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We used immunochemical and immunoelectron gold tech­
niques to determine whether the C-propeptide previously 
identified in the matrix of endochondral cartilage (CPII) was 
still a part of the Type II procollagen molecule or had been 
released from it. Guanidinium hydrochloride extraction, fol­
lowed by SDS-PAGE and Western blotting techniques and 
immunoelectron localization, revealed that predominantly 
only the released form (hereafter referred to as released CPII) 
was detected. The ultrastructural distribution of this CPII 
was examined with affinity-purified antibodies and with im-
munogold or immunoperoxidase localization techniques in 
the presence or absence of embedding resins. These methods 
yielded similar results. Although no significant amount of 
this CPII was retained in the matrix after guanidinium hy­

drochloride extraction, it was present in two recognizable 
sites under normal conditions, i.e., locally concentrated in 
a random association with collagen fibrils in the nonminer-
alized matrix and mainly concentrated in interfibrillar miner­
alizing sites in the mineralized matrix. These results suggest 
that the C-propeptide that has been released from Type II 
procollagen associates with collagen fibrils and then prefer­
entially associates with mineralizing sites when these form 
in the endochondral cartilage. The significance of this prefer­
ence for mineral is not known but may have something to 
do with its high affinity for hydroxyapatite. (J Histochem 
Cytochem 44:433-443, 1996) 
KEY WORDS: Cartilage; Growth plate; Chondrocytes; Collagen; Cal­
cification; Immunogold histochemistry. 

Introduction 
Type II collagen, the major collagen of cartilage (Miller and Matukas, 
1969), is synthesized as a procollagen molecule bearing amino and 
carboxypropeptide extensions (Prockop et al., 1979; Uitto et al., 
1979). The carboxy propeptide extension is composed of three iden­
tical 35-KD subunits joined by disulfide bridges and is called the 
C-propeptide of Type II procollagen or CPII. CPII is released dur­
ing formation of the collagen fibril by a carboxy peptidase (Pelto-
nen et al., 1985). The cleavage not only generates a released or "free" 
CPII but also a Type II collagen molecule (which may temporarily 
retain the amino propeptide extension). The released CPII is iden­
tical to a protein previously identified in the bovine epiphysis un­

der the name "chondrocalcin" (van der Rest et al., 1986; Poole et 
al., 1984). As chondrocytes mature within an endochondral carti­
lage, they express increasing amounts of Type II procollagen (Sand-
berg et al., 1987) and presumably increasing amounts of CPII are 
released. When cartilage calcifies, CPII, either as part of procolla­
gen or as released CPII, is focally concentrated at the mineralizing 
sites (van der Rest et al., 1986; Poole et al., 1984). In this study 
we examined the molecular status of this CPII, and pre- and 
postembedding immunoelectron localization techniques were used 
to examine its ultrastructural locations not only in calcifying sites 
but also in the uncalcified extracellular matrix of the fetal bovine 
growth plate. 

1 Supported by grants from the Shriners of North America (ARP) and 
in part by a Medical Research Council of Canada Fellowship (ERL), and 
by MRC Operating Grants [ERL (#10965), ARP,CES]. 

2 Correspondence to: Dr. Eunice R. Lee, Electron Microscopy Unit, 
Shriners Hospital for Crippled Children, 1529 Cedar Ave., Montreal, Quebec 
H3G 1A6, Canada. 

