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Previous work has demonstrated that the 
resorption of bone in tissue culture(l,2) is 
accompanied by degradation of bone collagen 
(3,4).  Based on the nature of the degrada- 
tion products and the specificity of the en- 
zymes present in the tissue culture medium, 
i t  was proposed that an enzyme (or enzymes) 
was liberated during bone resorption which 
possessed collagenolytic activity (4) .  A col- 
lagenolytic factor has been recently shown 
to be present in the bones of animals pre- 
viously given parathyroid extract ( 5 ) .  In the 
present study, purified, reconstituted H3-pro- 
line- and H3-hydroxyproline-labeled collagen 
fibrils were added to an in vitro culture sys- 
tem. These experiments provided direct evi- 
dence that a collagenolytic factor is released 
during active bone resorption. 

Experimental. Preparation of Hs-hydroxy- 
proline and Hs-proline-labeEed guinea p ig  skin 
collagen. Guinea pigs weighing approximately 
150 g to 175 g were injected intraperitoneally 
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with 3 millicuries of chromatographically pure 
H3-proline after they had shown a consistent 
weight gain for 3-4 days. A second injection 
of 3 millicuries of H3-proline was adminis- 
tered intraperitoneally 3 hours later and the 
animals were sacrificed 9 hours after the 
first injection. The skins were removed in 
the cold room ( 2  "C) and kept cold during 
mincing. They were extracted with cold, 1 M 
NaCl solution, 0.05 M Tris, pH 7.4 (15 ml/g 
wet weight of tissue) 48 hours. The super- 
natant was separated from the skin residue 
by filtration through several layers of cheese 
cloth, filtered through medium- and then fine- 
sintered glass filters and completely clarified 
by centrifugation at  30,000 rpm for 3 hours 
in a Spinco Model L Ultracentrifuge. The 
clear, cold viscous supernatant was then acidi- 
fied to pH 3.0 with acetic acid which resulted 
in a flocculent precipitate. This was centri- 
fuged at low speed, resuspended in 0.3 M 
acetic acid and dialyzed at  2°C against 0.3 
M acetic acid. The solution was clarified by 
ultracentrifugation as described and the clear 
supernatant made to a final concentration of 
5% NaCl by the slow addition of concen- 
trated NaCl solution. The resultant floccu- 
lent precipitate was harvested by low speed 
centrifugation, resuspended in 0.3 M acetic 
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acid, dialyzed against acetic acid and clari- 
fied, and the salt precipitation repeated. The 
protein was further purified by 3 additional 
reconstitutions at  2 "C by dialysis against 
low ionic strength salt solutions at  pH 7.4 
(6) - 

Tissue culture technique. The calvaria of 
5-day-old Swiss albino mice of the Webster 
strain were removed aseptically and the 
frontal and parietal bones were dissected free 
and placed on rectangular glass coverslips ( 1, 
2). A small amount of H3-hydroxyproline- 
and H3-proline-labeled collagen fibrils, recon- 
stituted by low ionic strength dialysis, was 
placed on the concave surface of the bone, 
and both the fibrils and bone were covered 
with a chicken plasma clot. Two ml of a 
nutrient medium containing heated horse 
serum and Gey's balanced salt solution (8: 2) 
were added to each culture and the tubes 
were briefly gassed with a mixture of 50% 
0 2  and 50% Nz. The collagen fibrils used 
in each roller tube contained a total of ap- 
proximately 150,000 DPM, corresponding to 
approximately 0.1 mg of collagen. The tubes 
were divided into several groups. Group I 
received no additional material. T o  Group 
I1 was added parathyroid extract (PTE) (Eli 
Lilly Co.) to a final concentration of 0.5 unit 
of parathyroid hormone per ml of medium. 
Group I11 received 10 units of heparinjml, 
and to Group IV were added both PTE (0.5 
unit/ml) and heparin (10 unitsjml). The 
tissue culture media were changed every 2 
days, a t  which time the cultures were gassed, 
refed and the same amount of PTE and 
heparin added to the appropriate tubes. The 
cultures were maintained for 14 days and the 
living cultures examined microscopically each 
day. The media removed from each group 
was either pooled for the entire 14-day ex- 
perimental period or each 2-day period ana- 
lyzed separately. 

