered to be post-mitotic cells contain-
ing a cytoplasm rich in synthetic and secretory or-
ganelles such as rough endoplasmic reticulum, Golgi
apparatus, secretory granules and microtubules (Fig.
2, 3) (155, 207). Osteoblasts also contain a variety of
other organelles normally associated with cell met-
abolism such as mitochondria and endosomal/lys-
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osomal elements, and an extensive cytoskeleton. The
organic matrix produced by osteoblasts consists pre-
dominantly of type I collagen and various other non-
collagenous bone proteins and plasma proteins (47,
70, 88, 267), described below. Regarding the produc-
tion of collagen by these and other cells (144), the
stages of secretory granule formation and matu-
ration have been well documented for the major col-
lagen-producing cells – namely, osteoblasts (254),
fibroblasts (41, 143, 241) and odontoblasts (68, 253).
A particularly intriguing question that remains un-
answered, however, concerns the packaging site and
exocytotic route taken by the noncollagenous pro-
teins known to be secreted by osteoblasts. Indeed, it
is still not clear whether these proteins are packaged
into the same secretory granules as collagen and se-
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Fig. 2. Transmission electron micrographs of cells, extra- dus (N) of relatively large crystals (asterisks) that appear
cellular matrix compartments and mineral of undecalci- to be generally between the collagen fibrils, and as a very
fied alveolar bone. A. Within vascular channels of alveolar finely textured mineral having nanometer crystal dimen-
bone, active bone deposition can be observed where os- sions (apparent at only much higher magnifications)
teoblasts (Ob), in relation to a centrally located capillary within the collagen fibrils, here shown in cross-section.
(Cap), initially lay down a generally unmineralized osteoid From a morphological perspective, an intimate relation-
(OS) layer composed predominantly of type I collagen fi- ship exists between these two mineral deposition sites in
brils associated with some small foci of calcification (ar- that mineral (or apparent mineral contact) appears con-
rowheads). Osteocytes (Oct) derive from osteoblasts that tinuous across the inter- and intrafibrillar space, with col-
become encased in mineralized matrix (MM). The irregu- lagen fibrils commonly showing mineral incorporation
lar, planar interface between generally unmineralized into the portion of the fibril closest to the larger crystals
osteoid and the mineralized matrix proper is refered to as of the central nidus. Thus, collagen fibrils cut in cross-
the mineralization front. B. At higher magnification, de- section (hashed lines) are consistently only partially re-
tails of the initial mineralization pattern can be observed plete (arrows) with mineral on the side facing the larger
within the extracellular matrix. Electron-dense mineral crystals. With time, intrafibrillar mineral fills the collagen
(carbonate-substituted hydroxyapatite) is found in two fibrils across their entire diameter. Epon sections of post-
locations, namely, between and within the collagen fibrils. natal rat alveolar bone stained with uranyl acetate and
Mineralization sites often occur as a centrally located ni- lead citrate. Bars equal (A) 5 mm, (B) 100 nm.

creted in tandem via the same pathway or whether
a separate population of secretory granules and a
separate exocytotic pathway exist specifically for
these proteins. Here, it should be emphasized that
the often misquoted early radioautographic studies
by Weinstock et al. (251, 252, 255) on bone and teeth
demonstrated phosphoprotein and/or glycoprotein
deposition into prebone (osteoid) and predentin, fol-
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lowed by its subsequent accumulation at the min-
eralization front in these tissues. Thus, as shown for
collagen, the release of noncollagenous proteins ap-
pears to occur primarily at the base of osteoblast
(and odontoblast) cell processes and from the cell
body itself. While some secreted proteins associate
with the collagen to form new matrix, some of the
acidic proteins appear to diffuse through the osteoid
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Fig. 3. Electron micrographs and immunocytochemical the Golgi apparatus, as are microtubules (arrows) and
preparations showing osteoblast morphology and the syn- mitochondria (M). B, C. Using post-embedding, colloidal-
thetic pathway for type I collagen. A. Osteoblasts are gold immunocytochemistry and antibodies raised against
highly secretory cells producing abundant extracellular mouse N-terminus collagen a1(I) to examine intracellular
matrix. As for other collagen-producing connective tissue pathways for the production of type I collagen, gold par-
cells, osteoblasts contain abundant rough endoplasmic ticle labeling indicates the presence of this protein in the
reticulum (rER), and a well-developed Golgi apparatus rough endoplasmic reticulum (rER) of osteoblasts and in
consisting of Golgi saccules (GS) and associated periph- the various compartments of the Golgi apparatus (aster-
eral, spherical distensions destined to become collagen- isks). Nu: nucleus. Epon (A) and LR White (B, C) sections
containing secretory granules (SG). Transport vesicles of postnatal mouse alveolar bone stained with uranyl ace-
(TV) are abundant in the cytoplasm in close proximity to tate and lead citrate. Bars equal 0.5 mm.

and, due to their affinity for hydroxyapatite, ac-
cumulate at the mineralization front. The possibility
that matrix proteins may also be secreted deeper in
the matrix is indicated by the presence of secretory
granules in some osteoblast cell processes.

Collagen fibril formation in bone is initiated when
collagen filaments released by osteoblasts assemble
extracellularly into striated fibrils to form the
osteoid, a light microscopic term for the seam of un-
mineralized bone matrix closest to the osteoblast, al-
though numerous small foci of mineralization can
also be observed within the osteoid layer by electron
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microscopy (Fig. 2) (157). Ultrastructurally, certain
noncollagenous and plasma proteins co-localize
with these early foci, although the vast majority ap-
pear to accumulate at the mineralization front and
throughout the mineralized bone matrix (18, 36, 99,
153, 154, 156, 196, 214). Morphological indications
for the synthesis, post-translational modification
and packaging of proteins for secretion by osteo-
blasts can be readily appreciated by examining the
prominence and extent of rough endoplasmic retic-
ulum and the Golgi apparatus by routine trans-
mission electron microscopy, and by radioauto-
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graphic, cytochemical and immunocytochemical
studies that trace the flow of proteins through these
various intracellular compartments (Fig. 3, 4).

Osteocytes. Following maturation, osteoblasts may
undergo apoptosis, become encased in matrix as
osteocytes or remain on the bone surface as bone-
lining cells. Osteoblasts that become osteocytes oc-
cupy spaces (lacunae) in bone and are defined as
cells surrounded by bone matrix (20, 148), whether
mineralized or still part of the osteoid seam. Al-
though a sub-classification of osteocyte develop-
ment has been proposed based on their progressive
encasement first into the osteoid, and then into
mineralized matrix (20, 107, 264), the formation of
osteocytes should be viewed as a continuum in-
volving a change in the surrounding extracellular
environment with accompanying cellular metabolic
changes. Osteocytes have a decreased quantity of
synthetic and secretory organelles, and indeed are
smaller cells than osteoblasts (149), with the nu-
cleus occupying a significantly larger proportion of
the cell. Although they are diminished in size, these
cells have the full complement of organelles cap-
able of effecting protein secretion (14, 238), a fea-
ture perhaps reflected by the variable appearance
of the perilacunar matrix frequently observed sur-
rounding these cells (20, 108, 106). Although con-
troversial (24, 25, 116, 148, 182), it is believed by
some that the formative and/or resorptive activity
of these cells may vary under certain metabolic re-
quirements, resulting in the concept of ‘‘osteocytic
osteolysis’’ (12, 13, 15, 16, 239). Finally, a major fea-
ture of osteocytes is the presence of numerous and
extensive cell processes that ramify throughout the
bone in canaliculi and make contact, frequently via
gap junctions, with processes from other osteocytes
or with similar processes extending from osteo-
blasts or bone-lining cells at the surface of the
bone (180, 181). Thus, considerable potential exists
for communication among these cells, a factor of
great importance considering the spatial isolation
of osteocytes within such a dense, rigid mineralized
matrix.