Materials and Methods 

Antisera and Tissues 
A polyclonal antiserum was produced in a female New Zealand White rab­
bit immunized with released CPII. The antibodies were affinity purified 
as described by Lee et al. (1990) and are referred to hereafter as "anti-CPII 
antibodies." These antibodies recognize not only released CPII but also the 
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CPII linked to procollagen (Lee et al., 1990; Kujawa et al., 1989). Preim-
mune rabbit serum was concentrated by precipitation with 50% saturated 
ammonium sulfate to give a partially purified IgG fraction. Protein con­
centration of IgG was determined spectrophotometrically and calculated 
assuming a 1 mg/ml equivalency at E280 = 1.4. A monoclonal antibody 
to helical Type II collagen (CIICI, IgG2a) (Holmdahl et al., 1986) was ob­
tained from the Developmental Studies Hybridoma Bank (Department of 
Pharmacology and Molecular Sciences, Johns Hopkins University of Medi­
cine, Baltimore, MD, and the Department of Biology, University of Iowa, 
Iowa City, IA, under contract Nol-HD-2-3144 from NICHD). Mouse nonim­
mune myeloma protein (IgG2a) was purchased from Miles Scientific 
(Napierville, IL). Immunogold reagents containing gold particles of differ­
ent sizes were a goat anti-rabbit IgG. 5-nm gold (Auroprobe GAR5) or 
goat anti-mouse IgG, IgM, 15-nm gold (Auroprobe GAM 15)(Janssen Life 
Sciences; Olen, Belgium). 

Third-trimesrer bovine fetuses were obtained at a local abattoir. Within 
several hours of slaughter the tibiae were removed and sized to determine 
animal age (Pal et al., 1981). Full-thickness sagittal slices (approximately 
1 mm thick) were dissected from the proximal primary growth plate for 
biochemistry, routine histology, and localization of released CPII and of 
helical Type II collagen on tissue sections. 

Guanidine Extraction, SDS-PAGE Analysis, 
and Immunoblotting 
Tissue slices were further divided by a scalpel into cubes (1 mm3) and ex­
tracted for 48 hr at 4°C in 10 vol of 4 M guanidine-HCl in the presence 
of protease inhibitors (Pal et al., 1981). The tissue residue was pelleted, 
washed in PBS before fixation, and the anti-CPII antibodies were used in 
the hope of visualizing CPII by immunogold techniques (Method 2; see 
Figure 4). The supernatant was dialyzed against deionized water. Twenty-
microliter samples were electrophoresed on 1.5-mm-thick reducing poly-
acrylamide gels (10%) using a 3% stacking gel (King and Laemmli, 1971). 
Proteins were transferred to nitrocellulose and blotted with anti-CPII anti­

bodies or with preimmune IgG as described previously (Poole et al., 1984). 
Bound immunoglobulin was detected with [125I]protein A (Roberts et al., 
1987). 

Light Microscopy 
von Kossa Stain for Mineral. Tissues were immersed in 2.5% glutaralde-

hyde and 2% freshly prepared formaldehyde in 0.1 M sodium cacodylate, 
pH 7.2, for 2 hr at 4°C. Postfixation was with potassium ferrocyanide/re-
duced osmium tetroxide and embedding in epoxy resin (JBEM Services; 
Quebec, Canada) (Lee et al., 1990). Undecalcified sections were stained 
with von Kossa's silver stain to identify mineral, and sections were counter-
stained with 10% toluidine blue in 70% alcohol (Figure la) (Poole et al., 
1984). 

Immunogold/Silver Localization of Anti-CPII Antibodies (Method 
1). Growth plate was fixed by immersion for 1 hr at room temperature 
(RT) using the periodate-lysine-paraformaldehyde technique (McLean and 
Nakane, 1974). Continuing at 4°C, tissues were washed in 0.5 M NH4Cl 
(w/v PBS), dehydrated in methanol, and embedded in Lowicryl K4M at 
- 20°C according to the manufacturer's recommendations (Chemische Werke 
Lowi; Waldkraiburg, Germany). To remove chondroitin sulfate chains (Lee 
et al., 1990; Poole et al., 1984), tissue sections were digested with chon-
droitinase ABC (0.25 U/ml; ICN, Montreal, Quebec, Canada) in 0.1 M 
Tris-acetate (pH 7.2) for 30 min at 37°C in the presence of protease inhibi­
tors. The anti-CPII antibodies or preimmune IgG were used at 5.2 µg/ml 
for 1 hr at RT. Autoprobe GAR5 (diluted 1:10 as described by the manufac­
turer) was applied for the same duration and at the same temperature. All 
steps were separated by washing in 0.1% BSA in PBS. Immunoglobulin 
was visualized by silver enhancement (Danscher and Nogaard, 1983). 

