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Introduction. Recently, Auerbach and 
colleagues (1) described a procedure for the 
long-term cultivation of shell-less chick 
embryos in petri dishes from the 3rd to the 
20th day of incubation. The purpose of our 
study was to employ this procedure to in- 
vestigate avian embryonic cartilage and 
bone development in continuous long-term 
culture conditions in the absence of the egg 
shell, partly with the idea of determining 
whether the egg shell was necessary for 
chick morphogenesis, and to also assess the 
suggested functions of the egg shell in the 
mineralization of the chick skeletal system. 

Early chemical analyses of the domestic 
fowl's egg indicated that albumin and yolk 
contained 0.03 g of calcium, whereas the 
chick which hatched from the egg shell 
some 21 days later contained 0.14-0.18 g of 
calcium (2). The egg shell was reported to 
contain approximately 2 g of calcium car- 
bonate in the form of calcite (3-5). It was 
suggested by Buckner et al .  (6) that carbon 
dioxide produced by the forming chick em- 
bryo was transported by the chorioal- 
lantois and its blood vessels to the vicin- 
ity of the egg shell and participated in 
the solubilization of the shell calcium into 
calcium carbonate. Since Plimmer and 
Lowndes (2) reported that the hatching chick 
contained five times as much calcium as 
that detected in the original egg contents 
(i.e., yolk and albumin), numerous investi- 
gations have concluded that calcium in the 
hatching chick was essentially derived by 
translocation of calcium ions from the cal- 
cium carbonate of the egg shell (6-8). 

The information regarding calcium 
metabolism of the chick embryo and its re- 
lationship to skeletal tissue mineralization 
has classically been based upon a substan- 
tial number of theories proposed to account 
for the transfer of calcium ions from the egg 
shell to the developing embryo (9- 11). The 
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present investigation attempts to reexamine 
the function of the egg shell in avian em- 
bryonic  morphogenesis  and  ske le ta l  
mineralization during prolonged in vitro 
cultivation of shell-less embryos. 

Materials and methods. White Leghorn 
fertile eggs were obtained from a commer- 
cial source (Demler Farms,  Anaheim, 
Calif.) and stored in a cold box (15') for no 
longer than 2 days before initiating the in- 
cubation experiments. Control embryo- 
nated eggs were incubated for periods up to 
hatching at 21 days. Control embryos were 
dissected free from the adjacent yolk tis- 
sues at 48,72, and 96 hr and 6 ,9 ,  12, 14, 16, 
and 21 days of incubation and processed for 
light and transmission electron microscopy 
by methods previously reported by this 
laboratory ( 12). Identification and designa- 
tion of embryonic chick developmental 
staging used the Hamburger- Hamilton 
classification (13). In embryos of 7 days (ca 
stage 32) and older, biopsy samples from 
the mandibles, calvaria, femurs, and vis- 
ceral organs were examined. 

The techniques for the long-term con- 
tinuous cultivation of shell-less chick em- 
bryos were modified from those methods 
published by Auerbach and colleagues (1) 
and from procedures related to us by Dr. 
Arnold Caplan (personal communication). 
The procedures described in this report 
have now been used by us for growing 700 
embryos during the past year. Fertile eggs 
were either first incubated for 72 hr in a 
forced air incubator at 37.5" with optimal 
humidity and then candled to determine the 
location of the blastoderm, or the eggs were 
not incubated before initiating the experi- 
ment. In this case 0-day-old egg contents 
were immediately placed in the bottom of a 
20 x 100-mm plastic petri dish by first 
cracking the underside of the egg shell 
against the edge of that dish. The egg shell 
surfaces were thoroughly washed with 70% 
alcohol prior to cracking open the shells 
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and releasing the egg contents into the petri 
dishes. Prior to cracking the egg shell, 10 ml 
of Dulbecco's (calcium-magnesium-free) 
phosphate-buffered saline, pH 7.2 (PBS), 
containing 200 units/ml of gentamycin, 
mycostatin, penicillin, and streptomycin 
(Grand Island Biological Co., Berkeley, 
Calif.) was placed into the plastic dishes. 
The plastic dishes, containing chick embryo 
with associated yolk and albumin in the 
isotonic solution, were then placed into 
larger 25 x 150-mm plastic petri dishes also 
containing PBS for additional humidifica- 
tion. The assembly was covered and con- 
tinuously incubated at 37.5" in an optimally 
humidified atmosphere of air for periods up 
to 19 days. Forced air ventilation was found 
to be essential. Pilot studies using 5% CO, 
indicated that atmospheric carbon dioxide 
was not necessary. Artificially cultivated 
embryonated eggs were continuously mon- 
itored for survival results, and tissues from 
selected, developmentally staged embryos 
were processed for light and transmission 
electron microscopy for comparison with in 
situ skeletal morphogenesis. 

