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basal surface of osteoclasts and directly Figure 423-2 Schematic representation of bone remodeling. The cycle of bone remodeling
inhibits osteoclast function. Estradiol has is carried out by the basic multicellular unit (BMU), which consists of a group of osteoclasts and
multiple cellular targets in bone, includ- osteoblasts. In cortical bone, the BMUs tunnel through the tissue, whereas in cancellous bone,
ing osteoclasts, immune cells, and osteo- they move across the trabecular surface. The process of bone remodeling is initiated by contracblasts; actions on all these cells serve to tion of the lining cells and the recruitment of osteoclast precursors. These precursors fuse to form
decrease osteoclast number and decrease multinucleated, active osteoclasts that mediate bone resorption. Osteoclasts adhere to bone and
subsequently remove it by acidification and proteolytic digestion. As the BMU advances, osteobone resorption.
Osteoclast-mediated resorption of clasts leave the resorption site and osteoblasts move in to cover the excavated area and begin
bone takes place in scalloped spaces the process of new bone formation by secreting osteoid, which eventually is mineralized into new
(Howship’s lacunae) where the osteoclasts bone. After osteoid mineralization, osteoblasts flatten and form a layer of lining cells over new
are attached through a specific αvβ3 inte- bone.
grin to components of the bone matrix
such as osteopontin. The osteoclast forms
The response of bone to fractures, infection, and interruption of
a tight seal to the underlying matrix and secretes protons, chloride, and
proteinases into a confined space that has been likened to an extracel- blood supply and to expanding lesions is relatively limited. Dead bone
lular lysosome. The active osteoclast surface forms a ruffled border must be resorbed, and new bone must be formed, a process carried
that contains a specialized proton pump ATPase that secretes acid and out in association with growth of new blood vessels into the involved
solubilizes the mineral phase. Carbonic anhydrase (type II isoenzyme) area. In injuries that disrupt the organization of the tissue such as a
within the osteoclast generates the needed protons. The bone matrix fracture in which apposition of fragments is poor or when motion
is resorbed in the acid environment adjacent to the ruffled border by exists at the fracture site, progenitor stromal cells recapitulate the
endochondral bone formation of early development and form cartiproteases, such as cathepsin K, that act at low pH.
In the embryo and the growing child, bone develops mostly by lage that is replaced by bone and, variably, fibrous tissue. When there
remodeling and replacing previously calcified cartilage (endochon- is good apposition with fixation and little motion at the fracture site,
dral bone formation) or, in a few bones, is formed without a cartilage repair occurs predominantly by formation of new bone without other
matrix (intramembranous bone formation). During endochondral mediating tissue.
Remodeling of bone occurs along lines of force generated by
bone formation, chondrocytes proliferate, secrete and mineralize a
matrix, enlarge (hypertrophy), and then die, enlarging bone and pro- mechanical stress. The signals from these mechanical stresses are
viding the matrix and factors that stimulate endochondral bone for- sensed by osteocytes, which transmit signals to osteoclasts and osteomation. This program is regulated by both local factors, such as IGF-I blasts or their precursors. One such signal made by osteocytes is
and -II, Ihh, PTH-related peptide (PTHrP), and FGFs, and by systemic sclerostin, an inhibitor of wnt signaling. Mechanical forces suppress
sclerostin production and thus increase bone formation by osteohormones, such as growth hormone, glucocorticoids, and estrogen.
New bone, whether formed in infants or in adults during repair, blasts. Expanding lesions in bone such as tumors induce resorption
has a relatively high ratio of cells to matrix and is characterized by at the surface in contact with the tumor by producing ligands such as
coarse fiber bundles of collagen that are interlaced and randomly PTHrP that stimulate osteoclast differentiation and function. Even in
dispersed (woven bone). In adults, the more mature bone is orga- a disorder as architecturally disruptive as Paget’s disease, remodeling is
nized with fiber bundles regularly arranged in parallel or concentric dictated by mechanical forces. Thus, bone plasticity reflects the intersheets (lamellar bone). In long bones, deposition of lamellar bone in action of cells with each other and with the environment.
Measurement of the products of osteoblast and osteoclast activa concentric arrangement around blood vessels forms the Haversian
systems. Growth in length of bones is dependent on proliferation of ity can assist in the diagnosis and management of bone diseases.
cartilage cells and the endochondral sequence at the growth plate. Osteoblast activity can be assessed by measuring serum bone-specific
Growth in width and thickness is accomplished by formation of alkaline phosphatase. Similarly, osteocalcin, a protein secreted from
bone at the periosteal surface and by resorption at the endosteal osteoblasts, is made virtually only by osteoblasts. Osteoclast activity
surface, with the rate of formation exceeding that of resorption. In can be assessed by measurement of products of collagen degradation.
adults, after the growth plates of cartilage close, growth in length and Collagen molecules are covalently linked to each other in the extracelendochondral bone formation cease except for some activity in the lular matrix through the formation of hydroxypyridinium cross-links
cartilage cells beneath the articular surface. Even in adults, however, (Chap. 427). After digestion by osteoclasts, these cross-linked peptides
remodeling of bone (within Haversian systems as well as along the can be measured both in urine and in blood.
surfaces of trabecular bone) continues throughout life. In adults,
~4% of the surface of trabecular bone (such as iliac crest) is involved
CALCIUM METABOLISM
in active resorption, whereas 10–15% of trabecular surfaces are covered with osteoid, unmineralized new bone formed by osteoblasts. Over 99% of the 1–2 kg of calcium present normally in the adult
Radioisotope studies indicate that as much as 18% of the total skeletal human body resides in the skeleton, where it provides mechanical stacalcium is deposited and removed each year. Thus, bone is an active bility and serves as a reservoir sometimes needed to maintain extracelmetabolizing tissue that requires an intact blood supply. The cycle of lular fluid (ECF) calcium concentration (Fig. 423-3). Skeletal calcium
bone resorption and formation is a highly orchestrated process carried accretion first becomes significant during the third trimester of fetal
out by the basic multicellular unit, which is composed of a group of life, accelerates throughout childhood and adolescence, reaches a peak
osteoclasts and osteoblasts (Fig. 423-2).
in early adulthood, and gradually declines thereafter at rates that rarely
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