Immunogold/silver grains were quantitated in two fetuses (197 and 280 
days of age). Measurements were made on digitized images of tissues pre­
pared as 1-µm-thick sections and were expressed as the number of im­
munogold/silver particles/µm2 for either longitudinal (total n = 842) or 
transverse septa (total n = 817) (Figure 2). Respective septa were measured 

Figure 1. Upper and lower hypertrophic 
zones of fetal bovine growth plate (gp). (a) 
Tissue from a 197-day-old fetus has been 
stained by the von Kossa technique to de­
tect mineral. (b,c) A 260-day-old fetus has 
been exposed to anti-CPII antibodies (b) or 
preimmune IgG (c) followed by gold-labeled 
anti-rabbit globulin and silver enhancement 
(Method 1). (a-c) The junction between the 
upper nonmineralized hypertrophic zone 
(above) and the lower calcified hypertrophic 
zone (below) is marked by an arrowhead. 
(a,b) The upper zone shows an absence of 
von Kossa stain and a particulate staining 
with anti-CPII antibodies. The lower or cal­
cified hypertrophic zone is distinguished by 
black, nodular mineralization sites (arrow, a), 
and a corresponding staining with the anti-
CPII antibodies (arrow, b). The reaction is 
absent in sections immunostained with 
preimmmune IgG (arrow, c). In a and b, 
transverse (ts) and longitudinal septa (Is) are 
also identified. In b, an asterisk marks the 
locations where immunogold particles were 
counted (as shown in Figure 2 and Table 1). 
The sampled sites are found adjacent to cell 
numbers 3 and 5, and included transverse 
as well as longitudinal septa. The appropri­
ate cell was identified by numbering the first 
cell in the cell column and counting upward 
from the metaphysis (m). Original magnifi­
cation x 400. Bar = 10 µrn. 



C-PROPEPTIDE IN ENDOCHONDRAL CARTILAGE 435 

Table 1. Localization of CPII: Mean % of gold particles in longitudinal septa compared before and after calcification of 
cartilage matrix (± SD; n = 89,043) 

a Significantly different from the values counted in the upper hypertrophic zone. 

adjacent to cell number 5 (as explained in Figure 1) to represent the upper 
hypertrophic matrix. Counts of the lower hypertrophic zone were performed 
adjacent to cell number 3. The same procedure was used in the electron 
microscopic quantitation described below, as reported in Table 1, but herein 
was confined exclusively to the quantitation of gold particles in longitudi­
nal septa. For light microscopic quantitation (Figure 2), which compared 
immunogold silver particle number in longitudinal and tranverse septa, 
particle number/µm2 was quantitated from image gray-level profiles using 
a Matrox PIP-1024 video frame grabber (Matrox; Montreal, Quebec, Canada). 
The software was run on an IBM 386 computer (Smith et al., 1989a,b, 1992). 

Electron Microscopy 
To prove that the immunolocalizations represented the tissue distribution 
of released CPII, we used both pre- and postembedding techniques com­
bined with both immunogold and immunoperoxidase localization tech­
niques. 

Preembedding Techniques [Methods 2, 3 (Immunogold), and 4 (Im­
munoperoxidase) ] 