Results. I n  situ calcium metabolism. The 
total incubation time for the egg of the 
domestic fowl is approximately 21 days. 
Calcium analysis performed by Plimmer 
and Lowndes (2) indicated that the chick 
which hatched from the egg contained five 
times as much calcium as was present in the 
original egg contents (albumin and yolk). A 
detailed analysis of calcium metabolism of 
the embryo during development in situ ob- 
served three separate rates of calcium in- 
crease in the ash content of the embryo (8). 
During the first 10 days of incubation, 
85-95% of the calcium in the embryo was 

assumed to  have been derived from the 
yolk. Subsequently, calcium ions from the 
egg shell were removed and translocated to 
the embryo, and the egg shell was assumed 
to function as  the main source of calcium 
during the latter half of incubation (8). 

Effects of storage treatments of em- 
bryonated eggs. Aging of the avian blas- 
toderm during preincubation storage is 
known to progressively reduce the capacity 
for normal embryogenesis (14). The results 
of our experiments to assess storage condi- 
tions and survival rates of embryonated 
chick eggs a r e  summarized in Table  I. 
Comparison among various storage treat- 
ments of chick eggs, using the criteria of 
embryo viability after 9 days of incubation, 
indicated that storage in air at 15.5" for no 
more than 2 days is appropriate for experi- 
mental studies in vitro. 

Long-term cultivation of shell-less chick 
embryos in vitro. The results from experi- 
ments designed to evaluate survival rates of 
chick embryos cultured in vitro for periods 
up to 19 days (stage 42) are summarized in 
Table 11. The number of embryos listed rep- 
resent successfully transferred shell-less 
embryos into the culture apparatus. Ap- 
proximately 6/10 embryos can be trans- 
ferred from embryonated eggs into petri 
dishes without disrupting investing mem- 
branes or  injury to the egg yolk. All dis- 
rupted embryos were discarded at this point 
a n d  w e r e  e x c l u d e d  f r o m  a d d i t i o n a l  
analysis. We observed that injury to the 
membranes or distortion of the yolk con- 
tents prevented subsequent survival and 
morphogenesis of the shell-less embryos in 
vitro. 

In experiments in which we cultured 0- 

TABLE I. STORAGE CONDITIONS A N D  SURVIVAL RATES OF INCUBATED EMBRYONATED CHICK EGGS 

Storage treatment 
prior to incubation 

Number of eggs 
incubated 

Number of viable eggs 
after 9 days incubation 

No storage; eggs still 
warm after laying 

No storage; eggs already 
cooled to 15.5" 

Storage in air at 15.5" 
for 2 days 

Storage in air at 15.5" 
for 6 days 

25 

50 

25 

50 

22 

40 

21 

36 
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TABLE 11. SURVIVAL RATES OF CHICK EMBRYOS CULTIVATED IN VITRO'~ 

Number of viable 
embryos recovered 

(days) 
Age of embryos 
prior to culture Number of embryos 3 6 9 15 19 

0 
1 
2 
3 

3.5 

50 10 5 1 0 0 
50 11 2 0 0 0 
50 8 3 1 0 0 
50 50 43  40 8 5 

500 500 435 390 200 190 

All embryos cultivated were obtained from fertile White Leghorn chick eggs stored in air at 15.5" for 2 days 
prior to initiating in vitro studies. 

