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Abstract: The current study was undertaken to describe the main histological development stages of long
bones (tibia and femur) from Japanese quail (Coturnix coturnix japonica) embryos. Whole Limbs or just tibia
and femur of fifty Japanese quail embryos of different ages were fixed and embedded in paraffin or Spurt’s resin.
Paraffin and semi-thin, respectively, were undertaken and examined with light microscopy. Limb bud was
established at day 5 of incubation. Mesenchymal cells differentiated into chondrocytes forming a cartilage
template i the position of the future tibia and femur at day 6 of mcubation. At day 7 of incubatiorn, the cartilage
template enlarged and had the shape and position of the future tibia and femur. At day 8, central chondrocytes
underwent hypertrophy and were surrounded by a periosteal bone collar. Cellular and vascular invasion from
the bone collar into the central zone of the cartilage template, cartilage resorption and formation of marrow
tunnel and finally peripheral calcification was seen. Vascular cartilage canals penetrating the epiphysis were
observed at day 9 and the canals gradually increased in thickness and number toward the hatching day.
Articular epiphyseal growth cartilage with resting, proliferative and hypertrophic zones was clearly established
by day 10 of incubation. After 17 days of mcubation, the zonation of the articular epiphyseal cartilage were
much clear, many cartilage canals were present within the epiphyses. In epiphyses of tibia but not femur, foci
of chondrocytes hypertrophy were noticed close to the cartilage canals. The current study timed the main

histological sequences of development of tibia and femw of embiyonic quail.
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INTRODUCTION

Ossification 1s the process of development and
growth of the bones m both mammals and birds occurs
through intaramembranous and (intracartilagenous)
endochondral ossification. Intra-membranous ossification
is the direct transformation of mesenchymal tissue into
bone tissue without formation of cartilage template, whnle
endochondral ossification is the differention of the
mesenchymal tissue into cartilage template, which is later
transformed into bone tissue. During embryonic hmb
development, the undifferentiated mesenchymal cells
differentiate into cartilage cells or chondrocytes, which
secrete a specific collagen type TI- and proteoglycan-
cartilage rich matrix forming a cartilage template that
mimics the outline of the adult bone and develops at its
final position reviewed by Mackie et al (2008). In
mammals, the subsequent stages are nearly understood.
It has been reported that the chondrocytes at the middle
of the cartilage template undergo hypertrophy followed
by calcification of its swrrounding matrix. Then the
hypertrophic chondrocytes physiclogically die and the
cartilage matrix 1s resorped. Vascular and cellular invasion

of the resorped calcified cartilage initiate deposition of
bone tissue over the calcified resorped matrix to establish
a Primary Ossification Centre (POC). More enzymatic and
cellular degradation of the matrix at the distal end of the
POC leads to formation of bone marrow reviewed by
Goldring et al (2006). Sunilarly, a series of changes
starting with central chondrocytes  hypertrophy,
calcification of matrix, physiological death of hypertrophic
chondrocytes, matrix resorption, vascular and cellular
invasion of the resorped cartilage finally, lead to
establishment of Secondary Ossification Centre (SOC) in
each extremity of the future bone. Ossification expands
from the POC and SOC leaving zones of cartilage between
the two ossification centres: the Physeal Growth Cartilage
(PGC) between the POC and SOC and Articular-Physeal
Growth Cartilage (APGC) above the SOC (Rivas and
Shapiro, 2002). In avian, the mechanism of ossification is
not much c¢lear as mammals due to the lack of specific
histological works done on the avian embryomic lone
bones. A histological study of 6-17-day-embryomc-quail
long bones shown that the chondrocytes of the cartilage
template organized into three zones. Central hypertrophic
chondrocytes, which is surrounded on both side with
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flattened chondrocytes and peripheral epiphyseal
chondrocytes. The cartilage matrix resorption occurs
without formation of POC. However, ossification occurs
around the cartilage outline m the perichondrium,
perichondral essification (Pourlis ez al., 2006). In the femur
from 14-20-day-old chick embiyos, calcification of the
matrix does not occur, however the resorped cartilage 1s
directly replaced by bone marrow POC development
(Roach and Shearer, 1989). Tt was reported that in turkey
embryos the POC appears at the mid-region of femur and
tibia at day 12 and extends into the proximal and distal
region, however the authors did not shown a detailed
Fig. 1 for the POC (Atalgin and Kurtul, 2009). In both
avian and mammalian long bone, the ossification proceeds
and the bone increases m length until no cartilage remaimns
except at the articular surface; articular cartilage. Once the
animal or bird achieve skeletal maturity, bone stop
growing in length, however the bone continue modelling
and remodelling to less extend than the m the growimg
stages reviewed by Mackie et al. (2008). Although, the
cartilage is avascular tissue, the embryonic growth
cartilage of the long bone epiphyses is invaded by many
perichondrial tubular vascular channels, cartilage canals
(Blumer et al, 2004). There are many studies on the
structure of the growth cartilage of chicken with tibial
dyschondroplasia, however, information on the normal
process of endochondral ossification of the pre-hatching
quail 1s very limited The few available studies on
embryonic skeletal development of quail are mainly
concermning with the timing of chondrification and
ossification of different bones but they did not present
the histological structure of the quail growth cartilage and
its ossification stages (Pourlis et al., 1998; Nakane and
Tsudzuka, 1999). The aim of the current study was to
describe the sequences of chondrification and
ossification m the tibia and femur of the pre-hatching
quail during different stages of embryonic development.