As control groups, collagen fibrils were in- 
cubated under identical conditions with the 
tissue culture medium, with tissue culture me- 
dium to which PTE (0.5 unit of parathyroid 
hormoneJm1) , heparin ( 10 unitsJml) , and 
both PTE and heparin were added. In addi- 
tion collagen fibrils were incubated for 14 
days under identical conditions with tissue 

culture medium containing 0.2 mg of twice 
crystallized trypsin (Mann Research Labora- 
tories) and 0.005 M MgCl2. As a further 
control collagen fibrils were incubated with 
trypsin in 0.1 M Tris (hydroxymethyl) 
aminoethane (Tris), 0.005 MgC12, pH 7.6, in 
order to rule out the presence of trypsin 
inhibitor in the tissue culture medium. 

Analysis of collagen fibril degradation. The 
tissue culture media were brought to 2°C and 
trichloroacetic acid (TCA) added to a final 
concentration of 15 % to precipitate the serum 
proteins and any solubilized collagen or gela- 
tin molecules or high molecular weight pep- 
tides. The solution was clarified by centrifu- 
gation a t  12,000 rpm for 1 hour in a refriger- 
ated International Centrifuge (Model HR-1). 
The precipitate was washed with cold 15% 
TCA and the clarified washings added to the 
clear supernatant. Both the precipitate and 
the supernatant were exhaustively extracted 
with ether to remove the TCA. The precipi- 
tate was hydrolyzed in triple-distilled, 6N 
HC1 at 105°C for 24 hours. The supernatant 
was either analyzed directly or hydrolyzed as 
described. The total DPM in all of the 
samples was counted directly in an automatic 
liquid scintillation counter, or the H3-hy- 
droxyproline and H3-proline counted sepa- 
rately after hydrolysis and separation on a 
column of Dowex 50 (H+ form, X-12) 
resin ( 3  ) . Since preliminary analyses showed 
the same results whether the total DPM (H3- 
hydroxyproline and H3-proline) or the H3- 
hydroxyproline DPM alone was used, the 
former was employed for the remainder of 
the experiments. 

Characterization o j the H3-hydroxyproline 
and H3-proLine released into the tissue cukure 
media during active bone resorption. Aliquots 
of the media were clarified either by filtering 
through fine-sintered glass filters, or by cen- 
trifugation after the addition of TCA to a 
final concentration of 15%. After the TCA 
was removed from the appropriate samples 
by extraction with ether, aliquots of the 
clarified media were adjusted to pH 4.4 in 
pyridine-acetic acid buffer, heated to 50" for 
15 minutes and filtered through columns of 
Sephadex G-25 and G-50 resin. Other pard 

tions of the media were chromatographed 
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directly on columns of Dowex 50 (H+ form, 
X-12) resin and the H3-hydroxyproline and 
H3-proline existing as the free amino acids 
separated from those in peptide-bound form 
( 3 ) .  The percentage of free and peptide- 
bound H3-hydroxyproline and H3-proline was 
computed from the total H3-hydroxyproline 
and H3-proline content of the media deter- 
mined after hydrolysis of the media in 6N 
HCl at 105OC for 24 hours and separation 
of the amino acids on columns of Dowex 50 
(H+ form, X-12) resin. 

Results. Morphological observations of the 
living tissue cultures revealed active bone re- 
sorption in the groups subjected to 50% 0 2  

tension alone which was enhanced by addi- 
tion of FTE to the tissue culture media, and 
even more so by addition of PTE in com- 
bination with heparin. The addition of hep- 
arin alone to the tissue culture medium did 
not appear to increase the amount of resorp 
tion. 