day-old chick embryos, an 80% loss of via- 
ble embryos during the first 3 days of sub- 
sequent incubation of shell-less embryos 
was observed (Table 11). Five out of fifty 
embryos reached stage 29 under these ex- 
perimental conditions. In contrast, survival 
data indicated a 70-80% viability for cul- 
tures up to 9 days of incubation (stages 
33 -35) using 3.5-day-old preincubated and 
precandled embryonated chick eggs (Table 
11). From 9 to 15 days of incubation (3.5- 
day-old embryos en ova plus days of incu- 
bation) we observed a 50% reduction in 
viability. Although shell-less embryos sur- 
vived for periods up to stage 42, the vast 
majority of long-term cultures of chick em- 
bryos did not survive beyond stage 38. 

The method originally described by Au- 
erbach and his colleagues (1) was confirmed 
to be suitable for continuously monitoring 
chick embryonic morphogenesis in vitro 
from Days 0 through 19 days of incubation 
(Figs. 1 A - D and 2A - B) . Transmitted light 
faci l i ta ted the  observa t ions  of mor-  
phogenesis during shell-less embryos in 
vitro. Embryos cultivated in petri dishes 
developed comparable to, albeit smaller 
than, normal control embryos (Fig. 3). 
Whereas developmental stages reached were 
quite similar between shell-less embryos 
and controls, embryos cultured in vitro 
were generally smaller than controls. Major 
congenital malformations of the beak, 
limbs, or cranium were rarely detected in 
these long-term, shell-less embryos cul- 
tured in vitro. 

In  vitro mineralization. The cartilagenous 
models of long bones such as the femur are 

sharpely defined with well-developed 
perichondria. In such long bones, ossifica- 
tion begins at the middle of the cartilagi- 
nous model. A thin layer of osteoid is laid 
down between perichondrium and that por- 
tion of the model containing hypertrophied 
cartilage cells. The general histological 
characteristics of ossification in shell-less 
embryos cultured to stage 34 and beyond 
were very comparable to control specimens 
at equivalent stages of development (Fig. 
4). The histological characteristics of chon- 
drogenesis and osteogenesis associated 
with femur development in shell-less em- 
bryos cultured in vitro (3.5-day-old em- 
bryos en ova plus 12 days in vitro) were 
similar to controls except the size of the 
femurs was smaller in the shell-less em- 
bryos (stages 34-42). 

Ultrastructural characteristics of 0s- 
teoblasts and osteocytes and the osteoid 
extracellular matrix were comparable be- 
tween embryos cultured in vitro and con- 
trols (Fig. 5). Matrix vesicles containing 
electron-dense, cry stal-like structures were 
first detected in the progenitor osteoid ex- 
tracellular matrix beginning with stage 34. 
Matrix vesicles have been repeatedly found 
to be nucleation sites for mineralization and 
calcium hydroxyapatite crystal formation in 
embryonic chick long bone formation 

Discussion. A key finding in this study is 
that the developmental pattern of skeletal 
mineralization in shell-less chick embryonic 
femurs in vitro is comparable, albeit smaller 
in size, to that in controls. There was no 
detectable difference between cultured and 

(15- 17). 
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FIG. 3. Comparison of 0-day-old chick embryo cultured shell-less for 7.5 days in vitro (left) with a 
normal, age and developmental stage-matched control (stage 34). Morphogenesis in shell-less culture is 
comparable to controls although the cultured embryos are generally reduced in size. x2.23. 

control embryos with respect to the number 
and developmental pattern of trabeculae 
during femur morphogenesis. Light micro- 
scopic and ultrastructural characteristics of 
c hondrogenesis and initial 0s teogene sis 
were remarkably equivalent within both 
shell-less embryos (starting with stages 34 
through 42) cultured in vitro and controls. 
Our data show that matrix vesicles appear 
t o  mediate the nucleation of calcium hy- 
droxyapatite during in vitro and en ova chick 
embryonic long bone mineralization as  
early as  Hamburger-Hamilton stage 34. 
Previous reports have indicated that normal 
chick embryonic femurs begin to mineralize 
after 7 days incubation in situ (stage 34) 
(15- 18). Anderson demonstrated that ma- 
trix vesicles were diagnostic for initial 
mineralization during embryonic chick 
femur osteogenesis (15). Matrix vesicles 
have  a l so  been  obse rved  t o  media te  
mineralization in various mammalian de- 
veloping systems including long bones (16, 
19) and dentin (12, 16, 20, 21). 

