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ABSTRACT. - Cartilage canals and growth cones in the humeral epiphysis of leatherback sea turtle 
hatchlings, Dermochelys coriacea, were investigated using a combination of light microscopy and 
transmission electron microscopy. Canals contained large interconnected vascular sinusoids near 
the leading growth cone tip, supplied by several feeding arterioles and drained by multiple venules. 
Individual capillary sprouts were not found. Metachromatic staining of the surrounding cartilage 
matrix was reduced in a narrow marginal zone in front of and on the sides of the canals. Epiphyseal 
matrix was not calcified in front of and near the leading tip of the growth cone, but many 
chondrocytes in these regions showed signs of cell death and nuclear pyknosis, a condition 
apparently unique to the leatherback and not previously reported in other vertebrates. Many 
fibroblastic cells, rich in granular endoplasmic reticulum, as well as macrophages, monocytes, and 
occasional multinucleated chondroclasts, occupied interstitial space in the growth cone tip of the 
cartilage canal between sinusoids and cartilage matrix. Near the base of the canal, surrounding 
cartilage matrix was calcified and chondrocytes hypertrophic and disintegrating. Involvement of the 
sinusoids and the cells near the growth cone tip of the canal in the process of cartilage resorption and 
canal formation is discussed in relation to the very rapid growth of leatherback turtles. 

KEY WoRos. - Reptilia; Testudines; Dermochelyidae; Dermochelys coriacea; sea turtle; anatomy; 
histology; ultrastructure; cartilage canals; growth; cartilage; bone; vascular system; capillaries; 
epiphysis; chondrolysis; chondrocytes; chondroclasts 

The leatherback sea turtle, Dermochelys coriacea 
(Testudines: Cryptodira: Dermochelyid ae), is the world's 
largest living chelonian. Though somewhat closely related 
to the hard-shelled sea turtles (Cheloniidae) in a number of 
primitive plesiomorphic features, the leatherback has devel­
oped an array of unique derived features which render it 
without a doubt the most remarkably specialized turtle in the 
world. 

Unique among sea turtles in its nearly exclusively 
pelagic habitat, the leatherback migrates regularly into frigid 
Arctic oceanic waters where it feeds almost exclusively on 
jellyfish (Lazell , 1980; Lutcavage and Lutz, 1986). It under­
takes frequent dives of up to 1200 m, much deeper than other 
turtles or marine mammals (Eckert et al., 1986, 1989; Eckert, 
1992). It is well adapted for deep and lengthy dives, with its 
blood oxygen carrying capacity, hemoglobin concentration, 
and muscular myoglobin content all significant ly greater 
than in other sea turtles and more similar to marine mammals 
(Lutcavage et al., 1990). It regularly maintains its body 
temperature well above cold surrounding water tempera­
tures, a result of gigantothermy: the ability to use large body 
size, relatively low metabolic rate, peripheral tissue insula­
tion, and circulatory changes to maintain high body tem­
peratures under varying environmental temperatures (Frair 
et al., 1972; Paladino et al., 1990). It has developed heat 
retention mechanisms of thickened subcutaneous fibrous 

adipose tissue combined with counter-current heat exchang­
ers in intertwined multiple arterial and venous vascular 
bundles in its flippers so as to avoid heat loss in cold waters 
(Greer et al., 1973). Its body is covered with a corselet of 
dramatically and uniquely reduced carapacial and plastral 
shell bones that are reinforced with a continuous layer of 
small irregular intercalated carapacial dermal bones that 
appear to have their origin in the sucutaneous skin layer 
(Gervais, 1872; Deraniyagala, 1936). Its mitochondrialDNA 
pattern is ancient and different from all other sea turtles 
(Bowen et al., 1993). The skeleton is characterized by an 
unusually high degree of neotenic retention of well-devel­
oped thick cartilages, which are even further specialized 
through the development of cartilaginous vascularization, a 
condition unlike all other living turtles that instead retain 
primitive, thin, and totally avascular cartilages (Rhodin, 
1985). 