MATERIALS AND METHODS

Egg incubation: Fertilized eggs weighting 10-12 g, of the
Tapanese quail (Coturnix coturnix japonica) were kindly
provided by the Quail production umit related to the
Department of Histology, Faculty of Veterinary Medicine,
South Valley University, Qena, Egypt. The eggs were put
in the incubator (¢10, from the Poultry Technical Office,
Alexandia, Egypt) at 37.5°C and the relative humidity was
65%, where the eggs were rotated every 1 h after the 3rd
day of incubation.

Samples processing for light microscopy: Fggs were
collected n the morning and carefully opened at the wide
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part, and at least five embiryos at different stages of
pre-hatching development (5, 5.5, 6, 7, 8,9,10, 12, 15 and
17th) day of mcubation were quickly collected, rinsed n
a phosphate-buffered saline. The whole limbs or tibia and
femur were dissected, fixed in either 4% neutral-buffered
para-formaldehyde (pH 7.4) for 48 h at 4°C. Some
specimens were decalcified in 5% Ethylene-Diamine-Tetra-
Acetic acid (EDTA) when calcification was established,
while others were directly processed without
decalcification for Von Kossa staining. Specimens were
processed for either paraffin or plastic sectiomng. For
paraffin  sectioming, specimens were dehydrated in
ascending grades of ethanol and embedded in paraffin
wax blocks. Paraffin sections (3-5 pm thickness) were
undertaken and staned with hematoxylin and eosin
(H and E), safranin-O, Crossman’s trichrome, Periodic
Acid-Schiff’s reagent (PAS) and Von Kossa staining.
For plastic sectioning, specimens were fixed in
2.5% glutaraldehyde in 4% paraformaldehyde (pH 7.4) for
58 hat4°C, post-fixed mn 1% osmium tetroxide, dehydrated
in ascending grades of acetone and embedded in Spur's
resin. Semi-thin sections (0.5 um thicknesses) were taken,
stained with toluidine blue. Paraffin and semi-thin
sections were examined with light microscopy. The
common international ethical rules were followed as much
as possible during sample collection and processing.