Recently Narbaitz and Jande showed that 

3-day-old chick embryos could be cultured 
in vitro until they reached stages 37 or  39 
(22). They reported that shell-less embryos 
showed a marked reduction in the amount 
of mineralization as compared with con- 
trols, yet they also reported that histologi- 
cal and ultrastructural characteristics of 
tibia osteogenesis was comparable in both 
in vitro and in controls (22). Our data sup- 
ports their evidence (22) and that provided 
by Johnston and Comar (8) indicating that 
prior to  reaching Hamburger - Hamilton 
stage 36 most if not all of the calcium for 
initial bone mineralization in the chick em- 
bryo is derived from the yolk; thereafter, in 
vivo, the egg shell provides a significant 
amount  of calcium ions for  additional 
skeletal mineralization. Our results agree 
with those of Narbaitz and Jande (22) 
showing that even in the complete absence 
of the egg shell most of the cultured em- 
bryos demonstrated mineralizing bone for- 
mation from stages 34 through 39-42. This 
experimental model provides a unique op- 
portunity to explore the dual origins of cal- 



CULTIVATION OF CHICK EMBRYOS IN VITRO 

FIG. 4. Region of ossification in femur development within 3.5-day-old chick embryo cultured for 12 
days shell-less in v i m .  The histological characteristics of chondrogenesis and osteogenesis were 
comparable in both shell-less embryos and controls. Rectangle indicates region observed in Fig. 5. 
x 100. 
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FIG. 5 .  Ultrastructural characteristics of osteoblasts and osteocytes, the extracellular osteoid ma- 
trix including matrix vesicles, were equivalent between cultured embryos and controls. Matrix vesicles 
(arrows) associated with calcium hydroxyapatite crystal-like structures were routinely observed in 
association with newly forming osteoid extracellular matrix in femurs from embryos (Fig. 4) cultured 
shell-less in vitro. The cultured embryos were generally smaller in size and showed a reduction in the 
amount of mineralization in developing bone. x 27,000. 
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cium ions during embryonic osteogenesis 
and also overcomes several of the technical 
issues related to  calcium metabolism 
(9-11, 18, 23). This model should also be 
useful in studies of induced congenital 
malformations. 

Summary. An experimental model is de- 
scribed which permitted the long-term and 
continuous cultivation of shell-less chick 
embryos in petri dishes from 0 to 19 days in 
vitro. This procedure permits the study of 
development, skeletal morphogenesis and 
mineralization during embryogenesis in the 
absence of the egg shell. Embryos culti- 
vated in Dulbecco’ s (calcium-magnesium- 
free) phosphate-buffered saline developed 
in petri dishes were similar to normal chick 
embryos incubated in situ, albeit somewhat 
smaller in overall size. Congenital malfor- 
mations of the beak, limbs, or cranium were 
rarely detected in embryos cultured in 
vitro. Light microscopic and ultrastructural 
characteristics of chondrogenesis and os- 
teogenesis among developmentally staged, 
shell-less embryos and controls were re- 
markably similar. In  si tu and in vi tro 
mineralization of femur bone development 
was initially detected in stage-34 embryos 
and examined until embryos reached stage 
42 (19 days of incubation). The calcium in 
the chick embryo has a dual origin: Ex- 
periments by Johnston and Comar show 
that prior to stage 36 most of the calcium 
originates in the yolk (8), whereas after 
stage 38 calcium ions are rapidly translo- 
cated from the egg shell t o  the chick 
skeletal system (8, 11,  18, 22). In the ab- 
sence of the egg shell during in vitro chick 
embryogenesis, mineralization is regulated 
and sustained using calcium present in the 
yolk. 
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