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ABSTRACT The order o f  ossification of bones in  the skeleton of Rana pipiens 
during larval growth and metamorphosis has been determined from observations on 
specimens fixed in 70% alcohol and stained with alizarin red S .  The axial skeleton 
ossifies i n  a generally cephalo-caudal sequence, beginning with the parasphenoid bone 
at  Taylor-Kollros stages IV-IX, followed by vertebrae (V-IX) and then the urostyle 
(IX-XIV). Exoccipitals (VII-IX), frontoparietals (XI-XII) and prootics (XIII-XVII) 
are additional cranial bones which successively ossify before metamorphosis. With 
the onset of metamorphosis a t  stage XVIII jawbones and rostra1 bones of the skull 
ossify in the following succession: premaxilla, maxilla, septomaxilla, nasal, dentary, 
angular, squamosal, pterygoid, prevomer, mentomeckelian, quadratojugal, palatine, 
columella, posteromedial process of "hyoid." The sphenethmoid does not ossify until 
after metamorphosis. 

Ossification of limbbones begins with the femur or humerus at stages X-XI1 and 
progresses proximo-distally to the phalanges by stages XIII-XV. Carpals, however, do 
not ossify until stage XXV or after metamorphosis. The ilium of the pelvic girdle 
begins to ossify at  stages X-XII, but the ischium is delayed until stages XX-XXIII. 
Scapula and coracoid of the pectoral girdle undergo initial ossification at stages XII- 
XIV, suprascapula and clavicle at stages XIII-XV. The sternum does not begin to 
ossify until stage XXIV. The possible role of thyroid hormones in stimulating osteo- 
genesis is dicussed. 

Bone is a vertebrate tissue which de- 
velops after larval digerentiation of con- 
nective tissue and cartilage. Once osteo- 
genesis commences, bones ossify in a 
sequence which is characteristic for the 
species. While studying the influence of 
thyroxine on development of limb and skull 
bones in Rana pipiens (Kemp and Hoyt, 
'65a,b,c), we became aware of the need for 
a reliable reference on the chronology of 
ossification in this species. This paper is 
designed to provide such a reference by 
correlating skeletal development with the 
developmental stages of Taylor and Kollros 
('46 j .  We also wish to discuss the gen- 
eral problem of sequential morphogenesis 
of bones. 

Skeletal development in anuran amphib- 
ians has been treated extensively in publi- 
cations by Parker (1871, 1876, 1881), 
Gaupp (1896, 'OS), Kingsley ('25), Erdmann 
('33), DeBeer ('37) and Goodrich ('58). 
Most of the published work on develop- 
ment of the frog skeleton has dealt with 
the European species Rana fusca  (synonym 
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temporaria) or Rana  esculenta, although 
Parker ( 1881 has compared developing 
skulls of several anurans, including Rana 
pipiens. Erdrnann's ( '33)  careful study of 
the order of ossification of skeletal elements 
both in Triton vulguris and in Rana tem- 
poraria provided the basis for DeBeer's 
('37) account of the sequence of osteo- 
cranial differentiation in Rana. Sequential 
ossification of skull bones has also been 
reported for two hylid species, Pseudacris 
nigrita triseriuta (Stokely and List, '54) 
and Hyla septcntrionalis (Trueb, '66). 

Ossification of the skeleton of Rana 
pipiens begins in the parasphenoid bone 
at stages IV-IX (Kemp and Hoyt, '65a,b) 
and progresses cephalo-caudally along the 
vertebral column. Limb bones ossify in 
proximo-distal sequence, starting with the 
femur (Kemp and Hoyt, '65c) or the 
humerus at stages X-XII. Jawbones de- 
velop in medio-lateral sequence during 

1 Supported by research grants from the National 
Science Foundation (GB 4317) and the U. S. Public 
Health Service (GM 05867-10). 
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metamorphosis, starting with the pre- 
maxilla at stage XVIII (Kemp and Hoyt, 
'65b). 

Thyroxine administered to amphibian 
larvae induces accelerated differentiation 
of bones of the skull, vertebral column and 
limbs (Fox and Irving, '50; Kaltenbach, 
'53; Kuhn and Hammer, '56; Kemp and 
Hoyt, '65c). Tadpoles of Rana pip iens  
treated with thyroxine at stages IV-IX, 
before osteogenesis had begun in the limbs, 
underwent precocious ossification of the 
premaxilla (Kemp and Hoyt, '65b). Thy- 
roid hormones promote maturative changes 
in explanted limb bones of chicks or mice 
(Fell and Mellanby, '55, '56; Lengemann, 
'62; Lawson, '63; Gaillard, '63). An osteo- 
genic stimulatory factor, possibly muco- 
protein, has been extracted from bone, 
muscle, bladder and cartilage (Moss, '60). 
The factors which regulate normal se- 
quential osteogenesis have yet to be identi- 
fied. 

MATERIAL AND METHODS 

Embryos of Rana pipiens were obtained 
in the laboratory by artificial ovulation and 
fertilization. Adults used for eggs and 
sperm were purchased from E. G. Stein- 
hilher, Oshkosh, Wisconsin. Larvae were 
reared in 11" X 16" enamel pans holding 
about an inch of water previously condi- 
tioned by aerating tap water for at least 
12 hours. Animals were fed boiled spinach 
or lettuce three times weekly following a 
change of water. Before fixation they were 
staged according to the criteria of Taylor 
and Kollros ('46). 