Leatherbacks can reach a body weight of up to 900 kg 
and carapace lengths of up to 180 cm, with sexual maturity 
usually reached at about 250 kg and 135 cm (Pritchard, 1971; 
Fretey, 1978; Eckert and Luginbuhl, 1988). A hatchling 
leatherback weighs only about 30 g, and to reach sexual 
maturity therefore means an approximately 8000 fold in­
crease in body weight. The rate at which that growth is 
achieved may be extreme) y rapid, perhaps even approaching 
mammalian growth rates. No studies have yet succeeded in 
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Figure 1. Longitudinal cross-section of proximal humerus in a freshly dead adult leatherback turtle, 
showing red vascular endochondral bone in the metaphysis, white cartilage in the humeral articular 
epiphysis to the left and the greater tuberosity apophysis to the right, with numerous transphyseal and 
perichondral vascular cartilage canals penetrating the cartilage. 

verifying the age at sexual maturity in leatherback turtles, 
but evidence from limited captive studies and histologic 
evaluation of skeletal growth of its appendicular bones has 
led to the hypothesis that maturity might be reached in as 
short a time as 3 to 6 years (Rhodin, 1985). Recently, Zug 
and Parham (1996), analyzing growth rings in scleral os­
sicles using skeletochronology, have predicted that average 
sexual maturity occurs at approximately 13-14 years for 
females and that maturity may be reached in a minimum time 
of 5-6 years. They felt that for conservation and manage­
ment purposes, age at maturity for leatherbacks should be 
considered as 9 years, which would make leatherbackgrowth 
(about 76 g/day on the average to reach 250 kg) as fast as 
many mammals and more rapid than any other known reptile 
(Case, 1978; Rhodin, 1985). 

The leatherback's pattern of bone and cartilage growth, 
or chondro-osseous development, is unique among living 
chelonians and unlike any other living vertebrates, in some 
ways resembling marine mammals more than other turtles or 
reptiles (Rhodin et al., 1981; Rhodin, 1985). Alone among 
all living chelonians, the leatherback vascularizes its carti­
laginous epiphyses through the formation of vascularized 
cartilage canals (Fig. 1). Unlike other extant vertebrates that 
also vascularize their epiphyses, including most mammals 
and some lizards and birds (Haines, 1938, 1969; Hogg, 
1980), the leatherback does not form secondary ossification 
centers as a result of this vascular ingrowth into epiphyseal 
cartilage, but retains vascularized chondroepiphyses into 
adult life. 

In previous descriptions and discussions of the com­
parative chondro-osseus development and growth of marine 

turtles, the unique patterns of vascular ingrowth and the 
formation of cartilage canals in the leatherback have been 
analyzed by osteological studies, gross anatomy, and light 
microscopy (Rhodin et al., 1980, 1981; Rhodin, 1985). We 
now further elucidate the ultrastructural characteristics of 
these processes by means of transmission electron micro­
scopic analysis. 

MATERIALS AND METHODS 

Leatherback sea turtle (Dermochelys coriacea) eggs 
were obtained at Tortuguero, Costa Rica, incubated and 
hatched at Drexel University (Philadelphia), and two 
hatchlings shipped to University of South Florida (Tampa). 
At the age of 16 days, weighing 50 g, and with a carapace 
length (CL) of 63 mm, one hatchling (CRF 1862) was 
anesthetized in a MS222 (Tricaine-Methane-Sulfonate) so­
lution, 5 g per gallon, and complete anesthesia achieved after 
3 hours. At that point, the plastron was removed and a 
solution of 2% glutaraldehyde was perfused for 5 min via a 
cannula inserted into the heart ventricle, with the fixative 
returning through cuts in both atria. Following death, both 
humeri were dissected and freed from muscles, cut into 
several pieces and after about an hour submerged in a 1 % 
solution of osmium tetroxide for 2 hours . A second hatchling 
(CRF 1863, 65 mm CL, weight 55 g) was not perfused, but 
the humeri were removed, cut into several pieces, and 
submerged in a solution of 2% glutaraldehyde for 2 hours 
(Fig. 2), followed by submersion in 1 % solution of osmium 
tetroxide for 2 hours. All bone pieces were then decalcified 
in a 10% solution of EDT A (Ethylene-Diarnine-Tetra-
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Figure 2. Epiphysis and metaphysis of a halved proximal humerus 
of a two-week old leatherback hatchling, submerged in glutaralde­
hyde solution before fixation in osmic acid. Several cartilage canals 
enter the epiphysis from the diaphysis and the periphery of the 
metaphysis. Since the blood vessels in the growth cones of the 
cartilage canals contain red blood cells, they are readily visible in 
the semitransparent bluish hyaline cartilage. The leading tips of the 
growth cones may be pointed (1) or have a broad front (2). The 
growth cone identified as (1) was sectioned longitudinally and 
photographed in the light microscope (Fig. 5) and in the transmis­
sion electron microscope (Fig. 6). Mag . 5X. Photographed from 
video monitor. 