RESULTS

Pattern of chondrification and calcification in the tibia
and femur of the pre-hatching Japanese quail: After
5 days of incubation of fertile Japanese quail eggs, the
limb bud was established (Fig. la). Condensed
undifferentiated mesenchymal cells were seen within the
limb bud (Fig. 1b). Mesenchymal cells differentiated into
chondrocytes forming a cartilage template which was
observed for the first time at the position of the future
tibia and femur at 5.5th day of incubation (Fig. 1¢). The
cartilage  template = showed  saframn-O-positive
glycosaminoglycan-rich matrix and was surrounded by a
perichondrium (Fig. 1d). The chondrogenic differentiation
and proliferation of mesenchymal cells progressed and the
cartilage template enlarged; where the femur and tibia
were formed of hyaline cartilage at the 6th day of
incubation (Fig. 1e). Perichondrium enclosed the cartilage
template from outsides. At the day 7 of incubation, the
chondrocytes of the mid-region of the cartilage template
started hypertrophy swrounded on both side with
flattened chondrocytes. Many secquences were observed
at day 8 of incubation. Most of the chondrocytes in the
centre of the cartilage template were truly hypertrophic
cells after 8 days of incubation (Fig. 1f). Periosteal bone
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Fig. 1(a-f): Fommation of the cartilage template in the tibia and femur of the pre-hatching quail. Paraffin (a-f) sections of
the limb from 5- (a, b), 5.5- (¢, d), 7- (e) and 8- (f) day-quail embryos stained with H and E (a-c) and safranin-O
(d-e). A: Limb bud (arrow). b: Mesenchymal cell condensation in the limb bud (m). ¢ Cartilage
template in the tibia (arrow). d: Safranin-O positive cartilage template (¢) Swrounded by perichondrium (p).
e: Cartilaginous femur (f) Tibia (t), {: hypertrophic chondrocytes (h) At the middle of cartilage template
surrounded with perichondrium. Bars = 200 and parts b, ¢, e and 20 ym m b, d, £
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collar was observed during this sage of development
(Fig. 2a). At day 9 of incubation, the hypertrophic
chondrocytes in the centre of the cartilage template
underwent physiological cell death and the cartilage
matrix was invaded by vascular and cellular elements
(Fig. 2b, c). The cartilage matrix was gradually resorped
(Fig. 2b, ¢) and in advanced stages a marrow tunnels was
formed and extended deeper into the epiphysis (Fig. 2d)
where some of chondrocytes were in directed contact with
marrow cells (Fig. 2e). Calcification of the embryonic quail
growth cartilage could only be observed after 9 days of
incubation. Caleification was confined to the periphery of
the mid-diaphysis and become more prominent later on
but has never been seen within the matrix of the
hypertrophic cartilage before day 18 days at the distal
ends of hypertrophic cartilage closed to the marrow
tunnels extended into the epiphysis. The epiphyses were
formed completely from AEGC with chondrocytes
organized into resting, proliferative and hypertrophic
zones at day 10 of incubation and by progression m age,
the zonation was much clear.

Development of the cartilage canals in the femur and
tibia of the pre-hatching Japanese quail: Cartilage canals
were observed for the first time at the day 9 of incubation,
where unbranched small cartilage canals extend from the
perichondrium into the extremities of the EPGC between
the future epiphysis and PGC (Fig. 3a). The wall of the
canals was first not well defined from the surounding
cartilage tissue. One day later, the canals became better
defined and contained blood capillaries of different sizes
and mesenchymal cells (Fig. 3b). At the day 12 of
incubation, the canals became thicker and numerous
(Fig. 3¢) and contained large blood capillaries and
abundant mesenchymal cells (Fig. 3d). Later on, the
cartilage canals penetrated down into the proliferative
zone (Fig. 3e) and the cartilage suwrrounding the canals in
this area was less cellular with small chondrocytes
concentrically arranged around the canals (Fig. 3f). Some
canals appeared to be originated from the articular surface
and pass down into the matrix of the EPGC. The cartilage
canals became thicker and well developed by the
advancing days of incubation.

Histology of the tibia and femur of the Japanese quail at
the last day of incubation: After 17 days of incubation and
just before hatching the tibia and femur of the Japanese
quail were similar in shape to and in the same position of
the adult bones. Each bone was formed of a bone
diaphysis and two large epiphyses. The epiphyses were
completely made of AEGC (Fig. 4a, b), however, the
diaphysis was surrounded by bone collar and contained
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irregular central marrow tunnels that extended into the
epiphyses (Fig. 4a, b). The chondrocytes in the EPGC
were well organized mto resting, proliferative and
hypertrophic zones (Fig. 2b, ¢). No POC were observed,
so no PGC or cartilage plate was found. Chondrocytes
underwent focal hypertrophy in the extremities of the
tibia, however this focal hypertrophy was not observed in
the femur during the same stage of development (Fig. 4d).

Summary of the sequences of the long bone development
of the pre-hatching Japanese quail:
development stages of tibia and femur in the embryonic
quail are summarized in Table 1.

The main

DISCUSSION

The current study was undertaken with the aim of
describing and timing the most dramatic events of the
endochondral ossification in the pre-hatching quail. To
achieve this aim, paraffin and semithin sections of the
tibia and femw from 5-17-day-cquail embryos were
examined with the light microscopy and the most
important sequences were summarized in Table 1. The
sequences  associated with  mesenchymal
condensation within the limb bud, formation and

cells

elongation of a cartilage template to take the shape and
position of the future long bone, hypertrophy and death
of the chondrocytes in the middle of the cartilage

Table 1: Sequential embryonic developmental stages in tibia and fermur of
Japanese quail