Two-hundred-seventy-seven laboratory- 
reared specimens plus five metamorphos- 
ing tadpoles of R a m  pipiens collected from 
a pond near Ann Arbor, Michigan, were 
fixed in 70% alcohol for one week or more, 
then stained with alizarin red S and stored 
in a 1 : 1 mixture of glycerine and ethanol 
according to Mayorga's ('65) technique, 

Specimens were photographed with an 
Exacta reflex camera, utilizing both re- 
flected and transmitted light. Dorsal, lat- 
eral and ventral views were photographed, 
and drawings were made by comparing 
the direct microscopic image with the 
photographic image. We have adopted 

DeBeer's ('37) anglicized terminology for 
skull bones. 

OBSERVATIONS 
Appendicular skeleton 

Ossification begins in the proximal leg 
bones by stages X-XI1 (table 1)  and pro- 
gresses to include hindlimb phalanges by 
stages XIII-XV. We have found no evi- 
dence that the calcar of the prehallux of 
the foot mineralizes before the end of 
metamorphosis. Bones of the pelvic girdle 
ossify in dorso-ventral sequence, beginning 
with the ilium at stages X-XII. The hu- 
merus begins to ossify at stages X-XII, but 
more distal arm bones ossify somewhat 
later than comparable bones of the hind- 
limb. Phalanges of the forelimb are ossi- 
fying by stages XIV-XVI. Carpals, how- 
ever, are delayed in their ossification until 
stage XXV or later. Bones of the pectoral 
girdle begin ossification at stages XII-XV. 

Observations on individual bones are 
recorded below. The range of stages for 
onset of ossification, shown in parentheses 
after the name of each bone, indicates the 
earliest stage of onset and the stage when 
100% of examined specimens had begun 
ossification. 

Hindlintb 
Ossification of the fe- 

mur begins periosteally in the region of the 
diaphysis of its cartilaginous rudiment. 
Osteoblasts differentiate from inner peri- 
chondrial cells and secrete the constituents 
of the osteoid matrix which is deposited 
around the cartilage (Kemp and Hoyt, 
'65c). The matrix begins to mineralize by 
deposition of hydroxyapatite crystallites 
within collagen fibrils (Glimcher, '60) ; but 
the roles of collagen and the proteinpoly- 
saccharides of ground substance in pro- 
moting mineralization are not clear (Weid- 
mann, '63). Epiphyses of the femur and 
other limb bones remain cartilaginous in 
adults of Ranidae, although the epiphyseal 
cartilage may be partly calcified (Gaupp, 
1896; McEwen, '57). 

Tibiofibzda (X-XU). Tibia and fibula 
commence ossification as separate bones 
around their individual cartilaginous pri- 
mordia. At about stage XIX the two bones 
begin to fuse. Because of their length, 

Femur (X-XII). 
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they undergo more extensive modification 
during fusion than do their shorter fore- 
limb counterparts, the radius and ulna. As 
a prelude to fusion, calcification appar- 
ently is reduced in the apposing sides of 
tibia and fibula until about half of each 
shaft no longer stains positively with 
alizarin. The free edges of the remaining 
mineralized half-shafts then become united 
by mineralized bridges, beginning at stages 
XVIII to XX. In our specimens 45% 
showed confluent mineral at stage XVIII, 
92% at stage XIX and 100% at stage XX, 

Tarsals (X-XII). These bones begin to 
ossify together with or shortly after the fe- 
mur and tibifibula. 

Metatarsals (X-XIII). These elements 
tend to lag slightly behind the tarsals in 
onset of ossification. 

Phalanges of Hindlimb (XIII-XV). 
Bones of the digits begin to ossify as digital 
joints and proximal toe pads are forming. 

Pelvic girdle 
Il ium (X-XII). This bone like the tar- 

sals begins to ossify together with or shortly 
after the femur and tibiofibula. 

Isclziunz (XX-XXIII). Ossification of 
this bone begins during metamorphosis 
after protrusion of forelimbs and obvious 
changes in the external appearance of the 
jaws. The ischium is unpaired and con- 
tributes to the acetabulum on either side 
(Gaupp, 1896). 

Pubis (XXIV-XXV). This portion of 
the pelvic girdle does not ossify, but its 
cartilage becomes calcified (Gaupp 1896; 
Holmes, '12). Our results show that cal- 
cification had begun in 50% of specimens 
examined at stage XXV. 

Forelimb 
Humerus (X-XII). After first develop- 

ing as a cylindrical collar of periosteal 
bone, the humerus becomes modified by 
development of the crista medialis along 
its proximal half. This bony ridge was 
present in 60% of animals examined at 
stage XVII and in 100% at stage XX. 

Radioulna (XI-XIII). Radius and ulna 
begin to ossify independently, but fusion 
begins about stage XVII. There is little re- 
modeling before fusion, in contrast to the 
demineralization which precedes fusion 

of tibia and fibula. At stage XVIII 60% of 
our specimens showed confluence of ap- 
posed mineralized surfaces of radius and 
ulna. The ratio increased to 85% at stage 
XVIII and to 100% at stage XIX. 

MetacarpaEs (XIII-XVI). These bones 
lag two or three stages behind their 
counterparts, the metatarsals of the hind- 
limb. 

It is 
noteworthy that phalanges begin to ossify 
at about the same time in forelimb and 
hindlimb. 