Figure 3. Longitudinal section of a cartilage canal and growth cone 
similar to (1) in Fig. 2. From a leatherback hatchling proximal 
humerus fixed by submersion in glutaraldehyde and osmic acid, 
embedded in JB-4 Plus and stained with toluidine blue . The 
cartilage canal contains bone marrow cells and blood vessels with 
anastomosing sinusoidal capillaries concentrated at the leading tip 
of the growth cone . Metachromatic staining of cartilage matrix is 
slightly reduced in a narrow zone (1) around the leading tip of the 
growth cone, probably due to proteoglycan removal. Lateral 
chondrocytes (2) are hypertrophic and matrix lacunae vacuolized , 
since the cartilage matrix (3) surrounding them is becoming min­
eralized . Most of the chondrocytes ( 4) near the front of the growth 
cone look normal, but some (5) are extremely dense and pyknotic . 
Mag . l 70X. 10 mm= 5.8 µm. 

Figure 4. Enlarged detail of Fig . 3. The core of the cartilage canal 
contains at least two constricted feeder arterioles (1) which give 
rise to a glomerulus of anastomosing , large sinusoidal capillaries 
(2). These are drained by venules (3). A large number of nucleated 
erythrocytes fill sinusoidal capillaries, since this specimen was not 
fixed by vascular perfusion . Between capillaries and the cartilage 
matrix (4) are layers of small, flat , and cuboidal fibroblastic cells 
and macrophages. One pyknotic chondrocyte is seen at (5). The 
connective tissue core of the canal contains marrow cells (6) and 
fibroblasts (7). Mag. 360X. 1 mm = 2.8 µm. 



RHomN ET AL. - Growth of Vascular Cartilage Canals 253 

Figure 5. Longitudinal section of the cartilage canal and growth 
cone marked (1) in Fig . 2. ln this preparation, calcified cartilage 
matrix (1) around the diaphyseal part of the canal is clearly seen , 
as well as several pyknotic chondrocytes (2) around the leading 
tip of the canal. However, this section does not show the narrow 
zone of cartilage matrix which has reduced metachromatic 
staining reaction in Fig. 3. Area (A) is enlarged in Fig . 6, and area 
(B) is enlarged in Fig . 13. Mag. SOX. 10 mm= 12.5 µm. 

Figure 6. Low magnification transmission electron micrograph 
of a section from the same specimen seen in area (A) in Fig. 5. 
It demonstrates the advantage of examining the same object, first 
in the light microscope and then in the electron microscope, 
making it possible to identify the same area and the same cells in 
both sections . This is the leading tip of the cartilage canal and the 
growth cone surrounded by the cartilage matrix and chondrocytes 
of the epiphysis . Sinusoidal capillaries stand out with their 
content of darkly stained erythrocytes ( 1 ). At this magnification , 
it is difficult to positively classify the various cells , but those 
present within the rectangles have been examined at higher 
magnifications and identified as follows . Cells which border on 
the cartilage matrix (2) are : (A) fibroblastic cells and macroph­
ages (see Fig . 7); (B) multinucleatechondroclast (see Fig . 8); and 
(C) vesiculated chondroclast (see Fig . 9). Other cells in the core 
of the canal are endothelial cells , pericytes, monocytes, and 
some leukocytes. Cells present in the cartilage matrix (2) are: (D) 
hypertrophic chondrocytes (see Fig . 11); and (E) cartilage la­
cuna with two chondrocytes, one normal and one pyknotic (see 
Fig . 12). There are other normal (3) and pyknotic chondrocytes 
(4) present. Mag. 780X. 1 mm= 1.3 µm . 
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Acetic acid) for 48 hours, dehydrated in a graded series of 
ethanol alcohol, submerged in propylene oxide, and embed­
ded in EM-bed-812, a plastic resin. Some bone pieces were 
embedded in JB-4 Plus, a water-soluble plastic resin, pro­
ducing a clear, transparent cast. Transparency of the embed­
ding media allowed for easy identification of length and 
width of vascular ingrowths and selection of specific growth 
cones and cartilage canals. These were then sectioned seri­
ally, either parallel to or across the long axis of growth cones, 
beginning near the leading tip of the cartilage canal. Thick 
sections for light microscopy (Figs. 3-5) were alternated 
with thin sections for electron microscopy (Figs . 6-15) . 
Thick sections were stained with toluidine blue and thin 
sections with uranylacetate and lead citrate . Ultrastructural 
analysis was carried out in a Philips 301 transmission elec­
tron microscope. 