Bone-lining cells. Bone-lining cells cover most, but
not all (42), quiescent bone surfaces in the adult
skeleton (136, 151, 164, 166). The transition from os-
teoblast to bone-lining cell clearly involves a series
of gradual morphological and functional changes
(162, 164) that culminate in decreased protein secre-
tion. The relative paucity of organelles in these cells
indicate that they are less involved, if at all, in classi-
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cal protein secretion of bone matrix, although not
precluding the ability of these cells to produce local
regulatory substances and to modify the compo-
sition of the underlying lamina limitans. Transform-
ation of osteoblasts into bone-lining cells may repre-
sent the final phenotype of the osteoblast lineage
prior to activation of the bone remodelling sequence
at sites occupied by these cells (185). The ultimate
fate of bone-lining cells is presumably death by
apoptosis (113). Although in mammals there is little
evidence that bone-lining cells can regain a capacity
to produce lamellar bone matrix, in adult birds,
bone-lining cells appear to retain osteogenic poten-
tial, proliferating in response to estrogen and con-
tributing to the formation of woven medullary bone
(22). A large percentage of bone surfaces is covered
by a contiguous layer of bone-lining cells with an
extended, flattened morphology which potentially
bestows an important homeostatic role on the lining
cells in compartmentalizing the bone matrix and in-
fluencing calcium and phosphate metabolism, sub-
stance exchange and/or the initiation of events lead-
ing to activation of the bone remodeling sequence
(151, 165, 166, 185). Together with osteocytes, bone-
lining cells and their connecting cell processes ap-
pear to form an extensive homeostatic network of
cells capable of regulating plasma calcium concen-
tration through mechanisms partly independent of
those related to the bone remodeling system (145,
183, 230). Indeed, quiescent surfaces are known to
be a primary site of mineral ion exchange between
blood and adult bone (184).

Osteoclastic cells

Of central importance in the ability of bone to re-
spond to biological regulatory factors and functional
forces is the capacity of the large, multinucleated os-
teoclasts to resorb bone. Indeed, the coupling of
bone resorption with bone formation constitutes
one of the fundamental principles by which bone is
necessarily remodeled throughout life (87, 190, 243).
Apart from its multinucleation, the most striking fea-
ture of the osteoclast is the presence of an actin-,
vinculin- and talin-containing clear (sealing) zone
(5, 126, 235) in the peripheral cytoplasm of this cell
that delineates a more central region of membrane
infoldings (plates) and finger-like processes termed
the ruffled border (10, 52). Resorption of bone occurs
in an acidified extracellular matrix compartment as a
result of the combined actions of a variety of ruffled
border membrane-associated enzymes including a
tartrate-resistant, vanadate-sensitive acid adenosine
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Fig. 4. Colloidal-gold immunocytochemical preparations levels where collagen fibrils (small arrows) of the peri-
of osteoblasts and alveolar bone matrix. The gold particle odontal ligament (PL) insert into alveolar bone (large ar-
immunolabeling pattern for the noncollagenous protein rows) as Sharpey’s fibers (SF). E. Coursing throughout the
osteopontin (OPN) is shown. A. The Golgi apparatus (G), extracellular matrix of bone are numerous cell processes
and secretory granules (SG), of alveolar bone osteoblasts (CP) contained in canaliculi (CAN) lined by an osteopon-
show intense labeling for osteopontin. B, C. In decalcified tin-rich lamina limitans (LL), the latter presumably used
sections of the otherwise mineralized bone matrix, osteo- in mediating cell membrane attachment to the bone ma-
pontin is predominantly dispersed within electron-dense trix and in limiting calcification across this interface. Dis-
aggregates (asterisks) among the collagen fibrils of the crete patches (P) of matrix rich in osteopontin are dis-
bone. Cement lines (arrowheads), typically found as rever- persed throughout the bone. Inset illustrates a gap junc-
sal lines at bone remodeling sites, also contain abundant tion (GJ) between two adjoining cell processes from
osteopontin. D. Osteopontin is typically found at high different cells contained within a canaliculus lined by a
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triphosphatase (3), carbonic anhydrase isozyme II
(69, 146, 245) and proton-pumping adenosine tri-
phosphatases (1, 9, 244). Although numerous states
of osteoclast differentiation can be observed and are
reflected by different osteoclast morphologies (66), it
is thought that the presence of small and large ca-
thepsin-containing (82, 179, 204) cytoplasmic vacu-
oles/vesicles (135), often in the immediate vicinity of
the ruffled border, are indicative of resorptive activ-
ity by these cells. Among these membrane-bound
structures, there exists a population of small, spheri-
cal vesicles having a single indentation of the mem-
brane at one site and appear to contain lysosomal
(155) and plasma membrane (66) enzymes, and thus
may participate in certain degradative activities per-
formed by the osteoclast and/or plasma membrane
recycling.

Matrix components

Although alveolar bone and the alveolar process
have specialized features relating to their functional
properties, the composition of the extracellular ma-
trix of alveolar bone appears to be similar to other
bone tissues as indicated largely by immunohisto-
chemical analyses. Consequently, the following gen-
eral description of bone matrix components is given
with references to alveolar bone made where appro-
priate. The bone matrix is formed from a scaffold of
interwoven collagen fibers within and between
which small, uniform, plate-like crystals of carbon-
ated hydroxyapatite (Ca10[PO4]6[OH]2) are deposited.
Other proteins, including proteoglycans, acidic gly-
cosylated and non-glycosylated proteins associate
with and regulate the formation of collagen fibrils
and mineral crystals, or provide continuity between
matrix components and between the matrix and cel-
lular components. In addition, small amounts of
carbohydrate and lipid contribute to the organic ma-
trix, which comprises approximately one-third of the
matrix while the inorganic components account for
the remaining two-thirds. Calcium and phosphate in
the form of poorly crystalline, carbonated apatite,
also described as dahllite, predominates the inor-
ganic phase, largely replacing the water component
of the soft, dense connective tissues that include the
periodontal ligament and gingiva.

lamina limitans. LR White sections of post-natal rat al-
veolar bone stained with uranyl acetate and lead citrate.
Bars equal 0.5 mm; inset, 0.1 mm.
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Collagen

Collagen comprises the major (∂80–90%) organic
component in mineralized bone tissues. Type I colla-
gen (.95%) is the principal collagen in mineralized
bone and, together with type V (,5%) collagen, the
type I collagen forms heterotypic fiber bundles that
provide the basic structural integrity of connective
tissues. In addition to the presence of type I (191)
and V (27) collagens in alveolar bone, both type III
and XII collagens are also present (119, 137, 249).
The type III collagen is present as mixed fibers with
type I collagen (97) in Sharpey’s fibers that insert
from the periodontal ligament into the lamellar bone
lining the alveolus to provide a stable connection
with the tooth. The expression of type XII collagen
is related to mechanical strain (40) and the align-
ment of collagen fibers, as demonstrated in the
maturation of the periodontal ligament (119). While
the type I, V and XII collagens are expressed by os-
teoblasts, the type III and some of the type XII colla-
gen fibers appear to be produced by fibroblasts dur-
ing the formation of the periodontal ligament. The
suggestion that type III collagen may prevent the
mineralization of Sharpey’s fibers in alveolar bone
and cementum (249) has not been verified exper-
imentally.

The collagen fibrils in bone are stabilized by inter-
molecular cross-linking (59) involving lysines and
modified lysines that form pyridinium ring struc-
tures (pyridinolines). These cross-links are primarily
responsible for the high tensile strength of collagen
fibers, which are formed from fibrils as higher order
structures laid down in a specific orientation by the
bone-forming osteoblasts. In rapidly forming
(woven) bone that is produced during early develop-
ment and in repair sites, the fibers are extensively
interwoven, leaving a substantial volume of inter-
fibrillar space that is largely occupied by mineral
crystals and associated acidic proteins. In mature
(lamellar) bone, the collagen fibers form highly or-
ganized sheets in which successive layers of fibers
are oriented perpendicular to each other with little
interfibrillar space. In both woven and lamellar bone
the mineral crystals within the collagen fibrils are
believed to form initially within the gap region be-
tween successive collagen molecules such that their
c-axes are aligned with the long axis of the collagen
fibril (250). Additional formation of crystals and
crystal growth occurs in the channels formed by the
gap regions and in the spaces that exist between the
collagen molecules, which have a characteristic in-
termolecular spacing (261).



Sodek & McKee

Noncollagenous proteins

Using dissociative extraction procedures, most of the
major noncollagenous proteins from mineralized
bone have been isolated and characterized (62, 64,
233). Although age-related differences in the relative
amounts of these proteins have been reported to-
gether with differences in various types of bone and in
bones of different species, the same proteins are al-
ways present. Some of these proteins, typically osteo-
calcin and bone sialoprotein, are essentially unique to
mineralized tissues, whereas others, such as os-
teonectin/SPARC (secreted protein, acidic, rich in
cysteine) and osteopontin have a more general distri-
bution (Fig. 5). These proteins are released from bone
by demineralization, reflecting the predominant as-
sociation with the mineral phase. Other proteins are
present in bone in specifically modified forms. Thus
small proteoglycans, primarily chondroitin sulfate
proteoglycans, are present in bone (62), whereas their
dermatan sulfate counterparts are characteristically
found in soft connective tissues (Fig. 6). The proteo-
glycans are generally associated with the collagenous
matrix, although interaction with mineral crystals
also occurs through the acidic glycosaminoglycan
side chains. In addition to those proteins produced by
bone-forming cells, certain proteins derived from
blood and tissue fluids are concentrated in bone,
largely due to their affinity for the mineral crystals.
These include albumin, a2HS-glycoprotein, im-
munoglobulins and matrix gla protein (47).