Method 2. Tissues were fixed by immersion in periodate-lysine-parafor-
maldehyde for 1 hr at RT, rinsed overnight in 0.5 M NH4Cl in PBS, and 
embedded in 4% agar in PBS. Tissue slices (60 µm thick) cut with a Sorvall 
tissue chopper were floated overnight at 4°C in a solution of anti-CPII an­
tibodies or preimmune IgG (260 µg/ml). The next day the samples were 
washed in 0.1% BSA in PBS and then exposed to Auroprobe GAR5 (diluted 
1:10 as described by the manufacturer) for 12 hr at 4°C. Immune complexes 
were crosslinked with 2.5% glutaraldehyde (w/v in PBS for 30 min at 4°C) 
and samples were dehydrated in graded concentrations of acetone before 
embedding in epoxy resin. Ultrathin sections were prepared from the sur­
face of the slices and, unless otherwise stated, all sections were stained with 
2% aqueous uranyl acetate and 0.2% aqueous lead citrate before examina­
tion in a Philips 400 electron microscope at 80 kV (Figures 4, 6a-6d, 7, and 9). 

Counts were made on 8.5 x 11-inch format electron micrographs (n = 
40) prepared from four fetuses at x 92,500 actual size. Five longitudinal 
septa were randomly selected per animal, and from each septum one print 
was prepared from the upper zone (Figure la, adjacent to cell number 5 
as explained in the figure legend) and the other from the lower (Figure 
la, adjacent to cell number 3). The anti-CPII antibodies complexed with 
gold were assigned to an underlying structure when present (Table 1). 

Method 3. This differs from Method 2 as follows. The growth plates 
of 197- and 280-day-old fetuses were fixed for 1 hr at RT in 1% formalde­
hyde in PBS. This fixation was required to detect the helical epitope recog­
nized by the anti-Type II collagen antibody (CIICI). After digestion for 
1 hr at 37°C with 1% bovine testicular hyaluronidase (type IS; Sigma, 
St Louis, MO) in PBS (Lee et al., 1990), the sections were co-incubated 
(each at a final concentration of 200 µg/ml) with the anti-CPII antibodies 
and with monoclonal antibody to helical Type II collagen (CIICI). Respec­
tive controls [preimmune IgG or purified mouse myeloma immunoglobu­
lin (IgG2a)] were used at the same concentrations. Finally, Auroprobe 
GAR5 and GAM15 were diluted 1:10 and the sections were co-incubated 

overnight at 4°C with both gold probes. Immune complexes were cross-
linked with glutaraldehyde. Sections were dehydrated and embedded in 
epoxy resin (Figure 5) as described for Method 2. 

Method 4. Tissue was prepared exactly as described in Method 2, but 
instead of treating the samples with immunogold, samples stained either 
with anti-CPII antibodies or preimmune IgG were alternatively treated for 
2 hr at RT with an excess of bridging antibody of pig anti-rabbit IgG serum 
diluted 1:5 in PBS (Poole et al., 1982). Excess antibody binding was re­
moved by washing for 1 hr in PBS, and the tissue was treated for 1.5 hr 
with soluble rabbit anti-peroxidase complex (Miles Scientific) at 0.1 mg/ml. 
After removal of excess conjugate by washing for 30 min in PBS, sections 
were fixed in 1% glutaraldehyde (w/v in PBS). Samples were washed over­
night in PBS and placed in a solution containing 0.3 mg/ml of 3,3'-
diaminobenizidine tetrahydrochloride in PBS for 20 min in the dark and 
then reacted for peroxidase in the same solution containing 0.001% hydro­
gen peroxide for 20 min. The tissue was then washed in PBS for 30 min 
and postfixed in 1% OsO4 (w/v in 0.1 M sodium cacodylate, pH 7.2). Sam­
ples were embedded in Epon, and on polymerization, ultrathin sections 
were prepared from the surface of the sample and were examined by elec­
tron microscopy in the absence of any counterstaining (Figure 6e). 

