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Skeletal development

J. J. PRITCHARD
M.A., D.M., F.R.C.S.

Department ofAnatomy, The Queen's University, Belfast

NORMAL skeletal development may be considered as
exhibiting hierarchies of organization levels, pro-
cesses and controls (Table 1). This approach is
apposite to the study of bone dysplasias because
developmental failure at one level inevitably, and
fairly predictably, leads to undesirable sequelae at
higher levels, although prediction is complicated by
the organism's attempts at functional compensation
for morphogenetic deficiencies. Unlike a rising
building, a skeleton must function and adapt to its
environment throughout its growth.

TABLE 1. Skeletal development

Process Level of organization

Unspecialized cells
Cell recruitment

Specialized cells
Primary ossification

(I.M., E.C.)* membrane
/

Primary bone

cartilage
Secondary ossification

Secondary bone
Tertiary ossification

Tertiary bone
Co-ordinated growth of
fibrous, cartilaginous, bony,
etc. tissues

A bone
Co-ordinated growth of
bones (local)

A bone complex
Co-ordinated growth of
bones (systemic)

The bony skeleton
Co-ordinated growth of
bones and muscles, etc.

The organism

* I.M., intramembranous; E.C., endochondral.

The sources and modes of recruitment of the
specialized osteogenic, chondrogenic and fibro-
genic cells which are involved in skeletal develop-
ment are far from clear. A scheme of osteoblast
recruitment in early centres of ossification is given in
Table 2. Later on it is accepted that each growing

TABLE 2. Cell recruitment

Osteoblast recruitment

Cells from (a) Sclerotome of somite (axial)
(b) Neural crest (head region)

? (c) Lateral plate (limbs)
Migration

Local competent cells
Differentiation
proliferation

Determined cells
(osteoprogenitor cells)

Modulation
(reversible)

Active cells
(osteoblasts)

Maturation
Mature cells
(osteocytes)

bone recruits its osteoblasts from a local pool of
osteoprogenitor cells present in the depths of the
periosteum and in the marrow spaces. Heterotopic
ossification poses problems in osteoblast recruitment
and invites experimental enquiry. A list of osteoblast-
inducing tissues and agencies is given in Table 3.
Cells in process of becoming osteoblasts exhibit
intense alkaline phosphatase activity as they acquire
a massive load of cytoplasmic organelles. The list of
probable and possible osteoblast functions is im-
pressive (Table 4).

Primary ossification is either intramembranous or
endochondral, the former occurring at the expense of
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430 J. J. Pritchard

TABLE 3. Osteoblast induction

(1) Hyperthrophic cartilage (alive or dead)
(2) ? Nervous tissue (brain, peripheral nerve)
(3) ? Pharyngeal entoderm
(4) Transitional epithelium (proliferating)
(5) Bone (BMP* Urist) (decalcified)
(6) Dentine (Urist) (decalcified)
(7) Mechanical stress (tendon)
(8) Muscle (--cartilage-*bone)
(9) ? Calcium deposits (cartilages, arterial walls)

(10) ? 'Chronic irritation'

*BMP =bone morphogenesis product

growing fibrous tissue under tension, the latter at the
expense of growing cartilage under compression, and
results in the formation of either primary membrane
(woven) bone or primary cartilage bone. Theoreti-
cally dysplasia could result from failure of proper
recruitment and/or function of fibroblasts, chondro-
blasts or osteoblasts at this level.
Secondary ossification involves the compacting by

lamellar bone of the network of primary bone
trabeculae to form secondary bone (primary
osteonal bone, laminar bone, surface bone). Failure

TABLE 4. Osteoblast functions

(1) Manufacture and secretion of collagen (tropocollagen)
(2) Orientation of collagen fibres into domains (Boyde)
(3) Manufacture and secretion of proteoglycans and

glycoproteins (? at pre-osteoblast stage)
(4) Mineralization of organic matrix

(a) Manufacture and secretion of alkaline phosphatase
(pyrophosphatase)

(b) Aggregation and secretion of calcium and
phosphate ions (mitochondria, matrix vesicles)

(c) Provision of energy (ATP) for initiation of
mineralization

(d) Regulation of mineral traffic between blood and
bone matrix (shared with osteoclasts and
osteocytes)

(5) ? Degradation of collagen, proteoglycans and
glycoproteins

at this level characterizes some kinds of osteogenesis
imperfecta and scurvy.