Osteocalcin, also known as bone gla protein, rep-
resents ,15% of the noncollagenous proteins and
was the first noncollagenous bone protein to be
characterized. Its presence in alveolar bone has been
demonstrated immunohistochemically (26, 29). It is
a small, highly conserved, 5.8-kDa acidic protein
that is characteristically modified by vitamin K–de-
pendent carboxylating enzymes that convert two to
three glutamic acids into g-carboxyglutamic acids
(gla groups), linking this protein with a family of
blood coagulation factors (Fig. 5). The human osteo-
calcin gene comprising 4 exons is located on
chromosome 1 and codes for a 125-amino-acid pre-
pro-osteocalcin that includes a 26-amino-acid signal
peptide. The promoter of the osteocalcin gene has
been extensively characterized for its transcriptional
regulation (133) and tissue-specific expression in
which the runt domain transcription factor, osteo-
blast-specific transcription factor 2/core binding fac-
tor a1 (see below), is directly implicated (7, 54). The
gla groups formed on the pro-osteocalcin prior to
secretion bind calcium ions strongly (Kd∂1 mM) and
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increase the affinity of osteocalcin for bone mineral
(Kd∂10ª7 M). A predicted spacing of the gla groups
in an a-helical conformation corresponds to the
0.545 nm spacing of the calcium ions in the 001
plane of the hydroxyapatite crystal (86). Despite ex-
tensive studies, the role for osteocalcin in bone for-
mation and remodeling is not entirely clear. Abro-
gation of carboxylating activity by treatment with the
vitamin K antagonist warfarin reduces osteocalcin
levels in bone, which becomes hypermineralized
(188). A similar effect is observed in osteocalcin
knockout mice (53), indicating that osteocalcin regu-
lates mineral maturation. However, the regulation of
osteocalcin by osteotropic hormones, such as 1,25-
dihydroxyvitamin D3 (vitamin D3) and parathyroid
hormone (187), together with the ability of a car-
boxy-terminal segment to act as a chemoattractant
to osteoclast precursors (170), also suggests a role in
bone resorption (76).

Osteopontin and bone sialoprotein, originally
characterized as bone sialoproteins I and II (64), are
expressed in alveolar bone (39) and have been local-
ized using immunohistochemistry (35, 89) and im-
munogold labeling (160). These proteins share a
number of biochemical and biophysical properties
that have been detailed in recent reviews (67, 215).
Thus, the genes for human osteopontin and bone
sialoprotein comprise 7 exons, spanning ∂11.1 kb
and ∂15 kb respectively (120, 268), and are located
within 340 kb on the long arm of chromosome 4
(4q21–23), which also includes the genes for dentin
matrix protein 1 and dentin sialophosphoprotein
(139, 140). The transcribed messenger RNA code for
∂34-kDa proteins that include a 16-amino-acid sig-
nal peptide. Both proteins are heavily glycosylated
and phosphorylated, with high levels of acidic amino
acids; glutamic acid is predominant in bone sialo-
protein and aspartate predominant in osteopontin.
A stretch of aspartate residues in osteopontin and
two to three stretches of glutamate in bone sialop-
rotein are implicated in hydroxyapatite binding.
Both proteins also have an RGD sequence that rec-
ognizes the vitronectin receptor avb3 through which
these proteins can mediate cell attachment and acti-
vate cell signaling pathways. Notably, the RGD se-
quence in bone sialoprotein is located in the car-
boxy-terminal region and is flanked by several sul-
fated tyrosines (Fig. 5).

Despite the structural similarities (Fig. 5), these
proteins have clearly different functional roles.
Whereas bone sialoprotein is essentially restricted to
mineralizing tissues, osteopontin has a more general
distribution that reflects a broader biological role.
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Fig. 5. Noncollagenous bone proteins. Structural diagrams cystine loop structure. The small osteocalcin molecule
of four proteins that are relatively abundant in bone are forms two a-helical sections; the gla helix containing the
shown. Secreted protein, rich in cysteine (SPARC) protein g-carboxyglutamyl groups interacts with mineral crystals
has a compact structure stabilized with cystine bridges (HA). Bone sialoprotein and osteopontin are chemically
(yellow) and containing several regions of a-helical struc- similar molecules with an open flexible structure. Both
ture (coils). Four domains have been identified: the a-heli- are highly glycosylated and phosphorylated, with mineral
cal domain I binds hydroxyapatite (HA); domain II is cys- (HA) and cell-binding (RGD) sites. In bone sialoprotein,
tine-rich and has homology to follistatin and ovomucoid; a number of sulfated tyrosines surround the RGD while
domain III is susceptible to proteolysis (green arrow) and osteopontin has a thrombin (Thr) sensitive site (arrow)
has an EF-hand high-affinity calcium-binding site in a near the RGD.

Similar to blood clotting factors, osteopontin is also
susceptible to thrombin, indicative of an origin in
the blood or blood-forming organs. Thrombin diges-
tion occurs close to the RGD sequence and generates
two large fragments with altered biological activities.
Since bone sialoprotein is expressed coincident with
the first appearance of mineral crystals in cementum
and bone (37, 39, 141) and is also able to nucleate
hydroxyapatite crystal formation in vitro through the
polyglutamate sequence (101), it is thought to func-
tion in the initiation of mineral crystal formation in
vivo. However, since no definitive effects on mineral-
ization have been reported in bone sialoprotein
knockout mice (4), the function(s) of this protein
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have yet to be clearly defined. In contrast, osteopon-
tin is a potent inhibitor of hydroxyapatite crystal
growth (78) and is enriched at all cell-matrix inter-
faces (159) where it can mediate the attachment of
bone cells, including osteoclasts. Although there is
no obvious effect on bone in osteopontin knockout
mice (134, 194), recent studies have shown impaired
osteoclast development and activity (266) that is
compensated for in normal animals by an increase
in osteoclast numbers. Human gene promoters for
bone sialoprotein and osteopontin have been cloned
and the major sites of transcriptional regulation de-
termined (90, 120). Similar to osteocalcin, osteopon-
tin transcription is strongly up-regulated by vitamin
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Fig. 6. Bone proteoglycans. Diagrammatic representation
of the major proteoglycans in bone matrix are shown. All
are characteristically chondoitin sulfate proteoglycans
(CS-PGs) with one or more chondroitin sulfate glycosami-
noglucuronoglycan side chain (green) attached to a single
protein core. Biglycan and decorin belong to a family of
small leucine-rich proteins and have similar structure; the
leucine-rich segments shown as boxes. At the C-terminus
are N-linked polysaccharides and a cystine bridge (yellow)
linking a terminal loop. The protein core of chondroitin
sulfate proteoglycan III is acidic and binds to bone min-
eral crystals (HA), but its structure is unknown. The large
versican-like molecule is present in the unmineralized
bone matrix.

D3 (189) and core binding factor a1 (205), whereas
bone sialoprotein transcription is suppressed by vit-
amin D3. The expression of both proteins is stimu-
lated by factors that stimulate bone formation, such
as transforming growth factor-b family members and
glucocorticoids, consistent with the role of bone sial-
oprotein in bone formation and the dual role of oste-
opontin in bone formation and resorption (214).