Days of

development Sequential stage of development

5.0 Formation of limb buds
Mesenchymal cell condensation into chondrocytes

55 Formation of cartilage termplate

6.0 Organization of the cartilage ternplate into the shape
of the future bone

7.0 Initiation of chondrocyte hypertrophy at the centre of
the cartilage temnplate
Cohunniation of the cartilage into proliferative and
hypertrophic chondrocytes

8.0 Formation of bone collar
Cellular and vascular invasion from the bone collar
along the hypertrophic zone

.0 Start. of calcification on the periphery of the mid-diaplysis
Appearance of the first cartilage canals within the
extremities

10 Formation of EPGC

17 Extension of marrow tunnels into epiphyses

Well organization of the EPGC zones

Appearance of numerous and well developed cartilage canals
penetrating different zones of FPGC

Focal hypertrophy close to cartilage canals within the
extremities

of the EPGC of the tibia but not femur

Calcification extended fiom the peripheral diaphysis but not
in around the epiphysis
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Fig. 2(a-f): Cartilage resorption and calcification of the tibia and femur of the pre-hatching quail. Paraffin (a-c, e and
semithin d, e) sections of the femw (a-e) from 8- (a), 9- (b, ¢), 10 (d) and 12- (e, f) day-quail
embryos stained with saframn-O (&), Crossman’s trichrome (b, ¢}, toluidine blue (d, e) and Von Kossa staming
(e). a: Cartilage matrix (¢) surrounded by periosteal bone collar (be). b: Cellular and vascular invasion

(arrowheads) of cartilage (¢) from bone collar (arrow). ¢: Higher magmfication from b. Note cellular and
vascular invasion (arrowheads) of cartilage (¢) from bone collar (arrow). d: Part of AEGC with hypertrophic
(h) and proliferative (pr) zones close to marrow tunnels (mt). e: cartilage-marrow tunnel erosion swface
(arrow), note hypertrophic chondrocytes (h) and marrow a tunnel cavity (mt).f: Calecification (arrow) of the
periphery of hypertrophic zone (h). Bars =20 pm ina, ¢, £, 80 pminb, dand 8 pm in e

template, formation of periosteal bone collar, followed by
cellular invasion from the perichondrium into the middle
cartilage and formation, chondrocytes death, cartilage
resorption and formation of irregular marrow tunnels with
no signs of calcification of the cartilage matrix and no
formation of POC. The remnant cartilage was termed as
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EPGC, where the chondrocytes were organized into
resting, proliferative and hypertrophic chondrocytes. This
observation is supported by a similar observation in
chicken (Roach and Shearer, 1989). In mammals, the
cartilage matrix 1s markedly calcified before to resorption
and formation of POC and PGC are well described
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Fig. 3(a-f): Development of the cartilage canal of the tibia and femur of the pre-hatchuing quail. Paraffin (a, ¢-f) and
semithin (b) sections of the tibia (a-d) and femur (e, £) from 9- (a), 10- (b), 12- (¢, d), 17- (e, ) day quail embryos
stained with saframn-O (a), toluidine blue (b), H and E (¢, d) and Crossman trichrome (e, ). Arrows mdicate
cartilage canals (a-f). Note proximal tibia (ti) and distal femur (f). Bars =in a, f, pm (b), um (c, e, g) and pm ¢h).
Bars =200 pmina, ¢, 8 umin b, 20 pm m d, fand 80 pm m e

(Mackie et al., 2008). Many molecular signals have been
reported to control the embryonic bone development.
Mesenchymal cell condensation, which is essential for
cell-cell signalling (Hall and Miyake, 1993), needs TGF-3
to mnitiate the cellular condensation (Leonard et al., 1991).
The expressional factor, Sox 9 plays an important role in
the differentiaion of mesenchymal cells 1into
chondrocytes (Bi et al, 1999) to form a saframn-O
positive cartilage template surrounded by a perichondrium
as shown in the cwrent study. The cartilage template
contains flattened proliferative chondrocytes that
undergo further hypertrophic differentiation at the middle
of the cartilage template. The chondrocyte in transition
between proliferative and hypertrophic chondrocytes
(pre-hypertrophic  chondrocytes) — express
hedgehog (Ihh), mducing the parathyroid hormone-
related protein (PTHrP) expression in the perichondrial