Postembedding Technique (Methods 5 and 6) 
Method 5. Tissues were immersed in 2.5% glutaraldehyde and 2% 

freshly prepared formaldehyde in 0.1 M Sorensen's phosphate buffer, pH 
7.2, for 2 hr at 4°C. Postfixation was with potassium ferrocyanide/reduced 
osmium tetroxide and embedding was done in epoxy resin (JBEM Services) 
(Lee et al., 1990). Ultrathin sections were mounted on Formvar-coated nickel 
grids and were floated on 40-µl droplets of immunoreagents as described 
previously (Lee et al., 1990). Briefly, sections were etched for 1 hr in satu­
rated sodium metaperiodate (Lee et al., 1990; Bendayan, 1984) and im-
munostained using the affinity-purified antibody or preimmune IgG at 
26 µg/ml diluted in 1% BSA (w/v in PBS) (Figure 8). Immunoglobulin 
incubations were preceded by blocking with 1% BSA for 20 min. After 
a 15-min wash to remove excess immunoglobulin, the sections were treated 
with Auroprobe GAR5 (diluted 1:10) for 1 hr at RT and rinsed with distilled 
water before counterstaining with uranyl acetate and lead citrate (Figure 8). 

Method 6. Tissues were immersed in 2% glutaraldehyde and 2% form­
aldehyde (w/v) in 0.1 M Sorensen's phosphate buffer (pH 7.2) for 1 hr at 
RT. Samples were washed for 40 min at 4°C in 0.1 M Sorensen's buffer alone 
to remove the fixative. The tissue was then dehydrated in methanol, in­
filtrated, and polymerized in Lowicryl K4M at -35°C for 48 hr according 
to the manufacturer's instructions. For immunostaining, sections mounted 
on grids were treated with 1% bovine testicular hyaluronidase (type IS; Sigma) 
in PBS for 30 min at RT or with chondroitinase ABC (0.25 U/ml; ICN, 
Montreal, Quebec, Canada) in 0.1 M Tris-acetate (pH 7.2) for 30 min at 
37°C. Both enzymes were used in the presence of proteinase inhibitors (Lee 
et al., 1990) and were needed to visualize CPII in the tissue. The steps in 
the immunostaining procedure were otherwise identical to those described 
for Method 5, but no sodium metaperiodate was applied to these prepara­
tions before the application of primary immunoglobulin (Figure 10). 

Mean % associated with fibrillar collagen fibrils in discrete clusters 
Mean % in interfibrillar mineralized sites 
Mean % not assigned 

Upper hypertrophic zone 
(nonmineralized) 

77 ± 6 
7 ± 2 

16 ± 6 

Lower hypertrophic zone 
(mineralized) 

17 ± 5a 

75 ± 8a 

8 ± 4a 
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Figure 2. Counts based on the enumeration of immunogold/silver particles ob­
tained with anti-CPII antibodies or with preimmune IgG on tissue sections pre­
pared by Method 1 (see Figures 1b and 1c). Animal ages are indicated at upper 
left and counts are based on the enumeration of 400 or more septa per zone. 
The preimmune staining is negligible in the transverse and longitudinal septa 
from each zone, it is apparent that at both ages the counts are significantly 
greater in the longitudinal septa of the lower than of the upper hypertrophic 
zone. Means (+ SD) show the results for a single animal and reflect the differ­
ences within a group. Particle number was largely measured, but in some in­
stances, because of intense immunogold/silver reactivity, particle number was 
necessarily calculated. Since the dimensions of a single particle were known, 
as was the area occupied by the particles of interest, the program was struc­
tured to calculate how many particles, placed side to side, were needed to pro­
duce the immunogold/silver stain under examination. 

Statistical Analyses 
Significance levels at p = 0.05 or less were determined by single factorial 
ANOVA analysis (Stat View 512, Abacus Concepts). 

Results 

Light Microscopic Localization with 
Anti-CPII Antibodies 
The von Kossa reaction showed mineral to be abundant in the ma­
trix of the lower hypertrophic zone of the fetal bovine growth plate 
(adjacent to cells 1-4; Figure la). Similarly, the immunogold/silver 
detection of the anti-CPII antibodies revealed their accumulation 
in three sites: (a) the same sites in the mineralized matrix as the 
von Kossa reaction; (b) a lesser amount in the matrix of the upper 
hypertrophic zone (Figure lb, cell number 5 and above) and in 
the matrix of the proliferating and maturation zones (not shown); 
and (c) a small amount over cells. The last reaction was attributed 

to procollagen II itself and was previously localized by electron mi­
croscopy to dilatations of the rough endoplasmic reticulum (Lee 
et al., 1990), whereas the first two reactions were attributed to 
released CPII for reasons that will be made clear below. 