SPARC/osteonectin, a 40-kDa glycoprotein that is
predominantly bound to hydroxyapatite, was one of
the first proteins to be isolated from bone by com-
bined dissociative extraction and demineralization
(234). While SPARC can comprise as much as 25% of
the non-collagen proteins, levels of SPARC in rodent
mineralized tissues are low, questioning the biologi-
cal significance of this protein in the bone matrix
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(271). SPARC, which has also been characterized in
basement membranes as BM40, is a secreted cal-
cium-binding glycoprotein (Fig. 5) that interacts
with a range of extracellular matrix molecules (214,
129). It is widely expressed during embryogenesis,
and in vitro studies have suggested roles in the regu-
lation of cell adhesion and proliferation, and in the
modulation of cytokine activity. SPARC can bind
thrombospondin 1 and collagen, although the colla-
gen-binding site is cryptic, lying between two a-heli-
ces and exposed by proteolysis (203). SPARC has
both a high-affinity EF-hand calcium-binding site
and a number of low-affinity calcium-binding sites
concentrated towards the amino-terminus. The low-
affinity calcium binding involves glutamate and
aspartate groups and produces a conformational
change promoting an a-helical structure (57). This
region (domain I), which is the least conserved, also
appears to be responsible for mineral binding, re-
sulting in its presence in mineralized tissues, and an
ability of SPARC to inhibit hydroxyapatite crystal
growth (197). The second domain (domain II) of
SPARC is rich in cysteines, which stabilize the pro-
tein structure through disulfide bridges, and has
homology to ovomucoid and follistatin (129). Do-
main III is a-helical and is susceptible to proteolysis,
while domain IV contains the EF-hand high-affinity
calcium binding site (57). Although the function of
SPARC has not yet been determined, its ubiquitous
expression and association with rapidly remodeling
tissues (201) is indicative of a fundamental biological
role (129); a view supported by its conserved struc-
ture and expression in lower organisms including C.
elegans (210). SPARC has been characterized as a
counteradhesive protein that modulates interactions
of cells with the extracellular matrix (172). Recent
studies have indicated a role for SPARC in early de-
velopment and that it has a signaling function,
which may involve effects on the nuclear matrix fol-
lowing endocytosis and transportation to the nu-
cleus (80). Human SPARC, which is on chromosome
5, has 10 exons that code for a ∂300-amino-acid
nascent protein that includes a 17-amino-acid signal
sequence. The mammalian gene promoter lacks
TATA and CAAT boxes, but contains overlapping SP1
sequences and proximal promoter purine-rich GGA-
box repeats (GGA-box 1 and 2) that are required for
maximal expression. These are separated by a pyrim-
idine-rich spacer element that acts as a repressor
(84). Mice deficient for SPARC develop normally
without obvious bone defects, but show severe age-
onset cataract formation and disruption of the lens
(74).
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The major proteoglycans in bone, including al-
veolar bone (11, 248), are characteristically expressed
with chondroitin sulfate side chains, reflecting the
lack of an epimerase activity in osteoblastic cells that
converts glucuronic acid into iduronic acid found in
dermatan sulfate. Notably, dermatan sulfate forms of
proteoglycan are expressed by undifferentiated bone
cells (17), indicating that the epimerase activity can
be used as a differentiation marker for osteogenesis.
Biochemical studies of rabbit alveolar bone have
shown that mineral-binding proteoglycans contain
chondroitin 4-sulfate, chondroitin 6-sulfate and
dermatan sulfate, whereas collagenous matrix–as-
sociated proteoglycans showed a predominance of
dermatan sulfate with a trace of chondroitin 4-sul-
fate and no detectable chondroitin 6-sulfate or un-
sulfated chondroitin (225).

A large 1000-kDa chondroitin sulfate proteo-
glycan, that is similar to versican, has been extracted
from the non-mineralized bone matrix, while two
small proteoglycans, biglycan (chondroitin sulfate
proteoglycan I) and decorin (chondroitin sulfate
proteoglycan II), are found predominantly in ethyl-
enediaminetetraacetic acid-extracts of bone (60),
while a third small proteoglycan (chondroitin sulfate
proteoglycan) is entirely associated with the mineral
crystals (Fig. 6). Decorin is a member of an ex-
panding group of widely distributed small leucine-
rich proteoglycans that are expected to have import-
ant functions in tissue assembly. Biglycan and deco-
rin, which exist as dermatan sulfate proteoglycans in
soft connective tissues, belong to a group of small
leucine-rich repeat proteins and have significant
structural homology that is present within four do-
mains (104). Thus, both proteoglycans have glycosa-
minoglycans attached at the amino terminus (do-
main I) with conserved disulfide bridges at each end
of the molecule (domains II and IV). In domain III
are 10 homologous 25-amino-acid leucine-rich re-
peats through which these small leucine-rich repeat
proteins can interact with collagen and growth fac-
tors. Together, decorin and biglycan can comprise
,10% of the non-collagen proteins in bone, but this
decreases with maturation of the bone.

Biglycan (Mr ∂350 kDa) has a 46-kDa protein core
with two chondroitin sulfate chains of ∂150 kDa
each, attached near the amino terminus. Biglycan is
more prominent in developing bone and has been
localized to pericellular areas. Although mice with a
targeted disruption of the biglycan (Bgn) gene ap-
pear normal at birth, they develop a phenotype
characterized by a reduced growth rate and de-
creased bone mass (260). While the precise function
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of biglycan is unknown, similar to decorin, it can
bind transforming growth factor-b and extracellular
matrix macromolecules including collagen and
thereby regulate fibrillogenesis. The human biglycan
gene, which is localized to the end of the long arm
of the X chromosome, has a promoter that lacks both
a CAAT and TATA box but is rich in guanosine
πcytosine content and has many Sp1 sites (61).

Decorin (Mr∂120–200 kDa) also has a protein core
of approximately 46 kDa with a single chondroitin
sulfate chain of variable size attached at the amino
terminus. Decorin is known to bind within the gap
region of collagen fibrils (211) and, as suggested by
its name, decorates the fibril surface. Mice harboring
a targeted disruption of the decorin gene are viable
but have fragile skin with markedly reduced tensile
strength due to abnormal collagen fibers that form
with uncontrolled lateral fusion, thereby demon-
strating a fundamental role for decorin in regulating
collagen fiber formation (45). Of note, the primary
calcification in bones is reported to follow removal
of decorin and the fusion of collagen fibrils (96). De-
corin has also been shown to bind strongly to the
cytokine transforming growth factor-b and regulate
its activity. Human decorin, which is located on
chromosome 12 (247) has a high-expression pro-
moter that contains a CAAT and two operative TATA
boxes that are in close proximity to the transcription
start site (202). Increased transcription is observed
in association with an upstream region that contains
sites for transforming growth factor-b and nuclear
factor kB regulation.

The mineral-bound chondroitin sulfate proteo-
glycan (molecular weight ∂110 kDa) has a protein
core of ∂35 kDa that is stained with ‘‘Stains-All’’, but
not with Coomassie blue, a characteristic of several
of the acidic bone proteins (77). Although the pro-
tein appears to be bone-specific, to date it has only
been identified in porcine bone. Since the sequence
of the 12-amino terminal amino acids is identical
with BAG-75, a sialoprotein identified in rat bone
(81) and dentin matrix protein-1, an acidic glyco-
protein isolated from dentin (71), it is possible that
chondroitin sulfate proteoglycan may be a proteo-
glycan form of these proteins (Goldberg & Sodek,
unpublished observations). Recent studies have also
identified a bone-specific 85-kDa keratan-sulfate
proteoglycan with a 46-kDa protein core in bovine
bone called osteoadherin that displays both mineral-
and cell-binding properties (218, 256). Osteoadherin
also has characteristics of small leucine-rich repeat
proteins with expression and distribution patterns
similar to bone sialoprotein.
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Lysyl oxidase and tyrosine-rich acidic matrix
protein are prominent components of the demin-
eralized bone (50) and dentin (49) matrix. While
lysyl oxidase is known to be a critical enzyme for
collagen cross-linking, tyrosine-rich acidic matrix
protein (TRAMP) is a recently discovered 22-kDa
(183 amino acids with a 18-amino-acid signal se-
quence) extracellular matrix protein with proteo-
glycan and cell-binding properties (63) that is
located on human chromosome 1. Tyrosine-rich
acidic matrix protein, which is also known as
dermatopontin (175, 223), binds decorin and trans-
forming growth factor-b, and together these pro-
teins can regulate the cellular response to trans-
forming growth factor-b.

Other proteins that are found in bone include pro-
collagen peptides (79), thrombospondin, fibronectin
and vironectin, proteins that modulate cell attach-
ment and the enzyme alkaline phosphatase, which
is important for mineralization to occur (47). Of the
proteins that are not produced by osteoblasts but ac-
cumulate in bone, matrix gla protein and a2HS-gly-
coprotein (bovine fetuin) are of particular interest
with respect to regulation of mineralization. Al-
though a clear bone phenotype was not evident in
either MGP-null (138) or a2HS-glycoprotein-null
(105) mice, definitive effects on ectopic mineraliza-
tion were evident, indicative of a regulatory role in
bone similar to that observed with osteocalcin. Ma-
trix gla protein is a mineral-binding extracellular ma-
trix protein synthesized by vascular smooth-muscle
cells and chondrocytes that prevents mineralization
in vascular tissues and cartilage as indicated in ma-
trix gla protein-deficient mice. The absence of a2HS-
glycoprotein, which is produced by the liver, com-
promises the inhibition of apatite formation by
serum.

