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Apoptosis during intramembranous ossification
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Abstract

This paper concerns the role of apoptosis during the onset of bone histogenesis. Previous investigations by
us performed on intramembranous ossification revealed the existence of two types of osteogenesis: static (SBF) and
dynamic bone formation (DBF). During SBF, the first to occur, stationary osteoblasts transform into osteocytes in
the same location where they differentiated, forming the primary spongiosa. DBF takes place later, when movable
osteoblastic laminae differentiate along the surface of the primary trabeculae. The main distinctive feature between
SBF and DBF is that the latter involves the invasion of pre-existing adjacent tissue, whereas the former does not.
To ascertain whether programmed cell death during the invasive DBF process determines the fate of surrounding
pre-existing mesenchyme differently from that occurring during the non-invasive SBF process, we studied apoptosis
in ossification centres of tibial diaphysis in chick embryos and newborn rabbits with TUNEL and TEM. It emerged that,
in both SBF and DBF, apoptosis affects mesenchymal cells located between the forming trabeculae and capillaries.
However, apoptotic cells were observed more frequently during DBF than during SBF. This suggests that, during
bone histogenesis, apoptosis, which is mostly associated with the invasive process of DBF, is probably dedicated to

making space for advancing bone growth.
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Introduction

In a recent investigation into intramembranous ossifi-
cation, occurring around the cartilaginous bud of long
bones, we pointed out the existence of two different
and successive types of osteogenesis, which we termed
static bone formation (SBF) and dynamic bone forma-
tion (DBF) (Ferretti et al. 2002).

During the formation of bone, as well as in the forma-
tion of many other tissues, apoptosis plays an important
role. This phenomenon is known to occur in parallel
to many morphogenetic processes during animal devel-
opment (Clark & Clark, 1996; Ross, 1996; Jacobson et al.
1997; Tanimoto et al. 1998; Vilovic et al. 2001) by the
activation of a specific programme of self-destruction,
or ‘programmed cell death’, involving stereotyped
morphological and biochemical cellular changes (Kerr
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et al. 1972; Wyllie et al. 1980; Arends & Wyllie, 1991). It
is well known that this type of programmed cell death
starts with cleavage of nuclear DNA into fragments
and ends with the formation of apoptotic bodies that
undergo rapid removal.

The importance of apoptosis in skeletal tissues and
its functional relationship with bone turnover have
been recently investigated by various authors (Noble
et al. 1997; Jilka et al. 1998; Noble & Reeve, 2000) in
order to understand whether and, if so, how the
mechanism of programmed cell death interferes with
bone modelling and remodelling in situations with
different bone turnover, such as in adult and paediatric
normal bone or in pathological bone. The cells of
osteogenic lineage (mostly osteoblasts and osteocytes)
(Bronckers et al. 1996; Noble et al. 1997) as well as
those of osteoclastic lineage (Hughes et al. 1995; Hughes
& Boyce, 1997) have been shown to be affected by
apoptosis; moreover, recently, various substances
(hormones, cytochines and factors) have been shown
to have an influence on the amount of cell apoptosis
in bone (Hughes et al. 1995; Kawakami et al. 1997,
Mansukhani et al. 2000). Nevertheless, the potential
role of apoptosis in the control of cell populations that



590 Apoptosis during intramembranous ossification, C. Palumbo et al.

form or destroy matrix in the skeleton is still to be
established.

In the present study we investigated the possible role
of apoptosis during the two types of osteogenesis (SBF
and DBF) occurring in intramembranous ossification
and which we have shown to have different character-
stics. SBF, which is the first to occur, is characterized by
differentiation around periosteal vessels of cords made
up of 2-3 layers of stationary osteoblasts that transform
into osteocytes in the same location where they differ-
entiated, thus involving the deposition of the core of
primary bony trabeculae. DBF takes place at a later stage,
when typical monostratified laminae of movable oste-
oblasts differentiate along the surface of the primary
SBF-trabeculae and increase their thickness, thus form-
ing primary haversian systems that invade the mesen-
chyme filling the primary haversian spaces (Ferretti et al.
2002). From these observations it emerged that the
main distinguishing feature between SBF and DBF is
that the latter process involves the invasion of the pre-
existing adjacent tissues, whereas the former does not.

In order to ascertain whether and, if so, how apop-
tosis is involved in the fate of the pre-existing con-
densed mesenchyme of ossification centres during static
bone formation and/or dynamic bone formation,
i.e. during a non-invasive as distinct from an invasive
process, we studied the perichondral tissue surround-
ing the mid-shaft level of long bones of newborn rab-
bits and chick embryos by microscopic (TUNEL) and
ultramicroscopic (TEM) observations.