Carpals (XXV). Ossification of these 
bones is generally delayed until after meta- 
morphosis. Only one of six specimens 
showed mineralization by the end of meta- 
morphosis. 

Pectoral girdle 
Scapula (XII-XIV). Ossification be- 

gins about two stages later than in the 
humerus or the upper bones of the hind- 
limb, 

Corncoid (XII-XIV). Ossification of 
coracoid and scapula proceed on approxi- 
mately the same schedule. 

Suprascapula (XIII-XV). This bone 
begins to ossify about one stage later than 
the scapula and coracoid. It is only partly 
ossified in adult frogs (Gaupp, 1896). 

Clavicle (XIII-XV). Ossification pro- 
ceeds simultaneously in clavicle and supra- 
scapula. 

Postcranial axial skeleton 
For convenience axial bones of the verte- 

bral column and sternum are considered 
separately from those of the skull. It will 
be observed by reference to table 1 that 
the vertebrae and urostyle begin to ossify 
well before metamorphosis, whereas the 
sternum does not commence ossification 
until late in metamorphosis. 

Vertebral column 

PhaEanges o f  forelimb (XIII-XV). 

Vertebrae (V-IX). As is typical of most 
frogs (Gaupp, 1896; Villee, Walker and 
Smith, '681, Rana pipiens has nine verte- 
brae. Mineralization begins in both centra 
and neural arches almost concurrently. 
The following description applies to the 
typical vertebrae, numbers 2 to 7 in the 
series of 9. Details are somewhat modified 
in the first, eighth and ninth vertebrae. 
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Neural arches develop bilaterally from 
three parts: a vertical, lateral portion; a 
caudally directed dorsal portion; and a 
transverse process. First to appear is the 
lateral portion, which is joined somewhat 
later by the dorsal portion. Transverse 
processes grow out from the region of 
juncture of the other two components. 
Although mineralization begins in a ceph- 
alo-caudal sequence, fusion of the paired 
dorsal components of the neural arches 
proceeds caudo-cephalically. Completion 
of the neural arches does not begin until 
toward the end of metamorphosis, and the 
process continues after metamorphosis. 

Rudiments of the centra appear initially 
as saddle-shaped patches of bone on the 
dorsal half of the notochord. Lateral com- 
ponents of the neural arches abut ven- 
trally against the centra. Mineralization 
gradually encircles the notochord during 
growth of the tadpole but remains peri- 
notochordal until after metamorphosis. 

Urcstyle (IX-XIV) . Stokely and List 
('55) have reported that the urostyle in 
Pseudacris nigritu triseriata develops from 
dorsal and ventral rudiments which are 
fused in the adult. In Rana pipiens this 
bone develops from two pairs of dorsal 
rudiments in line with the vertical neural 
arches and from an unsegmented ventral 
portion. The anterior pair of dorsal rudi- 
ments resemble the paired primordia of a 
neural arch at an early stage when only 
lateral components are mineralized. The 
posterior pair of dorsal rudiments show 
vestiges of segmentation toward their ante- 
rior ends. Both the anterior and posterior 
dorsal rudiments extend around the dorso- 
lateral surfaces of the notochord and fuse 
ventro-laterally. The ventral component of 
the urostyle, called the hypochord by 
Stokely and List ('55), is an unpaired, un- 
segmented, trough-shaped bone which fol- 
lows the ventral contour of the notochord. 
As the notochord in the tail is resorbed dur- 
ing metamorphosis, dorsal and ventral 
components of the urostyle are brought 
into apposition. They do not fuse, how- 
ever, until after metamorphosis. 

Sternum 
Mesosternum (XXIV-XXV). Ossifica- 

tion of the posterior sternal bone, the meso- 

sternum (Villee, Walker and Smith, '68) 
or pars ossea of the sternum (Gaupp, 
1896), begins toward the end of meta- 
morphosis. The terminal xiphisternum or 
pars cartilago of the sternum remains car- 
tilaginous in the adult. 

Omosternum (XXV). The anterior ster- 
nal bone, the omosternum (Villee, Walker 
and Smith, '68) or pars ossea of the epi- 
sternum (Gaupp, 18961, had begun to 
ossify in 50% of specimens we examined 
at stage XXV. The episternum or pars 
cartilago of the episternum remains car- 
tilaginous in the adult. 

Skull 
The skull includes bones of the cranium, 

consisting of brain case and attached sense 
capsules, and also those of the visceral 
skeleton (Holmes, '12; Kingsley, '25). It 
is apparent from table 2 that bones of the 
brain case and auditory capsules begin to 
ossify before metamorphosis, whereas 
bones of the visceral skeleton and nasal 
capsules ossify after the onset of metamor- 
phosis at stage XVIII. Although the table 
was derived from observations on labora- 
tory-reared specimens, we found that ossi- 
fication of skull bones in five metamor- 
phosing animals collected from nature at 
stages XVIII-XXII conformed to the se- 
quence tabulated for laboratory animals. 