Ultrastructural organization

The organic matrix of bone serves a major bio-
mechanical function in housing the solid, inorganic
calcium-phosphate mineral phase of bone. A de-
tailed discussion of collagen-mineral relationships in
calcified tissues has recently been described (127) in
which the mineral forms thin, plate-like crystallites
having an ordered orientation within the collagen
fibrils. The structural organization and functional
contributions of mineralized collagen fibrils have
been well studied (75, 128, 240, 246). Other matrix-
mineral relationships exist between the collagen fi-
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brils, and these are discussed below. The overall or-
ganization of alveolar bone is far more complex than
the more extensively studied diaphysis of long bones
whose properties are based primarily on the ordered,
longitudinal arrangement of Haversian systems (os-
teons). The geometrical complexity of multi-rooted
teeth within the alveolar bone, and the response of
these tissues to mastication and other unique forces
within the oral cavity, results in an intricate pattern
of bone remodeling that does not involve classic
Haversian remodeling. Continuous accommodation
of remodeling Sharpey’s fibers further complicates
the remodeling pattern (124).

Extracellular matrix in bone can be arbitrarily and
broadly divided into several spatially distinct com-
partments that conceptually allow for a useful de-
scription of the sequence of events comprising the
synthesis, secretion, accumulation and mineraliza-
tion of bone matrix (Fig. 2) (155). Following synthesis
and release of organic molecules by the cellular
compartment (osteoblasts), a collagenous stroma
called the osteoid is formed that ultimately acts as
a scaffolding for apatite mineral deposition and the
accumulation of noncollagenous and plasma pro-
teins and proteoglycans. These latter events occur
predominantly at what is known as the mineraliza-
tion front – a site where mineralization propagates
extensively throughout and between the collagen
fibrils. Although the first mineral to appear may be
found at small, discrete foci within the osteoid seam,
the precise nucleation sites of this, and the sub-
sequent deposition of more confluent mineral at the
mineralization front of the mineralized bone matrix
proper (the mineralized bone compartment), remain
controversial (43).

Regarding the precise location and distribution
of noncollagenous proteins and proteoglycans in
bone, it has long been known that, at the light
microscopic level in decalcified sections of this
tissue, certain general protein stains (such as tol-
uidine blue) show a particularly strong affinity for
bone matrix commencing at the mineralization
front and extending throughout the mineralized
bone matrix compartment. This contrasts with a
relatively light staining of the adjacent osteoid.
Similarly, using heavy metal stains such as uranyl
acetate in conjunction with transmission electron
microscopy, there is an increased electron density
associated with originally mineralized portions of
the matrix in decalcified sections (153). Notably, a
similar phenomenon can be observed as predentin
is converted to dentin in the developing tooth
(252). This is currently interpreted as representing
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the accumulation of various noncollagenous pro-
teins at these mineralized sites. An additional level
of molecular organization may also occur through
the aggregation of noncollagenous proteins, some
of which can be cross-linked through the action of
tissue transglutaminase (117, 118).

With recent developments in the molecular char-
acterization of individual bone proteins, and with
the production of specific antibodies to these puri-
fied molecules, it has been possible to localize these
proteins with high resolution in situ using ultra-
structural immunocytochemical techniques (Figs. 3,
4). Thus, immunocytochemical studies have been
able to identify components of the organic material
described above and to reveal its ultrastructural as-
sociation with sites of mineralization throughout
the tissue (18, 29, 36, 157, 158, 214). What has been
more difficult to achieve, however, is a determi-
nation of the spatio-temporal sequence by which
these proteins accumulate and associate with the
mineral phase; that is, whether the proteins ac-
cumulate prior to, concomitant with or after min-
eral nucleation. Nevertheless, the co-localization of
certain noncollagenous proteins with mineral is a
necessary prerequisite for determining their partici-
pation in the mineralization process. Conversely,
proteins not found at these sites can be considered
as not having a direct effect on mineralization. Non-
collagenous proteins typically found at sites of min-
eralization include bone sialoprotein and osteopon-
tin (Fig. 4). The temporal expression of bone sialo-
protein and osteopontin with respect to
mineralization (214, 262) and their ability to respec-
tively nucleate and inhibit the growth of hydroxy-
apatite crystals in vitro (21, 101, 102) is indicative of
their regulatory roles on calcification. Other noncol-
lagenous proteins secreted by bone cells and
plasma-derived proteins such as albumin and fetuin
are also distributed throughout the bone matrix and
may compete and/or participate in mineralization
processes (155, 208). Notably, osteopontin is a
prominent protein at cement lines in alveolar bone
and elsewhere (159), and here most likely plays a
role in cell adhesion and the various extracellular
matrix events that integrate newer bone with older
bone during the remodeling cycle (158). Osteopon-
tin also lines the lacunae of alveolar bone osteocytes
and the canalicular walls, and here most likely func-
tions in cell-matrix adhesion (159). Similarly, ultra-
structural immunocytochemical studies on human
alveolar bone proteoglycans have localized chon-
droitin sulfate–rich proteoglycans to osteocyte lacu-
nae and canaliculi (213).
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Formation, maintenance and
regeneration of alveolar bone

Both the mandibular and maxillary jaw bones de-
velop from the first branchial arch under the direc-
tion of homeobox genes that are expressed in a
temporo-spatial manner and have a central role in
skeletal pattern formation (58). Alveolar bone com-
prises the alveolar process, which is an extension of
the basal bone of the jaws. The alveolar bone forms
in relation to the teeth (121) but structurally it is
similar to, and continuous with, the basal bone.
Paracrine factors, including cytokines, chemokines
and growth factors, which have been implicated in
the local control of mesenchymal condensations
that occur at the onset of organogenesis, are likely
to have a prominent role in the development of the
alveolar processes. While the growth and develop-
ment of the jaw bones determines the position of
the teeth, a certain degree of re-positioning of teeth
can be accomplished through occlusal forces and in
response to orthodontic procedures that rely on the
adaptability of the alveolar bone and associated
periodontal tissues. Consequently, understanding
the molecular events that regulate the formation and
remodeling of bony tissues is of fundamental im-
portance in the development of rational treatment
modalities to circumvent or correct structural and
functional anomalies.

Physiological remodeling of alveolar
bone

Complete remodeling of the alveolar bone occurs
when the primary dentition is replaced by suc-
cedaneous teeth. The alveolar bone associated with
the primary tooth is completely resorbed together
with the roots of the tooth while new alveolar bone
is formed to support the newly erupted tooth. Sig-
nificant remodeling of the alveolar process also oc-
curs as part of this process. The ability of the alveolar
bone to remodel rapidly (217) also facilitates posi-
tional adaptation of teeth in response to functional
forces and in the physiological drift of teeth that oc-
curs with the development of jaw bones. From a
clinical perspective, the rapid remodeling of the al-
veolar bone facilitates movement of teeth within the
jaw bone by the application of orthodontic forces.
However, the application of force on bone tissues
can also influence the remodeling rate. Formation of
alveolar bone is a prerequisite for the regeneration
of tissues lost through periodontal disease and for
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osseointegration of implants used in restorative den-
tistry. Bone remodeling involves the co-ordination of
activities of cells from two distinct lineages, the os-
teoblasts and the osteoclasts, which form and resorb
the mineralized connective tissues of bone, respec-
tively.

Regulation of bone remodeling is a complex pro-
cess involving hormones and local factors acting in
an autocrine and/or paracrine manner on the gener-
ation and activity of differentiated bone cells. While
there is considerable knowledge of the kinetics of
bone turnover at the cellular level, the regulation of
bone remodeling at the molecular level is poorly
understood. Specific factors are believed to regulate
each step in the remodeling process and to integrate
the development of osteoblast and osteoclasts and
their activities as well as modulate control that is
exerted through the endocrine system. Notably, the
cellular and molecular events involved in bone re-
modeling have a strong similarity to many aspects of
inflammation and repair, and the relationships be-
tween matrix molecules, such as osteopontin, bone
sialoprotein, SPARC and osteocalcin, and blood clot-
ting and wound healing are clearly evident. The as-
sociations between bone formation and remodeling
and inflammatory response systems are further em-
phasized by the recent identification of ‘‘master
genes’’ involved in the generation of osteoblasts and
osteoclasts that belong to families of transcription
factors with prominent roles in the development of
immune responses. The regulated remodeling of al-
veolar bone is anticipated to follow the general prin-
ciples of bone formation and resorption described
below.