RESULTS 

Cartilage Canals and Growth Cones 

Light Microscopy. - In the humeral epiphysis and 
metaphysis cartilage canals originated from the perichondrial­
osteal cuff. Several stages of these canals were observed ; 
some extremely short, mere bulges into the hyaline cartilage 
matrix, others extremely long, extending into the center of 
the cartilage and the epiphysis . This report deals only with 
the long cartilage canals. 

The leading tips of cartilage canals were either pointed 
or broad-fronted (Fig. 2). Canals contained bone marrow 
cells and blood vessels with anastomosing sinusoidal capil­
laries concentrated at the leading tip. These cells and vessels 
concentrated in the advancing tip of the canal are defined as 
the growth cone, whose function it is to actively penetrate the 
surrounding cartilage matrix, creating a cartilage canal. The 
core of the canal contained at least two feeder arterioles 
which gave rise to a spray of anastomosing large sinusoidal 
capillaries . Individual capillary sprouts were not found. 

(Figures on facing page) 

Several postcapillary venules with large lumens drained the 
sinusoids, returning blood to the perichondrial vasculature 
(Figs . 3-4) . 

At the growth cone tip of the cartilage canal, between 
the sinusoidal capillaries and cartilage matrix, were layers of 
small, flat, and cuboidal mononuclear cells (Fig. 4), as well 
as large multinuclear cells . We identified these cells as 
monocytes, macrophages, fibroblastic cells, and 
chondroclasts (Fig. 6). Sinusoids were lined by endothelial 
cells and displayed an occasional pericyte. Marrow cells 
observed were mostly developmental stages of leukocytes. 
Nucleated erythrocytes and thrombocytes were present in 
the blood vessels . 

Electron Microscopy. - Multinuclear cells in the canal 
were chondroclasts. Some had a smooth and unruffled cell 
membrane in very close contact with the epiphyseal carti­
lage matrix, to the extent that it was difficult to resolve the 
membrane (Fig. 9). Others had an extremely ruffled cell 
surface with numerous microvilli (Fig. 10). The cytoplasm 
contained many small mitochondria and vesicles, a fair 
amount of free ribosomes, several small granules (presum­
ably lysosomes), and phagocytic vacuoles, some of which 
contained traces of cartilage matrix with hydroxyapatite 
crystals . 

Macrophages were mononucleated and contained pri­
mary lysosomes and phagolysosomes (Fig. 7) . We identified 
monocytes as such based on their very small number of 
lysosomes (Fig. 8). At times it was difficult to differentiate 
between a macrophage and a monocyte , and their cell 
structures led us to believe that they could represent mono­
nuclear precursor cells of chondroclasts . Fibroblastic cells 
contained many profiles of granular endoplasmic reticulum 
and numerous free ribosomes, some mitochondria, and an 
electron dense cytoplasmic matrix (Fig. 7). These cells were 
often in close contact with the cartilage matrix and displayed 
large bulbous cytoplasmic protrusions which penetrated 
into the cartilage matrix . Endothelial cells and pericytes of 
the sinusoids displayed a structure reminiscent of and very 

Figure 7. Enlargement of Area (A) in Fig. 6. Two cells border directly on the cartilage matrix (1). The fibroblastic cell has a lobulated 
nucleus (2), an electron dense cytoplasm with many profiles of granular endoplasmic reticulum (3), and some mitochondria. A large, 
bulbous cytoplasmic process (4) penetrates the cartilage matrix. We assume that this cell actively synthesizes chondrolytic enzymes . The 
second cell has an oval nucleus (5) and is a macrophage with several phagolysosomes (6). Its cytoplasm is less electron dense than that 
of the fibroplastic cell, and has fewer profiles of granular endoplasmic reticulum. We assume that the macrophage removes cartilage matrix. 
Mag. 9700X. 1 mm = 0.1 µm. 