Indian
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cells (Bitgood and McMahon,
hormone-related  protein  has receptors on  the
pr-hypertrophic  chondrocytes, PTH/PTHrP-receptors
{(Juppner et al., 1991). Activation of PTH/PTHIP by the
PTHrP delays the hypertrophy of the chondrocytes
allowing elongation of the cartilage template
(Vortkamp et al., 1996). While 2 and Runx 3 are expressed
by the pr-hypertrophic and hypertrophic chondrocytes
induce more hypertrophy (Yoshida et af, 2004).
Transcriptional factors, Thh, PTHrP and Runx 2 and 3 act
together to regulate the chondrocytes proliferation/
hypertrophy cycles of the cartilage template. The
hypertrophic chondrocytes are marked by the expression
of collagen type X and alkaline phosphatise (Simsa and
Oman, 2007) which are needed for matrix calcification, and

1995). Parathyroid

subsequently formation of the POC. The current study
shown that the perichondrium close to the hypertrophied
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Fig. 4(a-f): Organization of the chondrocytes in the EPGC of the tibia and femwur of the pre-hatching quail. Paraffin section
stained with H and E (a-d) of the femur (a-c) and tibia (d) of 17-day quail embiyos. a: the EPGC in epiphysis
and the diaphysis with marrow tunnels (mt) and surrounded with bone collar (arrows). B: Cartilaginous head
of the femur; note resting (r), proliferative (p) and hypertrophic (h) zones close to the marrow turmels (mt).
¢: Higher magmification of b; note resting (1), proliferative (p) and hypertrophic (h) close to the POC.
D: Focal hypertrophy of the chondrocytes (h). Arrowheads in b-c indicate cartilage canals. Bars = 200 um

mA, 8 pminb, ¢ and 20 um ind

central chondrocytes of the cartilage template underwent
intamembranous ossification and rings of bone or bone
collar were established in this part. A similar observation
has been reported in a previous study in  quail
(Pourlis et al, 2006). Matrix resorption occurs in both
mammalian and avian growth cartilage. The difference is
that resorption in mammalian growth cartilage occurs after
calcification of the cartilage matrix, while in avian growth
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cartilage, resorption occurs even without calcification.
Calcification of cartilage matrix in mammals may is
important to strength the bone and delay the rate of
resorption to give a time for the formation of POC. In
avian, the matter 1s different, calcification doesn't occur so
the bone is less strength and less pressure made on the
embryo within the small 10 g weight egg of quail and rapid
resorption to accelerate the bone formation. We noticed
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that at the last day of pre-hatching and in post-hatching
development, calcification occurs and increases
(unpublished work). The bone collar 1s likely to limit the
expansion of the cartilage template beyond the size and
shape of the future long bone. The invading cells from the
periosteal bone collar are likely to be osteoclasts, which
are known as a major source of metalloproteinases
(MMPs). Metalloproteinases are essential for the
breakdown of the cartilage matrix after death of the
hypertrophic chondrocytes, mitiating resorption of the
cartilage matrix (Sasano et al, 2002). The EPGC was
established in both sides of the POC as presented in the
current study. Previous studies presented similar results
in turkey (Simsa and Ornan, 2007) and in quail
(Pourlis et al., 2006). However, unlike the current study,
they did not follow the changes of the EPGC. The
chondrocytes of the EPGC was organized into resting,
proliferative and hypertrophic chondrocytes, similar to
growth cartilage of adult bone (Rivas and Shapiro, 2002).
The EPGC was mvaded by vascular cartilage canals from
the perichondrium into the epiphysis and the number and
thickness of the canals increased by advancing in age.
This in agreements with other species such as rabbits
(Rivas and Shapiro, 2002) and chickens (Blumer et al.,
2004). Cartilage canals provide not only the vasculature
and nutrition to the chondrocytes but the undifferentiated
mesenchymal cells that may contribute to formation of the
SOC (Burkus et al., 1993; Blumer et al., 2004; Blumer et al.,
2005). The last dramatic event in the embryonic long bone
development in the quail was the focal hypertrophy of the
chondrocytes close to the cartilage canals in the
epiphysis of tibia but not femwr. The hypertrophy of
chondrocytes will facilitate the formation of the SOC in
the tibia in the post-hatching growing quail. The femur
may show this hypertrophic foci and subsequent SOC
formation later than the tibia or may not have a SOC,
which will be interesting to follow up in the post-hatching
birds. In our study (submuitted for publication), we found
that only the femur but not the tibia will have SOC.

CONCLUSION

In conclusion, the current study described the
histological developmental stages of tibia and femur of
the pre-hatching quail from 5 to 17 days of mcubation.
The study will continue to look at the changes of the
endochondral ossification of the tibia and femur of
post-hatching growing quail.
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