Bone formation

Formation of bone, which appears to be linked with
bone resorption to maintain bone mass, involves the
proliferation and differentiation of stromal stem cells
along an osteogenic pathway that leads to the for-
mation of osteoblasts (Fig. 7). The process of cellular
differentiation is controlled by a cascade of events
that involves a combination of genetic programming
and gene regulation by various hormones, cytokines
and growth factors. While an understanding of the
complexities of the differentiation process is still at
an elementary stage, significant advances have been
made in recent years in identifying regulatory genes
and molecular markers that define specific stages of
osteogenic cell development. Notably, matrix macro-
molecules have, to date, proven to be the best devel-
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opmental markers, particularly for the later stages of
differentiation (132, 262). Although stromal stem
cells have yet to be isolated from osteogenic tissues,
a population of small, agranular cells has been iso-
lated from fetal rat calvaria and shown to be enrich-
ed with stem and progenitor cells (269). Following
plating and attachment, these cells begin expressing
collagens I, II and III as well as alkaline phosphatase
and osteopontin. The alkaline phosphatase and col-
lagen I expression are characteristic of the osteo-
genic lineage and their synthesis continues to in-
crease while the expression of type II collagen is lost
and type III progressively diminishes. At early stages
of differentiation, the potential for entering alternate
pathways of differentiation is retained, as depicted
for periodontal cell differentiation (Fig. 7).

The formation of a collagen substratum appears
to trigger the differentiation of pre-osteoblastic cells
into osteoblasts through interactions with the a2b1

receptor (259). In vivo, this stage likely follows the
condensation of mesenchymal cells. The subsequent
emergence of osteoblasts is indicated by the induced
expression of bone sialoprotein, which correlates
with the initiation of mineralization in vitro (262)
and in vivo (37). In comparison, the expression of
osteopontin is variable and is complicated by its
presence in migrating fibroblastic cells (270) and its
production by cement-forming cells (262). Neverthe-
less, osteopontin generally declines prior to osteo-
blastic differentiation and together with osteocalcin
is expressed at high levels after mineralization has
been initiated, with high levels being maintained as
osteoblasts differentiate further into osteocytes and
lining cells.

Expression of developmentally regulated genes
and transcription factors that regulate the expression
of differentiation-associated genes appear to be the
most useful for defining the early stages of osteo-
differentiation. Many of the developmental genes,
including homeobox genes such as hoxa-2, hoxd-13
and hoxa-13, dlx5, msx-1 and msx-2, are common to
various forms of organogenesis. Similarly, different
classes of transcription factors involved in osteogen-
esis have broad targets of regulation. However, re-
cent studies have identified a runt domain-related
gene core binding factor a1/PEBP2aA/AML-3 as a
bone-restricted transcription factor (54, 163) that has
been described as a potential ‘‘master gene’’ for
osteogenic differentiation (195). Expression in devel-
oping odontoblasts, cementoblasts and ameloblasts
indicate that core binding factor a1 may also have a
functional role in the differentiation of all mineraliz-
ing tissue cells (111). Deletion of the core binding
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Fig. 7. Osteogenic differentiation. A schematic model of gene’’ core binding factor a1 (cbfa1) is likely a key event
the events believed to be involved in osteogenic differen- that directs multipotent cells into the osteoblast, ce-
tiation is shown in the context of a multipotent stem cells mentoblast and periodontal ligament fibroblast pathways.
in the periodontium. Several lineages can potentially be The physical environment as well as growth factors and
generated including the osteogenic lineage. In each case cytokines can influence the progression along each lin-
a decrease in proliferation potential occurs as differen- eage until the fully differentiated cell is generated. PDL:
tiation progresses. Expression of the ‘‘osteogenic master peridontal ligament.

factor a1 gene results in the complete absence of
ossified tissues (122) and heterozygous mutations of
the gene in humans (171) and mice (176) cause clei-
docranial dysplasia syndrome, in which the develop-
ment of supernumery teeth in humans is a charac-
teristic. Studies in vitro have shown that bone mor-
phogenetic proteins act upstream of core binding
factor a1 (54). Thus, bone morphogenetic protein-2
treatment of the myogenic cell line C2C12 transi-
ently upregulates core binding factor a1 and Msx-2
leading to osteogenic differentiation. Notably, while
transforming growth factor-b can also increase core
binding factor a1 and suppresses myogenic differen-
tiation in these cells, osteogenic differentiation does
not occur, indicating that other factors induced by
bone morphogenetic proteins are necessary for
complete expression of the osteoblastic phenotype
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(130). A potential factor is the homeobox-containing
gene dlx5 which regulates osteoblast differentiation
and has been shown to be induced by bone morpho-
genetic protein-4 (167). Treatment of undifferenti-
ated cells with bone morphogenetic protein-7/OP-1,
which has been shown to signal through Smad 5
(231), has also identified (229) a non-translated RNA,
bone morphogenetic protein/OP-1 responsive gene,
and a novel zinc finger transcription factor, AJ-18
(110), as immediate targets of bone morphogenetic
protein-7, in osteogenic systems. However, the func-
tional attributes of these target genes have yet to be
determined. Of note, recent studies indicate that the
transcriptional activities of Smads and core binding
factor a1 may be linked by the formation of regula-
tory complexes which may include other transcrip-
tion factors (85).
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Regulation of bone formation

Bone formation is regulated by factors that affect
either the production of osteoblastic cells or their ac-
tivity. Many of these factors also effect bone resorp-
tion either directly or indirectly. Thus, parathyroid
hormone, which regulates serum calcium levels by
stimulating bone resorption, can also have anabolic
effects in vivo that appear to be mediated through
transforming growth factor-b and insulin-like growth
factor-I (31). Such opposing effects of parathyroid
hormone are consistent with the apparent coupling
of bone formation and remodelling. The seco-steroid
vitamin D3 also has paradoxical effects in bone re-
modeling (48). While stimulating bone resorption, it
is essential for normal bone growth and mineraliza-
tion and has a primary function in calcium absorp-
tion from the intestine. Vitamin D3 also strongly
stimulates the synthesis of osteocalcin and osteo-
pontin by osteoblastic cells while suppressing colla-
gen production. In contrast, insulin and growth hor-
mone have anabolic effects on bone. Insulin targets
osteoblasts directly, stimulating bone matrix forma-
tion and mineralization, and indirectly affects bone
formation through a stimulation of insulin-like
growth factor-I produced in the liver. Growth hor-
mone is required for attaining normal bone mass,
the anabolic effects apparently being mediated
through the local production of insulin-like growth
factor-I (32). As with other hormones, the effects of
glucocorticoids are complicated by secondary effects
initiated in response to the primary effects (46).
Thus, the ability of glucocorticoids to promote dif-
ferentiation of osteoblastic cells and to stimulate
bone matrix formation has been well established in
vitro. However, prolonged treatment with glucocort-
icoids in vivo results in bone loss, which can be attri-
buted to increased parathyroid hormone production
in response to the inhibitory effects of glucocortico-
ids on calcium absorption and perhaps also to the
depletion of osteogenic precursor cells. Thyroid hor-
mone (8) and the sex steroids (112) are also necess-
ary for normal growth and development of bones,
but they appear to act indirectly and the mechan-
isms are poorly defined. Thus, thyroid hormone af-
fects endochondral bone formation through its ac-
tion on cartilage formation, while the manner
whereby estrogens aid in maintaining bone mass
through anabolic effects on bone has yet to be estab-
lished.

Of the many growth and differentiation factors
that influence bone formation, the bone morpho-
genetic proteins have the most profound effect on
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bone formation (257). These cytokines, which belong
to the transforming growth factor-b family, can in-
duce chondrogenic and osteogenic differentiation in
undifferentiated mesenchymal cells, their prolonged
presence being required to generate endochondral
bone in ectopic sites (192). However, bone morpho-
genetic proteins do not have marked effects on bone
matrix formation (131). In contrast, transforming
growth factor-b can act as a potent inhibitor of
osteogenic induction by bone morphogenetic pro-
tein (34) while strongly stimulating expression of
matrix proteins by osteoblastic cells (258). The ana-
bolic effects of transforming growth factor-b are aug-
mented by a suppression of matrix degradative activ-
ity through the inhibition of matrix metalloprotein-
ase expression and the enhanced expression of
tissue inhibitor of matrix metalloproteinases (177).
The insulin-like growth factors (I and II) are also po-
tent anabolic agents in bone, having effects similar
to transforming growth factor-b on matrix proteins
and matrix metalloproteinases, but insulin-like
growth factors also stimulate proliferation of osteo-
blast precursors (93, 152). The acidic, and particu-
larly the basic, fibroblast growth factors, which are
characteristically expressed early in skeletal develop-
ment, exert their effects on bone formation primarily
through increased proliferation of osteoprogenitors
and promotion of osteogenic differentiation (30).
Platelet-derived growth factor has similar effects to
fibroblast growth factors in promoting osteogenesis,
but also influences the expression of other cytokines
as part of a more generalized role that platelet-de-
rived growth factor has in wound and fracture heal-
ing (92).