Premetamorphic craniat bones 
Parasphenoid (IV-IX). This cross- 

shaped bone forms the floor of the cranium 
and is the earliest skull bone to ossify. It 
tends to ossify in advance of exoccipitals 
and vertebrae, although the ranges for 
beginning ossification in these axial skel- 
etal elements overlap. The main shaft of 
the parashpenoid extends longitudinally 
beneath the chondrocranium, and its lat- 
eral wings extend beneath the auditory 
capsules. Deposition of mineral begins be- 
tween the auditory capsules but soon 
thereafter is evident along the lateral 
margins of the main shaft. The two lateral 
spikes elongate anteriorly, and bone grad- 
ually fills in the unossified gap between 
them (figs. 1-6). Mineralization is slower 
in the wings of the parasphenoid than in 
the shaft. Treatment with thyroxine for 
four days (Kemp and Hoyt, '65a) or even 
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TABLE 2 

Order of ossification of skull bones in Rana pipiens tadpoles as indicated by alizarin staining 

Taylor-Kollros stages and numbers examined 

I11 IV v VI VII VIII IX x XI XI1 XI11 XIV xv XVI XVII 
(10) (18) (14 )  (13) (14) (11) (10) (14) (11) (10) (13)  (10) (10) (10) (10) 

Premeta- 
morphic 

bones 

Percentages of specimens ossifying 
Parasphenoid 0 6 7 31  93 82 100 
Exoccipital 0 14 9 100 
Frontop arie t a1 0 64 90 92 100 
Prootic 0 8 20 60 80 100 

Meta- 
morphic 

bones 
XVIII XIX xx XXI XXII XXIII XXIV xxv 
(13) (12) (14) (19) (12) (9) (14) ( 6 )  

Premaxilla 
Maxilla 
Septomaxilla 
Nasal 
Dentary 
Angular 
Squamosal 
Pterygoid 
Prevomer 
Mentomeckelian 
Quadratojugd 
Palatine 
Columella 
Posteromedial process 

of hyoid 

77 100 
15 75 100 
15 58 100 
8 25 43 

0 57 
0 43 
0 7 

0 

100 
100 
100 
100 

5 83 100 
0 17 78 100 
0 8 56 100 
0 8 56 100 

0 56 100 
0 56 100 

0 36 100 

up to ten days, beginning at  stage IX, did 
not enhance mineralization of the para- 
sphenoid. We have unpublished electron 
microscopic evidence that exogenous thy- 
roxine administered at  stage IX may 
cause diminished ossification of the para- 
sphenoid. 

Exoccipital (VII-IX). Two distinct min- 
eralizing centers, which later fuse, are the 
primordia for each of the paired exoccipi- 
tal bones. The first center is a wedge of 
bone lying between the auditory capsule 
and the parachordal cartilage. This center 
resembles a neural arch (fig. 2). It later 
expands to form the posterior wall of the 
skull as well as portions of its floor and 
roof around the foramen magnum. l h e  
second center of the exoccipital appears 
shortly after the first (fig. 4 )  and is com- 
prised of sheets of bone arising on the 
postero-medial surface of the auditory cap- 
sule. These sheets spread to cover the pos- 
terior face of the auditory capsule. 

Frontoparietal (XI-XIV). Frontals and 
parietals arise separately (fig. 3).  Mineral- 
ization of the frontals begins with the ap- 

pearance of elongated, slender rudiments 
laterally in the region of the future roof 
of the skull. Parietals appear posterior to 
the frontals as small round or crescent- 
shaped patches of bone above the antero- 
lateral curves of the optic lobes of the 
brain (fig. 3 ) .  Frontals widen by addition 
of bone medially, particularly toward their 
caudal ends (figs. 4, 5). The crescent- 
shaped parietals widen together with the 
frontals and fuse with the latter by stage 
XVII (fig. 6) .  The medial gap between the 
paired frontoparietals persists until after 
metamorphosis. 

Prootic (XIII-XVII). Three separate 
sheets of bone arise and then fuse to form 
each of the paired prootics. The first sheet 
appears on the inner surface of the antero- 
medial margin of the auditory capsule 
(fig. 5). This sheet is then joined by a 
second which covers the outer surface of 
the anterior face of the auditory capsule. 
The third rudiment of the prootic is medial 
to the other two and extends around the 
side of the optic lobe of the brain. 
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Metamorphic cranial and visceral 
skeletal bones 

Premaxilla (XVIII-XIX). The appear- 
ance of the paired premaxillae at the be- 
ginning of metamorphosis heralds the 
major structural changes which accom- 
pany differentiation of the jaws and nasal 
capsules. Initially the premaxilla is shield- 
shaped and lies on the suprarostral carti- 
lage (figs. 7-10). Primary growth is dorso- 
ventral with a medial spine forming dor- 
sally. Continued growth results in widen- 
ing of the ventral portion of the premaxilla. 
Its medial and lateral margins then grow 
sharply inward to form ventro-medial and 
ventro-lateral projections (figs. 15, 17). 
A horizontal shelf of bone, the palatine 
process (DeBeer, '37), develops between 
these projections (figs. 15, 17) and later 
serves as a base for attachment of pre- 
maxillary teeth. 

Alaxilla (XVIII-XX). The bilateral 
ascending (f acial j portion of the maxilla 
adjacent to the premaxilla is the first to 
ossify (figs. 8, 10). This portion is car- 
ried posteriorly as the palatoquadrate car- 
tilage regresses; but the ascending portion 
continues to grow by addition of bone 
anteriorly (figs. 12, 14). Along the medial 
surface a horizontal palatine process de- 
velops in line with the palatine process of 
the premaxilla and later supports the ante- 
rior maxillary teeth. After the ascending 
portion reaches a position beneath the 
posterior tip of thc nasal bone (figs. 15- 
18), mineralization of the alveolar por- 
tion (DeBeer, '37) proweds chiefly in a 
caudal direction. Posterior growth con- 
tinues until it articulates with the quad- 
ratojugal (figs. 20, 22). 