Materials and methods

The observations were performed on the intramem-
branous perichondral centre of ossification surrounding
the mid-shaft level of various long bones, particularly
the tibiae, of five newborn rabbits and six White
Leghorn chick embryos aged 8-16 days.

In situ end-labelling analysis (TUNEL)

Samples were fixed in 4% buffered paraformaldehyde
(0.1 m phosphate buffer, pH 7.2) overnight at 4 °C,
embedded in paraffin via a standard method, sectioned
on a microtome (5 um thick) and mounted on silanized
slides. After being deparaffinated and rehydrated,
the sections were treated in a humidified chamber
with proteinase K (Boehringer, Mannheim, Germany)
at 20 pg mL™" for 15 min at room temperature, washed

in bidistilled water, treated with 2% H,O, in methanol
for 10 min at room temperature and then washed in
bidistilled water.

The slides were pre-incubated with terminal deoxy-
nucleotidyl transferase (TdT) buffer and 1 mm CoCl,
for 5 min at room temperature and then incubated
for 60 min in a humidified chamber at 37 °C with 50 uL
TdT and biotinylated deoxyuridine triphosphate (Bio
dUTP) (Boehringer) (TdT 0.3 U uL™", Bio dUTP 8 um in TdT
buffer and CoCl, 1 mwm). The sections were then washed
four times in bidistilled apyrogen water (for 2 min
each), twice in phosphate-buffered saline (PBS) (5 min
each), in human serum albumin 2% (5 min) and in
PBS (5 min) then covered with streptavidin-biotinylated
peroxidase complex (Boehringer) diluted 1:100 in a
humidified chamber for 45 min at room temperature,
washed in PBS and stained with diaminobenzidine
50 mwm (0.05%). The slides were then washed in water
and counterstained, some with 0.5% methyl green for
10 min, and some with 1% toluidine blue for 5 min.

Positive and negative controls were included in each
experiment. For the positive controls, sections were
treated with DNase | (1 ug mL™") (Boehringer) in DNase
buffer for 10 min at room temperature before exposure
to biotinylated dUTP and TdT. For negative controls,
the sections were incubated without the TdT enzyme.

Histological (LM and TEM) analysis

Cross-sections (2 mm) were fixed for 2 h with 4%
paraformaldehyde in 0.13 m phosphate buffer, pH 7.4,
post-fixed for 1 h with 1% osmium tetroxide in 0.13 m
phosphate buffer, pH 7.4, dehydrated in graded ethanol
and embedded in epoxy resin (Durcupan ACM), and
sectioned with a diamond knife mounted in an
Ultracut-Reichert Microtome. The perichondral centres
of ossification were cross-sectioned perpendicular to
the longitudinal axis of the shaft. Thin sections (1 um)
were stained with toluidine blue and examined under
an Axiophot-Zeiss light microscope (LM). Ultrathin
sections (70-80 um) were mounted on Formvar- and
carbon-coated copper grids, stained with 1% uranyl
acetate and lead citrate, and examined under a Zeiss
EM109 transmission electron microscope (TEM).

Statistics

Twenty-two TUNEL-sections (two from each animal) were
considered for quantitative analysis. Data concerning
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apoptotic cells recorded during SBF and DBF in each
TUNEL-section were statistically evaluated by means
of paired and unpaired Student's t-test.

Results

TUNEL and TEM observations were performed on cross-
sections of primary spongiosa around the growing
shaft of long bones of both chick embryos and new-
born rabbits in which cords of stationary osteoblasts,
along the periosteal surface, coexist with typical laminae
of movable osteoblasts lining the surface of primitive
haversian spaces (Fig. 1).

Fig. 1 LM micrograph showing an example of a microscopic
field in which TUNEL and TEM observations were performed.
Cross-section of primary spongiosa around the growing tibial
shaft of a 16-day-old chick embryo; the direction of bone
growth is from left to right. The arrows point to the sites of
differentiation of cords of stationary osteoblasts along the
periosteal surface. The bony trabeculae laid down by static
osteogenesis appear to be carpeted by typical movable
osteoblastic laminae. Scale bar = 35 um.
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The TUNEL method, which labels the cells with DNA
fragmentations with a brown colour, reveals the pres-
ence of apoptotic phenomena affecting mesenchymal
cells adjacent to the sites of bone formation during the
onset of osteogenesis, in both SBF and DBF. During the
early stages (i.e. SBF), apoptotic cells appear between
the cords of stationary osteoblasts forming the core
of bony trabeculae and the capillaries (Fig. 2); during