Bone resorption

Resorption of mineralized tissues requires the re-
cruitment of a specialized cell, the osteoclast, which
is produced by the monocyte/macrophage lineage of
hematopoietic cells that are derived from bone mar-
row (10). The stages in the life cycle of the osteoclast
are summarized in Fig. 8. Osteoclasts develop from
a pluripotential mononuclear precursor (colony-
forming unit–granulocyte/macrophage) which is
stimulated to proliferate and differentiate under the
influence of monocyte-macrophage colony-stimu-
lating factor. A variety of soluble and membrane-
bound factors play a critical role in regulating osteo-
clast formation, including growth factors, systemic
hormones, and cells in the marrow microenviron-
ment, such as osteoblasts and marrow stromal cells.
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Fig. 8. Osteoclastic differentiation. Osteoclasts are formed tiation while the truncated, soluble form of receptor acti-
from a haematogenic precursor cell which generates a vator of nuclear factor kB, osteoprotegerin (OPG), can
progenitor of the granulocyte/macrophage (CFU-GM) lin- bind receptor activator of nuclear factor kB ligand and
eage under the influence of the PU.1 gene and M-colony- block signaling, thereby preventing osteoclast differen-
stimulating factor. The myeloid progenitor requires a tiation. Pre-osteoclasts form by fusion of precursors and
functional c-Fos gene to differentiate along the osteoclast following attachment to the bone surface become active
pathway which is regulated by the receptor activator of osteoclasts. The survival and activity of the osteoclast is
nuclear factor kB (RANK)/receptor activator of nuclear dependent upon factors such as estrogen (E), trans-
factor kB ligand (RANKL) receptor/ligand system. Recep- forming growth factor-b (TGF-b) and bis-phosphonates
tor activator of nuclear factor kB ligand, also known as (P-C-P) which promote osteoclast apoptosis, while para-
osteoprotegerin ligand produced by stromal bone cells thyroid hormone (PTH) and interleukin-1 (IL-1) block os-
binds to receptor activator of nuclear factor kB receptors teoclast apoptosis.
on the pre-osteoclasts and promotes osteoclast differen-

Cell-to-cell interactions are important in both the
formation and activity of the osteoclast. Recent mol-
ecular biological studies have identified transcrip-
tion factors, such as c-Fos and PU.1, that are re-
quired for osteoclast differentiation (23). In the op/
op mouse, in which there is impaired production of
colony-stimulating factor-1 (CSF-1), osteoclasts fail
to form leading to osteopetrosis (265). Similarly, an
osteopetrotic phenotype resulting from ablation of
c-Fos (83), both the p50 and p52 sub-units of nuclear
factor kB (65), and PU.1 (237) has revealed the im-
portance of these genes in the early development of
osteoclasts. The expression of PU.1, a myeloid and B
cell–specific transcription factor, is progressively in-
creased as marrow macrophages differentiate into
osteoclasts and also with the induction of osteo-
clastogenesis by 1,25-dihydroxyvitamin D3. Since ab-
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lation of the PU.1 gene blocks the formation of both
macrophages and osteoclasts, it is believed to act
early in the differentiation pathway. Similarly, col-
ony-stimulating factor is required for myeloid pre-
cursor development while the formation of macro-
phages in Fos-null mice indicates that this transcrip-
tion factor acts early in the osteoclast pathway (Fig.
8). Mutation of another transcription factor, the
microphthalmia-associated transcription factor, in
mi/mi mice has revealed its association with c-Fos
and PU.1 in the regulation of osteoclast develop-
ment (206). While the mutated microphthalmia-as-
sociated transcription factor can still bind to c-Fos
and PU.1, it blocks their nuclear translocation, caus-
ing osteopetrosis.

The identification of a novel receptor, termed os-
teoprotegerin (OPG) (212, 264), has recently un-
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covered a key regulatory mechanism in osteoclast
differentiation and activity (Fig. 8). The osteoproteg-
erin ligand (OPGL), which has been identified (125)
as the putative osteoclast differentiation factor that
is expressed on the surface of stromal/bone cells
(221), has been shown to signal osteoclast differen-
tiation through a tumor necrosis factor-a–related re-
ceptor known as either tumor necrosis factor recep-
tor (TNFR), osteoclast differentiation and activation
receptor (ODAR) or receptor activator of nuclear fac-
tor kB (RANK). Osteoprotegerin, itself, acts as a de-
coy receptor that binds ligand but is incapable of sig-
naling. Thus, while ablation of the osteoprotegerin
gene in transgenic mice results in excessive produc-
tion of osteoclasts and osteoporosis (28, 169), over-
expression of osteoprotegerin leads to impaired os-
teoclast formation and osteopetrosis (212). A similar
impairment in osteoclast development is observed
in osteoprotegerin ligand knock-out mice (123) and
in nuclear factor kB knockout mice (65, 103). From
these observations it is evident that signaling by re-
ceptor activator of nuclear factor kB-ligand through
the receptor activator of nuclear factor kB receptor,
which is regulated by colony-stimulating factor-1, is
a crucial step in osteoclast formation. Moreover, the
involvement of the osteoprotegerin-osteoprotegerin
ligand regulatory pathway in the immune system (2)
and the calcification of arteries in osteoprotegerin-
deficient mice (28) provides further links between
the hematopoietic system and bone and provides a
connection between vascular calcification and os-
teoporosis (6).

Typically, formation of osteoclasts involves fusion
of monocytic precursors which occurs at the site of
bone resorption. The hyaluronan receptor CD44 is
upregulated during this process and is required for
fusion to take place (220). Together with CD44, the
avb3 integrin is highly expressed in osteoclasts and
osteoclast precursors; both receptors being a pri-
mary target for the bone matrix protein osteopontin
in signaling, cell attachment and also possibly for os-
teoclast chemotaxis (haptotaxis) and migration
(215). On the bone surface, osteoclasts become po-
larized and form a ruffled border beneath which
bone resorption takes place (19). While the molecu-
lar mechanisms involved are not known, cell attach-
ment and recruitment of Src appear to be crucial
events, as evidenced by an osteopetrotic phenotype
in Src knockout mice (219). Demineralization of the
bone matrix, which is a prerequisite for matrix
degradation, is achieved through the acidification of
a protected environment beneath the ruffled border.
A specific type of electrogenic adenosine triphos-
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phatase (33) pumps protons, generated by type II
carbonic anhydrase activity, into the resorption bay,
which also receives lysosomal enzymes and thereby
acts as a functional secondary lysosome. Following
the dissolution of the mineral phase in the acidic en-
vironment, the lysosomal enzymes can degrade ma-
trix macromolecules, including collagen, in a man-
ner similar to that described for the phagocytic
degradation of matrix. Matrix metalloproteinases,
which can be activated under the acidic conditions,
have also been observed in resorption lacunae and
could contribute to matrix degradation (216). Fol-
lowing resorption, osteoclasts may undergo
apoptosis, which provides a mechanism for limiting
resorptive activity (98). While factors such as trans-
forming growth factor-b, estrogen and bis-phos-
phonates promote apoptosis, parathyroid hormone
and interleukin-1 act as suppressors, prolonging os-
teoclast activity. Thus, the formation, activity and
survival of osteoclasts are all potential targets for
regulation of osteoclast-mediated bone-resorptive
activity (Fig. 8).