SeptomaxiEEa (XVIII-XX j . This bone 
develops bilaterally around the lateral mar- 
gin of the external naris (figs. 8, 10). It 
develops as a U-shaped support around 
the lateral aspect of the anterior end of the 
nasal capsule (figs. 11-12 j . 

Nasal (XVIII-XXI). The time of ap- 
pearance of the nasals is more irregular 
than for the premaxillae, maxillae and 
septomaxillae. The nasal first appears as 
a slender plate of bone anterior to the 
frontoparietal and projecting postero-lat- 
erally at an angle of about 45" (figs. 8, 
lo> .  The dorsal portion of the nasal 

widens to form a thin roof over the nasal 
capsule, while the ventral portion elon- 
gates (figs. 19-22) to form a thickened 
"rib" over the lateral surface of the nasal 
capsule. 

Dentary (XX-XXI). The paired rudi- 
ments of the dentary, angular and squamo- 
sal begin to ossify at about the same time. 
Of 14 specimens examined at stage XX, 
three had dentaries but no angulars; one 
had angulars without accompanying den- 
taries, and five had both pairs of bones. 
The dentary first forms as a sliver of bone 
on the antero-lateral surface of Meckel's 
cartilage (figs. 11, 13). It then grows 
posteriorly over the dorso-lateral surface 
of this cartilage (figs. 12-22). A ventral 
extension of the anterior tip of the den- 
tary fuses with the mentomeckelian bone 
toward the end of metamorphosis. 

Angular (XX-XXI). The angular ap- 
pears bilaterally as a flat, porous bone on 
the ventro-medial aspect of Meckel's car- 
tilage and eventually comprises a major 
portion of the lower jaw (figs. 12-22). 
Angular and dentary have surrounded 
most of Meckel's cartilage by the end of 
metamorphosis but still have not joined by 
that time. 

Squamosal (XX-XXI). The squamosal 
usually appears at stage XXI on the antero- 
lateral border of the orbit. Initially it is 
a slender, curved bone with a dorsal portion 
oriented vertically and a ventral portion 
sloping anteriorly (figs. 12, 14). Thc 
squamosal develops bilaterally on the outer 
surface of the quadrate region (suspen- 
sorium) of the palatoquadrate cartilage 
and is carried posteriorly as metamorpho- 
sis proceeds (figs. 15-18), During its 
caudad migration the squamosal becomes 
straighter and thicker: furthermore its 
slope relative to the dorso-ventral axis 
changes. When it reaches a position lateral 
to the prootic, it has become almost ver- 
tical (figs. 19, 21). The dorsal end of the 
squamosal now remain; lateral to the pro- 
otic; but the ventral end shifts farther 
caudad as the jaw elongates (figs. 20, 22), 
a process which continues after metamor- 
phosis. Growth of the dorsal end of the 
squamosal remains limited until about 
stage XXIV, when a posterior process be- 
gins to grow back over the lateral surface 
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of the auditory capsule (figs. 19-22). 
After metamorphosis an anterior or zygo- 
matic process grows forward from the dor- 
sal end of the squamosal. 

Pterygoid (XXI-XXIII) . This bone 
arises bilaterally on the medioventral sur- 
face of the pterygoid portion of the palato- 
quadrate cartilage (DeBeer, ’37) roughly 
underlying the squamosal. It is a Y-shaped 
bone with one arm extending forward to 
the maxilla, and forking posteriorly into 
an arm abutting against the prootic and 
an arm extending to the articular surface 
of the quadrate cartgage. The forward arm 
extending toward the maxilla appears first 
at about stage XXII as a slender bone lat- 
eral to the orbit and in the same plane as 
the parasphenoid (figs. 15, 17). The sec- 
ond arm appears postero-laterally from 
the first as an irregular, spreading patch 
of bone medial to the squamosal (figs. 16. 
18). At about stage XXIV the second arm 
fuses dorsally with the antero-medial arm 
at an angle of about 90” (figs. 19, 21). 
As the angle of the jaws migrates poste- 
riorly, the antero-medial arm of the ptery- 
goid thickness and lengthens and curves 
laterad toward the maxilla at its anterior 
end. At the same time the second arm 
shifts backward along with the ventral 
portion of the squamosal (figs. 20, 22) and 
forms an obtuse angle with the antero-me- 
dial arm. A third arm, which extends 
toward the prootic, has begun to develop 
by stage XXV (figs. 20, 22), and also by 
this time the antero-medial arm is being 
reinforced by a ventro-lateral spur (figs. 
20, 22). 

Prevomer (XXII-XXIV). The prevo- 
mers appear as a pair of small, irregular 
patches of bone anterior to the growing 
tips of the parasphenoid (figs. 16, 18). As 
they grow out antero-laterally (figs. 20, 
22), they produce three lateral prongs. 
The more posterior (third) and middle 
(second) of these prongs form around the 
medial border of the internal naris. Prevo- 
merine teeth begin to calcify beneath the 
medial shaft of the prevomer even before 
mineralization of the forked lateral end is 
under way. 