b

Fig. 2 In situ end-labelling on cross-sections at the mid-
diphyseal level of a newborn rabbit tibia. Labelled cells exhibit
a brownish colour. (a) The arrow points to cells in apoptosis
adjacent to a cord of stationary osteoblasts during SBF. (b) Cell
in apoptosis behind a cord of stationary osteoblasts (between
arrowsheads). LM micrographs; counterstain methyl green.
Scale bars (a) =36 um, (b) = 15 um.
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Fig. 3 In situ end-labelling on cross-sections at the mid-
diphyseal level of a 14-day-old chick embryo tibia. Labelled
cells exhibit a brownish colour. (a) The arrows point to cells in
apoptosis inside primitive haversian spaces, located between
the movable osteoblastic laminae and the vessels, during DBF.
(b) Primary haversian space lined by a moveable osteoblastic
lamina; the arrows point to cells in apoptosis behind the
osteoblasts. LM micrographs; counterstain toluidine blue.
Scale bars (a) =36 um, (b) = 15 um.

DBF, which invades the mesenchyme filling the primary
haversian systems, apoptosis affects the cells located
between the movable osteoblastic laminae and the
vessels inside the haversian canal (Fig. 3). Of all the
apoptotic cells collected in the present paper, about
72% are located behind the laminae of movable oste-

Table 1 Apoptotic cells recorded from 22 TUNEL-sections
during SBF (apo-SBF) and DBF (apo-DBF)

Section no. apo-SBF* apo-DBF*
1 5 10
2 4 12
3 4 1
4 9 22
5 5 23
6 5 10
7 4 13
8 4 12
9 4 9
10 8 21
1 7 13
12 3 7
13 5 11
14 5 12
15 5 1
16 4 12
17 4 8
18 5 13
19 4 12
20 4 12
21 5 13
22 5 12
mean = SD 49+14 12.7£4.1

*P < 0.0001 between apo-SBF and apo-DBF by means of paired
Student’s t-test.

Total number of apoptotic cells recorded: 387; total number of
SBF-apoptotic cells: 108; total number of DBF-apoptotic cells: 279;
percentage of SBF-apoptotic cells: 27.98%; percent of DBF-
apoptotic cells: 72.02%; unpaired Student’s t-test: P < 0.0001.

oblasts lining the surface of primary haversian spaces
(i.e. during DBF); the remaining 28% are located adja-
cent to the cords of stationary osteoblasts (i.e. during
SBF) (Table 1).

TEM observations of the same microscopic fields
showed the presence of cells in apoptosis both in SBF
and, more frequently, in DBF (Figs 4-6). The ultrastruc-
ture of these cells is very variable, because it is possible
to observe different and progressive degrees of chro-
matin condensation and fragmentation. As with the
cytoplasm, in some cells we observed a good preserva-
tion of the organelles, whereas in others we observed
a large degree of alteration with considerable vacuoli-
zation. As regards the nucleus, the morphology of the
chromatin masses is variable: it is possible to go from a
low degree of condensation and fragmentation to a
much higher one. The numerous observations collected
under TEM allowed us to recognize the different
progressive stages of cellular apoptosis, from early chro-
matin condensation and cell shrinkage (Fig. 7a,b) to

© Anatomical Society of Great Britain and Ireland 2003



Fig. 4 TEM micrograph showing a bony
trabecular core (asterisks) laid down by
stationary osteoblasts (sOB) during SBF
in a 15-day-old chick embryo tibia. Top
left: a blood capillary (spot). The squared
area encloses an apoptotic cell. Scale
bar =3 um.

the formation of apoptotic bodies (Fig. 7f). The latter
were often observed to fill macrophages located near
blood vessels, both in SBF and in DBF (Fig. 8).