Figure 8. Enlargement of Area (B) in Fig . 6. Nuclei (1) are part ofa multinucleate chondroclast, the cytoplasm of which contains numerous 
small mitochondria (2) and ribosomes. Cells with the oval nuclei (3) are in direct contact with the cartilage matrix (4) and are either 
monocytes or macrophages. Mag. 5,000X. 1 mm= 0.2 µm . 

Figure 9. Enlargement of Area (C) in Fig. 6. Nuclei (1) belong to a multinucleate chondroclast with many vesicles in the cytoplasm 
representing phagolysosomes (2) among primary lysosomes (3) and mitochondria (4). The chondroclast is in very close contact with the 
cartilage matrix (5) to the extent that it is not possible to resolve its cell membrane at this magnification . We assume that this chondroclast 
is very active in cartilage matrix breakdown and phagocytosis. Mag. 8,600X. 1 mm = 0.11 µm. 

Figure 10. Detail of an active chondroclast at high magnification. This cell was found near mineralized cartilage matrix, but was not in 
direct contact with the matrix. It displays a ruffled border (1), many phagocytic vacuoles (2), some containing traces of cartilage matrix 
with calcium crystals (3), many small vesicles (4), and mitochondria (5). There are several small granules (6), presumably primary 
lysosomes, and a small number of ribosomes (7). We assume that a chondroclast with ruffled border is also actively phagocytosing cartilage 
matrix. However, since this particular cell contains calcium crystals, its ultrastructure is very similar to that of an osteoclast. Mag. 31,500X. 
1 mm = 0.032 µm = 32 nm = 320 A. 
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similar to these cells in the capillaries of mammals and frog 
tadpoles, Xenopus laevis (Rhodin and Lametschwandter, 
1993). There was no basal lamina underlying the endothe­
lium of the sinusoids. 

Epiphyseal Cartilage 

Light Microscopy. - Epiphyseal cartilage displayed, in 
general , the typical pattern of interstitial cartilage growth 
with chondrocytes in their lacunae, many of which were 
undergoing mitotic divisions in the continued process of 
cartilage growth (Figs. 3- 5). The cartilage matrix was ho­
mogeneous without calcifications . Metachromatic staining 
of cartilage matrix was reduced in a narrow 10-20 µm 
marginal zone in front of and on the sides of the leading tip 
of cartilage canals (Figs. 3-4). 

There was a distinct difference in chondrocyte appear­
ance in front of the cartilage canal and on its sides. In a 
narrow zone in front of and surrounding the leading tip of the 
vascular canal , many chondrocytes were undergoing a pro­
cess of cell death, indicated by their highly pyknotic nuclei 
(Figs. 3, 5-6) . On the other hand, chondrocytes located more 
peripherally and below the leading growth tip showed pro­
cesses typical for stages preceding endochondral bone for­
mation: proliferation, hypertrophy, and degeneration , con­
comitantly with calcification of the cartilaginous matrix 
(Fig. 5). 

Electron Microscopy. - There was active interstitial 
chondrocyte division among cells in front of the leading tip 
of the cartilage canal. However, perilacunar cartilage matrix 
in places began to show an accumulation of matrix vesicles 
or dense bodies with a high electron dense core, probably an 
indication of calcium phosphate (Fig. 11). Vesicles presum­
ably serve as nucleation sites for mineral deposition. In 
lacunae with active cell di vision, one or both of the daughter 
chondrocytes showed various degrees of nuclear pyknosis 
and cell death (Fig. 12), as judged by disintegration of 
cytoplasm and vesiculation of cytoplasmic organelles . 

(Figures on facing pag e) 

In the cartilage zone peripherally and below the leading 
growth tip, chondrocytes showed signs of hypertrophy (Fig. 
11). Their cytoplasm had a bloated appearance, cisternae of 
the granular endoplasmic reticulum were dilated, and mito­
chondria were vesiculated and swollen. There were many 
electron dense core matrix vesicles present in the matrix 
surrounding hypertrophic chondrocytes. The matrix, con­
sisting of delicate collagenous fibrils without detectable 
bandings, increasingly became more mineralized distally 
(Figs. 13-14 ), with broad electron dense areas, containing 
minute calcium crystals (Fig. 15). 