MentorneckeZian (XXII-XXIV). This 
cartilage bone appears bilaterally at about 
the same time as the prevomer, quadrato- 

jugal, palatine and columella. It begins as 
a tiny sliver of bone medial to the anteTior 
tip of the dentary (figs. 16, 18). Shortly 
after its appearance it becomes joined to 
the dentary by a fragile bridge of porous 
bone, This bridge was present in two of five 
specimens with dentaries at stage XXIII 
and in all of six specimens examined at 
stage XXV. 

Quadratojugal (XXII-XXIV). This bone 
develops bilaterally between the quadrate 
cartilage, at the base of the squamosal, 
and the posterior end of the maxilla. The 
articulating head of the quadratojugal is 
considered to be cartilage bone, whereas 
its shaft is dermal bone (Gaupp, 1896, 
’06). The primordium is a small patch of 
bone ventral and slightly anterior to the 
squamosal (figs. 16, 18). This ossified 
area thickens, and a slender extension 
grows antero-dorsad from it toward the 
maxilla (figs. 19-22). The quadratojugal 
shifts caudally along with the squamosal 
and pterygoid as the posterior angle of the 
jaws moves backward. 

Palatine (XXIII-XXIV). The paired 
palatines develop beneath the palatine por- 
tions of the palatoquadrate cartilages in 
the same plane as the parasphenoid. The 
palatine is a narrow bone which thickens 
slightly by the end of metamorphosis (figs. 
20, 22) ,  but it has not yet grown out to 
contact the maxilla by that time. 

CoZumeEla (XXIII-XXIV). The columella 
auris, also known as the mediostapedial 
(DeBeer, ’37), develops by ossification of 
the middle portion of a cartilaginous pre- 
cursor between the fenestra ovalis of the 
auditory capsule and the tympanum. The 
columella is a derivative of the hyoid arch. 
It develops with an expanded base from 
which extends a short lateral stalk (figs. 

Posteromedial process of hyoid (XXIV- 
XXV). The paired posteromedial or thy- 
roid processes (DeBeer, ’37) are ossified 
posterior extensions of the hypobranchial 
plate, loosely termed the body of the 
“hyoid (Villee, Walker and Smith, ’68). 
They are not illustrated because they were 
removed during preparation of the speci- 
mens for photography. 

Sphenethmoid. This bone develops bi- 
laterally between the anterior ends of the 

16, 18; 19-22). 
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irontoparietals and the parasphenoid but 
does not ossify until after metamorphosis. 

DISCUSSION 

On the basis of Erdmann's ('33) study, 
DeBeer ('37) lists the following order of 
ossification of bones of the osteocranium 
oS Rana fusca  (synoym temporaria) : para- 
sphenoid, frontal, exoccipital, parietal and 
premaxilla before metamorphosis; septo- 
maxilla, maxilla, prootic, dentary, angular 
squamosal, quadratojugal, pterygoid, men- 
tomeckelian during metamorphosis; and 
nasal, prevomer, palatine, posteromedial 
process of hyoid, and sphenethmoid after 
metamorphosis. 

Our study indicates that the order of 
ossification of these bones in Rana pipiens 
is : parasphenoid, exoccipital, frontal and 
parietal (frontoparietal), and prootic be- 
tore metamorphosis; premaxilla, maxilla, 
septomaxilla, nasal, dentary, angular, 
squamosal, pterygoid, prevomer, mento- 
mecltelian, quadratojugal, palatine, colu- 
mella, posteromedial process of hyoid dur- 
ing metamorphosis; sphenethmoid after 
metamorphosis. The prootic early and 
later the nasal, prevomer, palatine and 
posteromedial process of the hyoid thus 
ossify sooner in Rana pipiens than in Rana 
temporaria. DeBeer's ('37) discussion of 
the order of appearance of cartilage bones 
(exoccipital, prootic, mediostapedial, men- 
torneckelian, posteromedial process of hy- 
oid, sphenethmoid) indicates that the col- 
umella (mediostapedial) ossifies at about 
the same time iii the two species. 

Generalizing from the chronology in R. 
pipiens and R. temporaria, we may infer 
that in Ranidae bones surrounding the 
chondrocranium and auditory sense cap- 
sules begin to ossify before metamorphosis, 
while bones of the jaws and nasal capsules 
ossify during or after metamorphosis. 
Early ossification of the exoccipitals in 
Rana pipiens may be an indicator of their 
serial homology with vertebrae, which also 
begin to ossify at the same time. Hylid 
anurans (Stokely and List, '54; Trueb, '66) 
have a markedly different order of ossifi- 
cation than do ranids. According to 
Trueb ('66), in Hyla septentrionalis the 
dentigerous dermal bones (premaxilla, 
maxilla, prevomer) develop early, followed 

by dermal bones of the lower jaw and 
cranium, and finally by endochondral 
bones (exoccipital, prootic, mentomecke- 
lian, sphenethmoid and columella). 

Ossification of the skull in urodeles be- 
gins somewhat earlier in larval develop- 
ment than in anurans. Primordia of den- 
tary, angular and pterygopalatine bones 
begin to mineralize even before hatching 
in embryos of Siredon, Salamandra and 
Triton (Gaupp, '06). As in the hylids, 
dentigerous bones of urodeles develop rela- 
tively early (Gaupp, '06; Erdmann, '33). 
These include the vomer, palatine, opercu- 
lar (splenial) and parts of the premaxilla, 
maxilla and dentary). A recent study by 
Corsin ('66) shows that this generalization 
holds for the dentigerous bones of Pleuro- 
deles waltlii except for the maxilla, which 
is the next-to-the-last bone to ossify in this 
species. DeBeer ('37) has stated "that 
there is no correspondence whatever in 
the relative times at which homologous 
bones arise" in the skulls of Triton alpestris 
and Rana fusca. 