After hydrolysis of several of the calvaria 
and residual collagen fibrils and of several 
aliquot parts of the tissue culture media, the 
total DPM present in the hydrolysate was 
recovered from a column of Dowex 50 (H+ 
form, X-12) resin as H3-hydroxyproline 
and H3-proline. 

The findings noted morphologically were 
confirmed by analyses of the amount of H3- 
hydroxyproline and H3-proline-TCA-soluble 
peptides and free amino acids(4) released 
from the reconstituted collagen fibrils into the 
tissue culture medium (Tables I and 11). 
That the degradation of the collagen fibrils 
was secondary to the processes accompanying 
bone resorption and not the result of either 
the external environment (50% 0 2 )  or the 
PTE or heparin added is demonstrated by 
the lack of collagen degradation when incu- 
bated under identical conditions in the ab- 
sence of the resorbing bone. Moreover, the 
failure of trypsin to *release significant 
amounts of H3-proline and H3-hydroxyproline 
when incubated under identical conditions, 
either in tissue culture media or in Tris buffer, 
demonstrates that the collagen was present 
in its native, undenatured state. 

The rate at which the reconstituted colla- 
gen fibrils were degraded is shown in Table 

TABLE I. Recovery of Ha-HydroxyproLine and H*- 
Proline from Reconstituted Collagen Fibrils in the 
Clarified Tissue Culture Medium After 14 Days of 
Incubation. Exp A and B are 2 separate experi- 
ments. Values given represent the average of 2 
separate analyses each of which utilized 2 cultures. 
All cultures incubated at 50% 0, tension at 37°C. 

70 of total DPM (Hs- 
hydroxyproline & HB- 
proline) in reconsti- 
tuted collagen fibrils 
recovered in clarified 
(TCA soluble) tisrsue 

Experimental group culture medium 

Exp A 50% 0, 11.2 
Control* .04 
PTE + heparin 50.0 
Control" .06 
Fibrils, medium & trypsin .33 

Exp B 50% 0, 18.2 
Control* .5 
PTE 
Control* 
Heparin 
Control* 

57.8 
.9 

20.6 
3.4 

PT'E + heparin 74.7 
Control" 1 .o 

* Collagen fibrils, medium and appropriate addi- 
tive in absence of the calvarium. 

11. In the rapidly resorbing system utilizing 
PTE, heparin and 50% 02, the peak of ac- 
tivity occurred at  the sixth day. 

Analysis of the media obtained during the 
rapid resorption induced by PTE and heparin 
revealed that approximately 40% of the H3- 
hydroxyproline and H3-proline DPM were 
in the form of the free amino acids and 60% 
in the form of peptides. Approximately 50% 
of the peptides were retarded on columns of 
Sephadex G-25 (molecular weight <3,5ool) 
and 95% retarded on columns of Sephadex 
G-50 (molecular weight <8,000 to l0,ooO). 
These results confirm those obtained by the 
TCA precipitation method and those reported 
earlier on the H3-hydroxyproline and H3- 
proline released directly from the bone colla- 
gen during active bone resorption(4). More- 
over, the finding of small peptides and free 
amino acids indicates that the degradation of 
the reconstituted collagen fibrils occurred as 
a result of a collagenolytic factor being re- 
leased from the bone during active resorption, 
rather than a solubilization of the unde- 
natured protein or denatured gelatin, since 
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TABLE 11. Recovery of H8-Hydroxyproline and FP-Proline from Reconstituted Collagen Fibrils in Clari- 
fied Tissue Culture Medium During 14 Days of Incubation. Values represent one experiment which uti- 

lized 2 calvaria for each experimental group. Cultures were incubated at 50% 0, tension at 37°C. 