Discussion

SBF and DBF represent two processes we have shown to
occur in sequence in the early phases of bone histogen-
esis in physiological conditions, i.e. during skeletal
groth, when the formation of flat bones of the cranial
volt and of diaphysis of long bones occurs (Ferretti
et al. 2002), and that probably also occur in pathologi-
cal conditions, such as during the formation of bone
callus in bone repair. During these early phases of bone
formation, as well as at the onset of formation of all
other tissues and organs, the most important events
that occur consist of cellular multiplication and differ-
entiation, together with programmed cell death (i.e.
apoptosis). Apoptosis, once considered to be involved
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mostly in the turnover of organs and tissues (Oppenheim,
1985; Haanen & Vermes, 1996; Chow et al. 1997) as
well as in pathogenesis of tumour processes (Lee
et al. 1998; Kulig et al. 1999; Weaver & Bissel, 1999) and
in the evolution of many diseases (Orrenius, 1995;
Geng, 1997; Agostini et al. 1998), has also been recog-
nized as playing a pivotal role in tissue and organ for-
mation during fetal development (Ross, 1996; Clark &
Clark, 1996; Jacobson et al. 1997; Tanimoto et al. 1998).
With regard to bone, apoptosis is thought to play an
important role in regulating different steps of skeletal
development: terminally differentiated chondrocytes
undergo apoptosis before the replacement by osteo-
genic cells during the course of endochondral bone
formation (Horton et al. 1998); apoptosis of osteoclasts
limits the lifespan of these cells during bone remodel-
ling (Hughes & Boyce, 1997); factors, such as RANK
ligand, that promote osteoclastogenesis also serve to
inhibit the apoptosis of mature osteoclasts, whereas
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the anti-resorptive agents Calcitonin and Bisphospho-
nates are pro-apoptotic (Manolagas, 2000). Relatively
less is known, however, about the occurrence of apop-

tosis in the cells of osteogenic lineage: in vivo studies
have demonstrated that osteoblasts and osteocytes
undergo apoptosis relatively frequently in developing
bone, but rarely in mature bone (Bronckers et al. 1996;
Noble et al. 1997). Although apoptosis is observed to
occur mostly at sites of active bone remodelling, the
present investigation concerns apoptosis during bone
modelling and, in showing that such apoptosis affects
mesenchymal cells adjacent to secreting osteoblasts,
agrees with the role of apoptotic phenomena in early

Fig. 5 TEM micrograph showing a
typical lamina of movable osteoblasts
(mOB) lining the surface of a primitive
haversian space in a 14-day-old chick
embryo tibia. Note three apoptotic cells
(arrows) located between the
osteoblasts and the blood capillary. Scale
bar =3 um.

morphogenetic processes. More precisely, the fact that
a higher number of cells was observed in apoptosis dur-
ing DBF (deemed an invasive process in that it involves
the invasion of mesenchyme filling the primary haver-
sian spaces, as opposed to SBF, which proceeds follow-
ing a non-invasive pattern) suggests that apoptosis
during intramembranous ossification is mainly dedi-
cated to making space for advancing bone osteogene-
sis. This hypothesis is in line with observations on
osteoblast apoptosis by Jilka et al. (1998), according to
whom the rate of bone formation should be regulated
by both the rate of osteogenesis and the rate of apop-
tosis of bone cells pertaining to the osteogenic lineage.
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Fig. 6 TEM micrographs showing cells in
apoptosis during DBF in newborn rabbit
tibiae. Apoptotic cells (arrows) are
located between movable osteoblasts
and vessels. Scale bars: (a,d) = 3 um;
(b,c) =2 um.

The lower number of apoptotic cells observed in
SBF can, however, be considered in the light of tissue
turnover, depending on the balance between cellular
differentiation and apoptotis.

Another point for discussion is the presence of apop-
totic bodies in association both with blood capillaries
and with macrophages. In the former, it might be
inferred that, because apoptosis (whose final stages
are characterized by the formation of apototic bodies) is
a metabolic process with high energy demands (Cotter
et al. 1990; Richter et al. 1996; Garland & Halestrap,
1997; Formigli et al. 2002), it seems likely to occur pre-
ferentially near the capillaries. With regard to macro-
phages, apoptotic bodies are not only frequently
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observed in the vicinity of the macrophages but they
are also often found occupying them. It is the fate of
apoptotic bodies to be phagocytosed not solely by
macrophages that have probably migrated from the
surrounding vessels; they can also be phagocytosed
by the neighbouring cells directly (Duvall et al. 1985;
Williams & Smith, 1993). However, in our study we did
not observe apoptotic bodies in the surrounding mesen-
chymal cells or osteoblasts and stromal cells.

In conclusion, the observations reported here are in
line with the general view that apoptosis has a key role
in many crucial biological processes, especially those
related to the development and turnover of tissues and
organs. In particular, we have demonstrated that
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apoptosis occurring during the onset of bone histogenesis
is mostly linked to invasive DBF process and could fulfil
the important role of contributing to skeletal develop-
ment by providing the space necessary for advancing
bone growth.
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