Regulation of osteoclast activity

The primary factors that stimulate bone resorption
through osteoclasts include parathyroid hormone,
vitamin D3, interleukin-1, interleukin-6, tumor ne-
crosis factor a, and transforming growth factor-a,
whereas calcitonin, transforming growth factor-b,
estrogen and interferon-g inhibit osteoclastic bone
resorption. While osteoclasts have receptors for cal-
citonin and estrogen, as well as for most cytokines,
vitamin D3 (198, 242) and parathyroid hormone
(161) affect osteoclasts indirectly through receptors
on pre-osteoblasts, osteoblasts and lining cells. Al-
though several cytokines have been identified as me-
diators of vitamin D3 and parathyroid hormone, the
mechanism of regulation has been poorly under-
stood. Parathyroid hormone, parathyroid hormone–
related protein, vitamin D3, transforming growth fac-
tor-a and pro-inflammatory cytokines, such as in-
terleukin-1 and tumor necrosis factor a, all promote
differentiation of osteoclasts (193). The pro-in-
flammatory cytokines can act through the OPG/
OPGL/RANK regulatory pathway (65, 150) which
may be a key target of factors that affect osteoclast
generation and activity. Similarly, parathyroid hor-
mone and vitamin D3 have recently been shown to
regulate osteoclast development through the osteo-
protegerin/osteoprotegerin ligand/receptor activator
of nuclear factor kB pathway (95). Interleukin-6 is
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also produced by osteoblastic cells in response to
parathyroid hormone and vitamin D3 and is a
prominent cytokine produced by osteoclasts. Al-
though interleukin-6 has important effects on bone
remodeling and has been implicated in bone resorp-
tion associated with estrogen deficiency, it is a much
less potent stimulator of osteoclast generation than
interleukin-1 and tumor necrosis factor a (112). Ara-
chidonic metabolites are also important modulators
of bone cell function. In particular, prostaglandins of
the E-series can act as powerful mediators of bone
resorption and can also influence bone formation
(44). The prostaglandins exert a local effect on osteo-
clasts and their precursors, often mediating the ef-
fects of growth factors and cytokines such as epider-
mal growth factor and transforming growth factor-
b. Prostaglandins can also stimulate bone formation
when administered systemically and the local in-
fusion of prostaglandin E2 has been used to stimu-
late alveolar bone formation in vivo (147).

Estrogen is believed to suppress the production
of bone-resorbing cytokines, including interleukin-
1 (178) and interleukin-6 (112), while transforming
growth factor-b (186) and interferon-g (226) inhibit
proliferation and differentiation of committed pre-
cursors into mature osteoclasts. Calcitonin is a par-
ticularly potent inhibitor of osteoclast activity, but its
effects are transient, likely due to the downregula-
tion of calcitonin receptors on osteoclasts in the sus-
tained presence of hormone (227). Calcitonin in-
hibits proliferation and differentiation of osteoclast
precursors and causes cytoplasmic contraction of
the cell membrane in mature osteoclasts and their
dissociation into monocytic cells.

In addition to their effects on osteoclast develop-
ment, interleukin-1, tumor necrosis factor a and the
functionally related, lymphotoxin, also stimulate os-
teoclastic activity (236). Although the mechanism is
possibly indirect, involving cells of the osteoblastic
lineage, which also mediate the effects of para-
thyroid hormone and vitamin D3 on osteoclast activ-
ity, it is also possible that regulation of osteoclast ac-
tivity by these cytokines and osteotropic hormones
may also involve the OPG/OPGL/RANK pathway.
Notably, the effects of vitamin D3 can also be me-
diated by the bone matrix protein osteopontin,
which is strongly upregulated by the seco-steroid. In
Opnª/ª mice, osteoclast formation and activity are
impaired (194), and these mice are resistant to the
enhanced osteoclastogenesis that typically follows
ovariectomy (266) or treatment with interleukin-1
(228). Thus, ligation of osteopontin to the avb3 re-
ceptor in pre-osteoclasts and osteoclasts can modu-
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late osteoclast development and activity through the
OPG/OPGL/RANK pathway (123). Another bone ma-
trix protein, bone sialoprotein, can also regulate os-
teoclast activity through the avb3 integrin (168, 199)
which was originally characterized as a vitronectin
receptor. Binding of ligand to the b component of
the avb3 integrin activates the focal adhesion kinase-
related PYK2 (protein tyrosine kinase2) through c-
Src, which binds PYK2 through the SH2 domains.
Upon activation, PYK2 translocates to the Triton X-
100 insoluble cytoskeletal compartment and to-
gether with p130cas is found in the sealing zone re-
quired for osteoclastic bone resorption (55, 56).

Clinical implications

Alveolar bone is dependent upon the presence of
teeth for its preservation. Consequently, the alveolar
bone ridge is progressively reduced following the ex-
traction of teeth. Maintenance of alveolar bone is
also compromised following trauma and inflamma-
tory episodes associated with periodontal disease.
Preventing, or minimizing, alveolar bone loss is a
major clinical objective in dentistry, and restoration
of alveolar bone mass after losses have been in-
curred is extremely difficult to attain. The interde-
pendence of teeth and alveolar bone make the res-
toration of alveolar bone more difficult than simply
enhancing osteogenesis. Moreover, regeneration of
bone lost through periodontal disease requires the
simultaneous and coordinated regeneration of the
associated periodontal tissues in an environment
that is subject to ongoing inflammatory activity.
While the formation of alveolar bone is more readily
achieved within a sterile environment, such as that
utilized for the placement of two-stage implants in
prosthodontics, integration of the newly formed
bone to the surface of the implant introduces an ad-
ditional challenge that relates to physicochemical
characteristics of the implant surface.

The ability of the alveolar bone to undergo rapid
remodelling is of fundamental importance for
physiological movement of teeth in the jaw that oc-
curs in response to occlusive forces and orthodontic
forces used for the clinical re-positioning of teeth.
Orthodontic tooth movement is believed to occur as
a consequence of site-specific bone remodeling in
the absence of inflammation. It is well recognized
that tensional forces will stimulate the formation
and activity of osteoblastic cells while compressive
forces promote osteoclastic activity. However, the
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molecular mechanisms that transduce the signals
generated by forces are only beginning to be iden-
tified. At sites of alveolar bone compression, osteo-
clasts proliferate and an initial resorption of the
superficial bone is believed to take place. The initial
response may involve osteoblasts, which can pro-
duce collagenolytic enzymes to remove a portion of
the unmineralized extracellular matrix, thereby facil-
itating access of osteoclast precursors to the bone
surface. Osteoblastic cells also produce chemokines
and cytokines, which can attract monocyte precur-
sors and promote osteoclast differentiation and ac-
tivity. At quiescent bone surfaces covered by bone-
lining cells, it is likely that retraction or apoptotic
death of these cells will expose the mineralized bone
surface to osteoclasts. In contrast, at sites of tension
osteoblasts are activated to produce an osteoid layer
that subsequently mineralizes to form new bone.
The formation of new bone during orthodontic
movement has been studied by in situ hybridization
using collagen type I (173) and bone sialoprotein
(51) as markers of bone formation.

Pathologies affecting alveolar bone

Diseases that affect bone mass and the normal met-
abolism of bone can impact on tooth formation and
the maintenance of tooth support through the al-
veolar bone. Thus, defects in genes regulating osteo-
clast formation and activity often lead to impaired
tooth eruption, as observed in op/op mice (265) and
core binding factor a1-null mice (122) and in osteo-
petrotic mutations found in rats (222), such as in-
cisors-absent (ia), osteopetrosis (op), toothless (tl),
and microphthalmia (mib). Similarly, defects in
tooth development would be expected in osteoprot-
egerin ligand (123) and nuclear factor kB (65) knock-
out mice and mice over-expressing osteoprotegerin
(212). Systemic and congenital diseases, such as os-
teoporosis and osteogenesis imperfecta, also effect
the quality and quantity of bone and can impact on
the ability of alveolar bone to perform its normal
functions. Moreover, the ability of the bone to resist
superimposed secondary diseases, such as peri-
odontal infections, is further compromised. Thus,
while the consequences of osteoporotic bone loss on
alveolar bone and its susceptibility to periodontal
disease has been controversial, the weight of evi-
dence supports the concept that the risk of alveolar
bone loss and the progression of bone loss is in-
creased in conditions of impaired bone quality (91,
109). Such conditions also include the effects of type
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2 diabetes (232), as well as estrogen deficiency–in-
duced osteoporosis (73, 114). The destruction of al-
veolar bone is also crucial to the progression of peri-
odontal disease, and the associated release of bone
matrix components into the crevicular fluid can pro-
vide valuable markers for the detection and diag-
nosis of disease activity (72).

Conclusion

Alveolar bone, which has an interdependence with
the dentition, has a specialized function in the sup-
port of teeth. While there are architectural specifi-
cations for alveolar bone that relate to its functional
role, the basic cellular and matrix components are
consistent with other bone tissues. Similarly, the cel-
lular activities involved in the formation and re-
modeling of alveolar bone and the factors that in-
fluence these cellular processes are common to bone
tissues generally. However, specific features, such as
the rate of bone remodeling, may be unique to al-
veolar bone and may be important for its adapta-
bility. Recent studies have identified key genes, core
binding factor a1 and osteoprotegerin, that have a
central role in the formation and activity of bone-
forming and bone-resorbing cells. Many of the fac-
tors that regulate bone remodeling appear to exert
their effects either directly or indirectly through
these genes, which have become important targets
for developing pharmacological and clinical strat-
egies to regulate the rate of bone formation and re-
sorption that will be important for maintenance of a
healthy periodontium.
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