yo of mailable 
DPM from re- 
constituted col- 
lagen fibrils re- Total DPM in DPM recovered in media 

collagen fibrils covered in TCA 
Exp group Day in culture TCA precipitate TCA supernatant supernatant 

50% 0, 2 
4 
6 
8 

10 
12 
14 

4 
6 
8 

10 
12 
14 

PTE + heparin 2 

337,350 
327,975 
317,750 
300,575 
281,350 
260,475 
244,775 
280,675 
269,550 
217,075 
141,925 
102,750 

80,125 
65,575 

5,250 
2,500 
2,475 

1,600 
875 
750 

3,625 

2,050 

5,975 
8,100 
3,550 
1,625 
1,125 

725 

4,125 
7,725 

14,700 
17,175 
19,275 
14,850 
14,025 

7,500 
46,500 
67,050 
315,6 2 5 

13,425 
8,850 

2#l,OQO 

1.2 
2.4 
4.6 
5.7 
6.9 
5.7 
5.7 
2.7 

17.2 
30.9 
25.1 
20.4 
16.7 
13.5 

In the 50% 0, group over the 14-day experimental period a total of 91,875 DPM were recovered in 
the TCA supernatant of the media, representing 27.2% of total DIW originally placed in the cultures. 
Similarly in the PTE + heparin group 199,950 DPM were recovered in the TCA supernatant, represent- 
ing 71.2% of total DPM placed in culture. 

the enzymes present in the tissue culture 
media do not degrade native collagen, gelatin, 
or the partially degraded gelatins produced 
by trypsin or pepsin, to small peptides or 
to the free amino acids (4). 

Discussion. The results presented here 
demonstrate that the active resorption of bone 
in tissue culture, induced by a variety of 
agents, is accompanied by release of a colla- 
genolytic factor which is capable of degrading 
undenatured collagen fibrils a t  near neutral 
pH and at  37OC. As pointed out by Walker 
et aZ(5), the extent of denaturation of the 
collagen substrate used in experiments to 
test for collagenolytic activity may be as- 
sessed by its susceptibility to degradation 
by trypsin, since the action of this enzyme 
results in a breakdown of native collagen 
molecules of less than 10%. In the experi- 
ments reported here, incubation of the re- 
constituted collagen fibrils with trypsin re- 
sulted in the release of less than 1% of the 
H3-labeled proline and hydroxyproline. This 
is consistent with the known action of trypsin 
on native collagen, which releases a small 
number of peptides relatively free of the 
imino acids(7). I t  is clear, therefore, that 
the breakdown of the collagen fibrils was not 
the result of non specific proteases acting on 

denatured collagen, and that the criteria out- 
lined by Walker et aZ(5) for the detection of 
physiological collagenolytic activity have been 
met. 

Earlier studies employing the same tissue 
culture technique had provided indirect evi- 
dence for a collagenolytic factor in bone by 
demonstrating the release of both free and 
peptide-bound hydroxyproline from the bone 
collagen into the tissue culture medium dur- 
ing active bone resorption (3,4). In compar- 
ing the results of these previous experiments 
with the present ones, it is clear that the 
extent of bone resorption as measured by the 
release of hydroxyproline from the bone col- 
lagen is paralleled by the amount of colla- 
genolytic activity #released. This was true not 
only for the overall or total 14-day experi- 
mental test period, but also with respect to 
the time sequence as measured at  2-day inter- 
vals. The results also confirm the previous 
findings (2,3,4,8) that parathyroid extract en- 
hances bone resorption by a direct action on 
bone tissue, and suggests that at least part 
of the mechanism of action of parathyroid 
hormone is to increase the production and 
release of an enzyme (or enzymes) which pos- 
sesses collagenolytic activity. This action is 
enhanced by addition of heparin, but as noted 
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morphologically ( 9 ) ,  heparin alone does not 
appear to have any effect. However, since 
heparin has been shown in tissue culture to 
markedly increase the amount of h n e  re- 
sorption with suboptimal concentrations of 
parathyroid extract (9) and since the results 
presented here also demonstrate an enhance- 
ment of resorption by heparin in the presence 
of parathyroid extract, the possibility remains 
that patients on long term heparin therapy 
who have a normal amount of circulating 
parathyroid hormone might develop either 
osteoporosis or show a marked increase in 
bone turnover rate. Indeed, the Occurrence 
of osteoporosis in such patients has recently 
been reported ( lo).  