In tertiary ossification the bony framework is
remodelled as a result of balanced bone resorption
by osteoclasts and bone deposition by osteoblasts so
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FIG. 1. Cartilage models developed from embryonic rat limb bud mesenchyme transplanted to mother's
rectus sheath.

copyright.
 on M

ay 17, 2023 by guest. P
rotected by

http://pm
j.bm

j.com
/

P
ostgrad M

ed J: first published as 10.1136/pgm
j.53.622.429 on 1 A

ugust 1977. D
ow

nloaded from
 

http://pmj.bmj.com/
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that tertiary bone with Haversian systems (secondary
osteons) is formed. Osteoclast failure at this level
has serious and rather bizarre consequences.

In the development of a whole bone (as opposed to
the formation of a bony tissue) fibrous tissue, carti-
lage and bone grow in concert, and there are solid
grounds for the belief that this is made possible by
cartilage serving as the leader of the team, with the
other tissues obeying its dictates. Cartilage is well
equipped for such a role. Unlike bone or fibrous
tissue its growth potential is determined at an early
stage in embryonic life. Thus the pre-cartilaginous
vertebrae of the newborn rat's tail develop almost
normally when transplanted beneath the skin of the
mother's back, while rat limb-bud mesenchyme
forms respectable cartilage models and ossicles
when placed in the mother's rectus sheath (Fig. 1).
Cartilage, in addition, can push against its surround-
ings as it grows, while its vascular requirements are
modest. Moreover, in its hypertrophic state, cartilage
is able to induce bone formation around it. It is
envisaged that as the epiphyseal plates of a long bone
grow they tense and orientate the collagen fibres of
the periosteum, thereby stimulating collagen growth
which in turn stimulates and orientates intra-
membranous ossification. The tense periosteum for
its part tends to put a brake on the growth of the
epiphyseal plates, for if the periosteal sleeve around a
growing bone is severed transversely the growth of
the bone in length is accelerated (Crilly, 1972). These
views are summarized in Fig. 2.
The cartilage-fibrous tissue pacemaker-feedback

system just outlined also appears to be important for
harmony between growing bones. Harrison (1958)
produced predictable distortion of the rat's pelvis by
cutting the sacro-iliac ligament in early life. This
ligament normally pulls the ilium caudally as growth
occurs at the iliac crest, so maintaining the relative
position of the sacro-iliac joint half way down the
ilium.

Pacemaker Producer of
A ri periosteal

Bone -| t
tension

inductor
Periosteal growth

/ and sub-periosteal
bone formation andScoffolding orientation of

General sizea sub- periosteat
shape of bone I bony trabeculae

\ and architecture [
of metaphyseal I
spongiosa

i Vt~
FIG. 2. Cartilage and bone formation. Cartilage of
growth plate: when young, acts as a pacemaker; when
old, as a bone inductor; when dead, as a bone scaffolding.
Cartilage model as a whole; determination of bone size
and shape.

To what extent dysplasias are caused, or accen-
tuated, by disharmonies between growing cartila-
ginous, fibrous and bony tissues remains to be
determined: but on the positive side one may con-
clude that the making of an elegant and efficient
skeleton demands good genes and a good environ-
ment: good cells (osteoblasts, osteoclasts, chondro-
blasts, fibroblasts) in proper numbers at the right
places at the right times; a good programme of
controls; and optimal mechanical, vascular, nutri-
tional and endocrine milieux.
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