DISCUSSION 

Leatherback sea turtles have thick vascularized 
cartilages, unlike all other extant turtles that have thin 
avascular cartilages. The vascular cartilage canals in the 
leatherback are apparently similar to the same structures in 
mammals and birds that also vascularize their cartilages. 
Based on extensive work on the structure and function of 
cartilage canals in mammals and birds (primarily chickens) , 
it appears that cartilage canals are: 1) nutritive to cartilage 
too thick or growing too fast to derive all of its required 
nutrition by direct diffusion from the synovial fluid in 
contact with the joint surface; 2) a source of prechondral 
mesenchymal cells for continued interstitial cartilage ex­
pansion in rapidly growing cartilage; 3) structurally support­
ive in thick cartilage, especially when surrounded by narrow 
sleeves of hypertrophying and calcifying cartilage, and; 4) 
usually accompanied by the eventual formation of a second­
ary ossification center within the penetrated cartilage 
(Levene , 1964; Lutfi, 1970a; Wilsman and Van Sickle, 
1970, 1972; Kugler et al. , 1979; Ogden , 1980; Kuettner 
and Pauli, 1983). 

Our investigation on the ultrastructure of chondro­
osseous development in leatherback sea turtle hatchlings 
concentrated on the growth cone tip regions oflong cartilage 
canals in the humeral epiphysis, utilizing a combination of 

Figure 11. Enlargement of Area (D) in Fig. 6. Nuclei (1) of two hypertrophic chondrocytes . The cells are considered hypertrophic , based 
on their enlarged and rounded appearance , compared to chondrocytes undergoing proliferation , when the shape is flatter and spindle shaped . 
The cytoplasm (2) is slightly bloated , and some cell organelles are vesiculated and dilated (3) . Matrix vesicles and dense bodies (4) are 
present in the perilacunar cartilage matrix (5). Mag . 5800X. I mm= 0.17 µm. 

Figure 12. Enlargement of Area (E) in Fig. 6. Two chondrocytes in the same lacuna have just completed cell division. One (1) has the typical 
normal shape of chondrocytes undergoing proliferation , the second (2) has a pyknotic nucleus and its cytoplasm is condensed and 
disintegrating. This cell is considered dead . Mag . 8700X. 1 mm = 0.11 µm. 

Figure 13. Enlargement of Area (B) in Fig. 5. In this part of the cartilage , there is a pronounced degree of cartilage matrix calcification, 
as judged by the electron dense areas (1) which almost completely surround the lacunae . Chondrocytes (2) have pyknotic nuclei and 
pronounced disintegration of the cytoplasm . The cells are dead . Part of the cartilage canal is seen to the extreme left. Mag . l 500X . 1 mm 
=0.67 µm . 

Figure 14. Enlarged detail of one electron dense area in the cartilage matrix, similar to those seen in Fig . 13. There is a mixture of matrix 
vesicles and dense matrix granules ( 1) at the periphery of the dense area (2), which almost entirely surrounds a cartilage lacuna (3), situated 
below the level of the plane of this section. Part of a disintegrating chondrocyte is also seen (4) . Mag . 3300X. 1 mm= 0.3 µm . 

Figure 15. Electron dense matrix area at higher magnification . It consists ofan electron dense, amorphous core (I) and many minute, highly 
electron dense granules (2), mostly at the pepphery. The cartilage matrix (3) consists of a loose network of delicate collagen fibrils. Mag. 
25,000X. 1 mm= 0.04 µm = 40 nm = 400 A. 
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light microscopy and transmission electron microscopy. 
Some of our findings are similar to investigations of carti­
lage canals and resorption in avian long bones, but other 
findings are new and perhaps unique to the leatherback. 
Cellular details of cartilage resorption by the growth cone at 
the tip of the cartilage canal are remarkably similar in the 
leatherback hatchling and embryonic chick (Sorrell and 
Weiss, 1980). 