What accounts for variations in the 
chronology of skeletogenesis in animals of 
related taxa? Ultimately the explanation 
depends on sequential activation of genes 
in osteoblasts of particular mineralizing 
sites. The basic question is: What turns 
on the osteogenic genes? Our studies with 
thyroxine-treated tadpoles (Kemp and 
Hoyt, '65c) indicate that thyroid hormones 
may play an important role in stimulating 
osteogenesis. Evidence from in vitro stud- 
ies on limb bone rudiments (Fell and 
Mellanby, '55, '56; Lengemann, '62; Law- 
son, '63; Gaillard, '63) suggests that both 
thyroid and parathyroid hormones may in- 
duce maturative changes in explanted rudi- 
ments. Species variations in levels of 
circulating thyroid hormones at succes- 
sive stages of larval development may 
be one factor in regulating ossifica- 
tion. Differences in thresholds of re- 
sponse (Kollros, '61; Etkin, '64) of osteo- 
genic sites undoubtedly help to regulate 
sequence of ossification. Availability of 
metastable mineralizing ions (Glimcher, 
'60), chemical interactions between col- 
lagen and mucopolysaccharides of bone 
matrix (Weidmann, '63), vitamin D, hor- 
mones of the adrenal glands and gonads 
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(Gorbman and Bern, '62), and mechanical 
stress (Weisel, '67) are additional factors 
which affect bone development. 

It is significant that the order of ossifi- 
cation of limb bones is the same in thy- 
roxine-treated tadpoles and in untreated 
controls (Kemp and Hoyt, '65c). Skeleto- 
genesis appears to be epigenetic, one phase 
leading to the next in an  ordered sequence. 
We found though that treatment with thy- 
roxine could change the normal order of os- 
sification of skull bones. Precocious ossifi- 
cation of the premaxilla occurred in eight 
tadpoles treated with thyroxine for 7-1 1 
days, beginning at  stages IV to IX (Kemp 
and Hoyt, '65b). The prootic was by-passed 
in all of these animals. Five of the eight 
had ossifying maxillae and septomaxillae 
in addition to the premaxillae. This result 
seems to show that thyroxine may influ- 
ence which mineralizing sites become most 
competitive for available mineralizing ions. 
Normally ossification of the parasphenoid 
and other cranial bones establishes a firm 
longitudinal support for the skull before 
metamorphosis. Two of the eight tadpoles 
with precocious premaxillae were treated 
for 11 days beginning at stages IV or V. 
Skulls in these two animals appeared ex- 
cessively short, because neither the para- 
sphenoid nor the prootics became ossified. 

How may thyroid hormones function in 
stimulating osteogenesis? In  our experi- 
ments with thyroxine-treated tadpoles 
(Kemp and Hoyt, '65c) we found that 
proliferation of endoplasmic reticulum 
begins in osteoblasts of the femur about two 
days after beginning treatment at stage 
IX, when the limb skeleton is still unossi- 
fied (Dunlap, '66). Mineralization of the 
osteoid matrix in our treated specimens 
did not begin until about day 6 of treat- 
ment. We have speculated that mineraliza- 
tion of osteoid matrix may be dependent 
on depolymerization of ground substance 
and/or collagen in the matrix. Glimcher 
('60) has discussed the possible roles of 
ground substance in shielding reactive 
mineralizing sites on collagen fibrils. Weid- 
mann ('63) has discussed the alternative 
hypothesis that chondroitin sulfate by itself 
or in combination with collagen is respon- 
sible for initiating nucleation of hydroxya- 
patite crystals. 

Collagen is the principal protein se- 
creted by osteoblasts into osteoid matrix 
(Tonna, '65) ; but non-collagenous protein 
forms mucopolysaccharide-protein com- 
plexes in bone matrix (Glimcher, '60). 
Thyroxine is known to stimulate protein 
synthesis in target cells and may have a 
primary stimulating effect on mitochondria 
(Hoch, '68). Whether thyroxine stimu- 
lates osteoblasts to secrete depolymerases 
as a prelude to mineralization has yet to 
be determined. Hyaluronidase and collag- 
enase have been detected in tadpole tail- 
fins (Eisen and Gross, '66), and the latter 
enzyme has been found in mammalian 
bones (Woods and Nichols, '65). Dziewiat- 
ltowski ('66) has shown that calf cartilage 
contains a depolymerase capable of de- 
grading proteinpolysaccharide extracted 
from calf cartilage. 