To measure the immunostaining intensity of the anti-CPII an­
tibody reaction within the hypertrophic matrix, immunogold/silver 
particles (expressed as number per µm2) were counted in the trans­
verse and longitudinal septa of both the upper and lower hyper­
trophic zones from two different fetuses (Figure 2). Higher counts 
were recorded in the calcified longitudinal septa of the lower hyper­
trophic zone than in the uncalcified longitudinal septa from the 
upper hypertrophic zone. No difference was found between the 
transverse septa of the two zones. Insignificant amounts of im­
munogold/silver particles were detected in septa when sections were 
stained with preimmune IgG (see Figure lc). 

Molecular Status of the Extracellular C-Propeptide 
of Type II Procollagen 
When fetal bovine growth plate was extracted with PBS at pH 7.2 
under the same conditions of time and temperature (4°C) used 
for immunoelectron microscopy, the C-propeptide of Type II procol­
lagen was hardly detected in the immunoblots (data not shown). 
However, in guanidinium hydrochloride extracts prepared from 
whole growth plate cartilage and analyzed by SDS-PAGE and West­
ern blotting techniques, distinct bands were observed (Figure 3). 

Figure 3. Immunblot of a typical guanidinium hydrochloride extract electropho-
resed in a 10% SDS-PAGE under reducing conditions and immunostained with 
anti-CPII antibodies (A) or preimmune IgG (B) and labeled with [125l]-protein 
A. Molecular weight standards are indicated at right. 

35 kDa 
34 kDa 

200 kDa 

92.5 kDa 

66.2 kDa 

43 kDa 

29 kDa 
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Because the electrophoretic mobility for both procollagen II and 
released CPII was known (Lee et al., 1990), the doublet (34 and 
35 KD, respectively) observed in the blots treated with anti-CPII 
antibodies was attributed to released CPII, whereas no distinct band 
was observed in the location of procollagen II. Two molecular forms 
of released CPII have been previously described using microsequenc-
ing from blots of bovine cartilage: the primary structure or 35-KD 
species, which is known to be identical to the N-terminal sequence 
of human and chick C-propeptide, and a smaller 34-KD species, 
which lacks 10 amino acids at the N-terminus and is a degradation 
product (van der Rest et al., 1986). Because little or no staining 
persisted after the guanidinium hydrochloride extraction in either 

the mineralized or the nonmineralized matrix as shown by immuno-
histochemistry (Figures 4a and 4b), we concluded that the extrac­
tion of CPII was largely complete and that the CPII detected in 
the matrix was predominantly the form released from procollagen 
II, in contrast to the intracellular CPII which was part of the procol­
lagen molecule as shown previously (Lee et al., 1990). 

Ultrastructural Localization of Released CPII 
Antibodies to helical Type II collagen, revealed by 15-nm gold par­
ticles, stained collagen fibrils in a random pattern in both the up­
per and lower hypertrophic zones (Method 3; Figures 5a and 5b, 

Figure 4. Growth plate prepared from a 235-day-old fetus extracted with 4 M guanidinium hydrochloride for 48 h at 4°C before staining with anti-CPII antibodies 
and preembedding immunogold staining (Method 2) showing the upper (a) and lower (b) hypertrophic zones corresponding respectively to the longitudinal septa 
bordering cell number 5 and cell number 3, as depicted in Figure 1b. The rarity of gold particles (arrowheads) testifies to the effectiveness of the extraction of 
CPII. cf, collagen fibril; mv, matrix vesicle; Ms, mineralized site. Original magnification x 123,000. Bars = 0.1 µm. 