It is reasonably well established (Stump, 1925) that 
formation of cartilage canals is the result of an active 
ingrowth of blood vessels with resorption of cartilage ma­
trix. Another theory proposed by Haines (1934) suggested 
that the canals are formed by passive inclusion during rapid 
synthesis of cartilage matrix around perichondrial vessels. 
This theory, however, has not gained wide acceptance , and 
is not supported by most observations. 

Some investigators (Cameron , 1961; Schenk et al., 
1967) have suggested that the advancing capillaries them­
selves accomplished the erosion of the cartilage matrix by a 
mechanism of resorption, but the majority of investigators 
have concluded that both blood vessels and perivascular and 
connective tissue cells are involved (Lutfi, 1970b; Silvestrini 
et al., 1979; Howlett , 1979, 1980; Sorrell and Weiss, 1980, 
1982; Cole and Wezeman, 1985; Fukushima et al., 1991). 
Cells that have been described and suggested as being 
involved in the erosion process are monocytes, macroph­
ages, chondroclasts, fibroblastic cells, and pericytes . 

In the present material, the growth cone tips of cartilage 
canals in the leatherback humerus contain all of the cells 
mentioned, in addition to large, interconnected vascular 
sinusoids lined by thin endothelial cells and a small number 
of pericytes. It is uncertain how these sinusoids elongate, 
since the typical individual blind-ended capillary sprouts 
described in the rat mesentery (Rhodin and Fujita, 1989) and 
the tadpole tail-fin (Rhodin and Lametschwandtner , 1993) 
were not found near the tip of the cartilage canal. In both of 
these other species, the endothelial vascular sprouts , solid at 
first, seek out their counterparts, merge, and a sprout lumen 
opens up and blood flow starts. In the very narrow cartilage 
canals of the leatherback epiphysis, relatively large blood 
volumes and possibly high blood pressures may exist as 
judged by the numerous erythrocytes in the vessels, and this 
possible high intraluminal pressure may be the driving force 
in elongating the sinusoids and creating anastomoses. In 
support of this hypothesis is the fact that endothelial cell 
mitoses are not observed near the tip of the canal but only 
closer to the feeding arterioles. From a functional point of 
view, the possible high blood pressure in the narrow canal 
probably increases the effectiveness of the absorptive and 
removal processes which bring about the formation of the 
canal itself. This situation is similar to the resorption cavity 
formed by the cutting cone of the remodeling unit of 
cortical bone in mammals, where blood vessels and 
osteoclasts in the cutting cone create a space for future 
osteons (Parfitt, 1976) . 

In terms of the cellular elements present in the growth 
cone tip of the cartilage canal, there is no doubt that mac-

rophages and chondroclasts are involved in the removal of 
cartilage matrix and debris from disintegrating chondrocytes. 
However, the cells that are in direct marginal contact with 
the surrounding cartilage matrix and provided with bulbous 
cytoplasmic extensions into the cartilage , are the fibroblas­
tic cells. We tend to agree with Sorrell and Weiss (1980), 
based on their study of embryonic chick long bones, that 
these cells, which have a high content of granular endoplas­
mic reticulum, represent protein synthesizing cells, prob­
ably secreting chondrolytic enzymes. Reduced metachro­
matic staining of a narrow marginal matrix zone near the tip 
of the canal is an indication of removal of proteoglycans, a 
first step in making collagen more susceptible to the pro­
teolytic enzymes secreted by macrophages (Takemura and 
Werb , 1984). Conversely, Sorrel and Weiss (1982) demon­
strated by autoradiography that the fibroblastic cells were 
not engaged in either synthesis of sulfated proteoglycans or 
the production and secretion of collagen. 

In our opinion, chondrolytic enzymes probably se­
creted by marginal fibroblastic cells along the leading growth 
cone tip of cartilage canals may also have a toxic effect on 
chondrocytes in proximity to the canal tip, since we ob­
served marked cell death in this region, as judged by the 
pyknotic nuclei of the chondrocytes. This finding has not 
previously been reported in other vertebrate species , and 
may be unique to the leatherback. It probably facilitates 
more rapid matrix resorption as the canal advances , since the 
dying chondrocytes cannot maintain the proper biochemical 
milieu of the cartilage matrix in advance of the canal tip, and 
allows for a more rapid penetration of the cartilage canal as 
it grows into the epiphyseal cartilage of the rapidly growing 
leatherback hatchling. This finding provides additional sup­
port for the hypothesis that leatherbacks have developed 
cartilaginous vascularization as a specialization related 
to their very rapid growth to a large body size (Rhodin, 
1985) . 