This study has shown that the Taylor- 
Kollros stages of growing and metamorphic 
tadpoles provide a reliable index to the 
state of ossification of the skeleton of R a n a  
pipiens.  Rate of growth or metamorphosis 
of tadpoles undoubtedly affects the exact 
stage of appearance of a particular bone. 
We have noticed that the time of appear- 
ance may vary slightly in slow-growing 
and fast-growing animals. One would ex- 
pect nutritional variations to account for 
specific delays or acceleration in skeleto- 
genesis. It is really not surprising that 
there is good correlation between the 
Taylor-Kollros stages and the state of de- 
velopment of the skeleton. Stages I-XX of 
the Taylor-Kollros series are based pri- 
marily on external features of the limbs, 
and stages XXI-XXIII on transformation of 
the jaws, Both sets of criteria depend 
heavily on accompanying skeletal changes. 
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Abbreviations 

An, Angular 
Co, Columella 
De, Dentary 
Ex, Exoccipital 
Fp, Frontoparietal 
Ma, Maxilla 
Mm, Mentomeckelian 
Na, Nasal 
Pa, Palatine 

Po, Prootic 
Pm, Premaxilla 
Ps, Parasphenoid 
Pt, Pterygoid 
Pv, Prevorner 
Qu, Quadratojugal 
Sm, Septomaxilla 
Sq, Squamosal 

PLATE 1 

EXPLANATION OF FIGURES 

Drawings of ventral views of alizarin-stained skulls showing bones 
ossifying before metamorphosis. 

1 Taylor-Kollros stage VII. Bone present: Ps. 

2 Stage IX. Bones present: EX, Ps. 

3 Stage XI. Bones present: Ex, Fp, Ps. 

4 Stage XIII. Bones Present: Ex, Fp, Ps. 

5 Stage XV. Bones present: Ex, Fp, Po. Ps. 

6 Stage XVII. Bones present: Ex, Fp, Po, Ps. 
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I VII 
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,- - - - - - -. Ex 4 
X l l l  , 
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I- -- - - - -- EX XVl l  . .  . 
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PLATE 2 

EXPLANATION OF FIGURES 

Photographs of dorsal (a ) ,  ventral ( b )  and lateral (c) views of 
alizarin-stained skulls showing bones ossifying at metamorphic stages 
XVIII and XIX. Explanatory drawings are in  plate 3. 

7 Stage XVIII. x 5 

8 Stage XIX. x 5 
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PLATE 3 
EXPLANATION OF FIGURES 

Drawings of dorsal (a) ,  ventral (b)  and lateral (c )  views of alizarin- 
stained skulls showing bones ossifying at metamorphic stages XVIII and 
XIX. Drawings based on  photographs in  plate 2. 

9 Stage XVIII. Bones present: Ex, Fp, Pm, Po, Ps. 

10 Stage XIX. Bones present: Ex, Fp, Ma, Na, Pm, Po, Ps, Sm, 
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XVlll 9 XIX 

a 

E i  

C C 
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PLATE 4 

EXPLANATION OF FIGURES 

Photographs of dorsal (a) ,  ventral (b)  and lateral (c)  view of alizarin- 
stained skulls showing bones ossifying at metamorphic stages M and 
XXI. Explanatory drawings are in plate 5. 

11 Stage XX. x 5. 

12 Stage XXI. X 5. 
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PLATE 5 

EXPLANATION OF FIGURES 

Drawings of dorsal ( a ) ,  ventral (b) and lateral ( c )  views of alizarin- 
stained skulls showing bones ossifying at  metamorphic stages XX and XXI. 
Drawings based on photographs in plate 4. 

13 Stagc XX. Bones present: De, Ex, Fp, Ma, Pm, Po, Ps, Sm. 

14 Stage XXI. Bones present: An, De, Ex, Fp, Ma, Na, Pm, Po, Ps, Sm, 
sq. 
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PLATE 6 

EXPLAh-ATION OF FIGURES 

Photographs of dorsal ( a ) ,  ventral (b)  and  lateral ( c )  views of alizarin- 
stained skulls showing bones ossifying at metamorphic stages XXII and 
XXIII. Explanatory drawings are in plate 7. 

15 Stage XXII. X 5. 

16 Stage XXIII. X 5. 

436 



OSSIFICATION OF SKELETON 
Norman E. Kemp and Judith A. Hoyt 

PLATE 6 

437 



PLATE 7 

EXPLANATION OF FIGURES 

Drawings of dorsal (a ) ,  ventral (b)  and lateral ( c )  views of alizarin- 
stained skulls showing bones ossifying at metamorphic stages XXII and 
XXIII. Drawings based on photographs in plate 6. 

17 Stage XXII. Bones present: An, De, Ex, Fp, Ma, Na, Pm, Po, Ps, Pt, 

18 Stage XXIII. Bones present: An, Co, De, Ex, Fp, Ma, Mm, Na, Pa, Pm, 

Sm, Sq. 

Po, Ps, Pt, Qu, Sm, Sq. 
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PLATE 8 

EXPLANATION O F  FIGURES 

Photographs of dorsal ( a ) ,  ventral (b) and lateral (c) views of 
alizarin-stained skulls showing bones ossifying at  metamorphic stages 
XXIV and XXV. Explanatory drawings are in plate 9. 

19 Stage XXIV. x 5. 

20 Stage XXV. x 5. 
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PLATE 9 

E X P L A H A T I O N  O F  FIGURES 

Drawings of dorsal ( a ) ,  ventral (b) and lateral (c) views of alizarin- 
stained skulls showing bones ossifying at metamorphic stages XXIV and 
XXV. Drawings based on photographs in plate 8. 

21 Stage XXIV. Bones present: An .  Co, De, Ex, Fp, Ma, Mm, Na; Pa. 

22 Stage XXV. Bones present: An ,  Co, De, Ex, Fp, Ma, Mm, Na, Pa, Pm. 

Pm, Po, Ps, Pt, Pv, Qu, Sm, Sq. 

Po, Ps, Pt, Pv, Qu, Sm, Sq. 
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