One problem that remains to be solved is the origin of 
the fibroblastic cells, as well as the mechanism whereby 
chondroclasts are formed. Fibroblastic cells are reminiscent 
of pericytes (Schulz et al., 1977), although the latter are 
enveloped by an external lamina, have abundant pinocytotic 
vesicles, and much fewer profiles of granular endoplasmic 
reticulum. Since pericytes are almost always present in 
association with capillaries and venules (Rhodin , 1968) it is 
tempting to suggest that pericytes give rise to fibroblastic 
cells, but immunohistochemical investigations would be 
required to demonstrate this point. Complicating the hy­
pothesis that pericytes could be precursors of fibroblastic 
cells is the opposite finding in rat mesentery that the 
precursors of capillary sprout pericytes are fibroblasts 
which become incorporated into endothelial sprouts and 
enveloped by an external lamina (Rhodin and Fujita, 
1989). 

It is much more likely that blood-borne monocytes 
represent the precursor cells not only for fibroblastic cells, 
but also for macrophages and chondroclasts. In our material, 
monocytes and macrophages are often difficult to differen-
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tiate, and fibroblastic cells and macrophages differ only with 
regard to their content of granular endoplasmic reticulum . 
Furthermore , the ultrastructure of chondroclast s is remini s­
cent of macrophages, except that the former are multinucle­
ate. In their studies of regenerating newt limbs, Fischman 
and Hay (1962) demonstrated that mononuclear leuko­
cytes were precursor eel ls of osteoclasts , although 
intraskeletal progenitor cell s have also been suggested 
(Hall , 1975). There is basically little structural differ­
ence between an osteoclast and a chondroclast and it can 
be assumed that chondroclasts are also formed by a 
fusion of monocytes . 

As far as the structure of leatherback chondroclasts is 
concerned, we identified at least two types. Type I 
chondroclasts had a smooth and unruffled cell membrane 
that was in very close contact with the cartilage matrix. Type 
II cells displayed a surface that was extremely ruffled and 
was most often associated with the more proximal end of the 
cartilage canal where the surrounding matrix was calcified . 
In the chick tibia , Howlett (1980) also described two types 
of chondroclasts , both located near calcified cartilage , and 
very similar to our two types . On the other hand , Fukushima 
et al. (1991) described two types of osteoclast cells in the 
chick tibia that were described as the opposite of what we 
report here. They claimed that active osteoclasts had a 
ruffled border with many small concentrated cytoplasmic 
vesicles , whereas resting osteoclasts lacked a ruffled border 
and had evenly distributed cytoplasmic vesicles . In our 
material, intermediate stages were encountered between the 
smooth and the ruffled cell surface types , and it is likely that 
this reflects a very active chondroclast cell surface similar to 
the moving cell projections of a macrophage that can be 
observed and recorded by intravital video recording during 
phagocytosis. These contradictory findings will require fur­
ther studies utilizing immunohistochemical methods whereby 
one can positively mark and identify cells, their precursors, 
and their derivatives. 

Cartilage matrix peripheral to and below the leading 
growth cone tip underwent calcification and the chondrocytes 
showed the typical stages of hypertrophy, bloating of the 
cytoplasm , and degeneration. This process appear s similar 
to endochondral ossification in mammals (Anderson and 
Parker, 1966, 1968; Bonucci , 1967) and has also been 
described in birds (Howlett, 1979). 

In conclusion, the leatherback turtle has developed the 
ultrastructural cytoarchitecture and cellular mechanisms for 
generating very rapid penetration of vascular canals into the 
rapidly growing cartilaginous matrix of its bones.Unlike all 
other living turtles , and more like mammals and some birds , 
the leatherback appears to have successfully developed the 
requisite physiologic and anatomic specializations that al­
low it to support very rapid growth to a large body size. Many 
of these specialization s appear unique among extant verte­
brates. The leatherback ' s specialized biology and marvelous 
adaptations are fertile ground for further studies , and con­
tinuing efforts to increase our understanding of this unique 
and endangered species should prove rewarding . 
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