It is not possible to tell whether the in- 
creased resorption noted with parathyroid ex- 
tract results from an increased synthesis of 
the enzyme per cell, or whether the hormone 
induces the differentiation of cells capable of 
producing the enzyme. Microscopic observa- 
tion of the living tissue cultures under similar 
conditions(2) has clearly shown the sudden 
and dramatic appearance of osteoclasts in 
association with the resorbing bone margin. 
It remains to be seen, however, whether these 
cells are in fact the ones which synthesize the 
collagenolytic enzyme. 

A collagenolytic factor has been previously 
demonstrated in the bones of animals which 
had been treated with parathyroid hormone 
prior to sacrifice by incubating the bones with 
undenatured collagen gels in vitro ( 5) .  These 
studies differ somewhat from the present ones 
in demonstrating that bone which had been 
undergoing resorption in vivo as a result of 
parathyroid extract injection, degraded native 
collagen fibrils in vitro to a markedly greatw 
extent than bones from control animals which 
had not received the hormone. The present 
studies demonstrate that collagenolytic activ- 
ity is released from the living bone during 
active bone resorption. The results of both 
groups of experiments are certainly comple- 
mentary, however, and the demonstration of 
an active collagenolytic factor in bone pro- 
vides a mechanism whereby undenatured bone 
collagen may be removed during the remodel- 
ling process. In this respect, the same basic 
mechanism appears to be operative in the 

resorption of bone collagen as in the resorp 
tion of tadpole soft tissues during meta- 
morphosis in which instance a collagenolytic 
factor has also been previously demonstrated 
(11). 

Since bone is a tissue which is constantly 
undergoing remodelling, one would expect 
some collagenolytic activity to be present in 
normal bone. A small amount of collagenoly- 
tic activity was in fact demonstrated in the 
control animals by Walker et aZ( 5 )  , utilizing 
the technique of culturing the bone directly 
on collagen gels in vitro, but they could not 
confirm the earlier report of Wood and 
Nichols( 12) that such activity was present in 
homogenates obtained from bone. 

Summary. A tissue culture system has been 
used to study the release of collagenolytic 
activity from actively resorbing bone by 
measuring the degradation of purified, recon- 
stituted H3-hydroxyproline- and H3-proline- 
labeled collagen fibrils. Under conditions 
where active bone resorption was observed 
morphologically, a collagenolytic factor was 
liberated from the bone which degraded re- 
constituted, undenatured collagen fibrils. This 
collagenolytic activity was increased by addi- 
tion of parathyroid extract to the tissue cul- 
ture medium, and still further enhanced when 
both parathyroid extract and heparin were 
added. 
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Hypothyroidism, produced either by thy- 
roidectomy or treatment with antithyroid 
drugs, induces a spontaneous salt appetite in 
rats given choice between water and .15 M 
NaCl solution to drink ( 1,2). The salt appe- 
tite is reminiscent of that commonly observed 
in adrenalectomized rats by a number of 
investigators( 3,4). Hypothyroid rats also re- 
semble adrenalectomized rats in that they 
are unable to conserve sodium when the diet 
is deficient in this element and die (50%) 
within 3 weeks ( 5 ) .  In addition, intraperi- 
toneal loading with either saline or water 
results in greater urinary loss of sodium and 
chloride after 5 hours than is observed for 
normal controls (6). Since the resemblance 
of hypothyroid to adrenalectomized rats is 
so striking, i t  was deemed worthwhile to test 
the preference threshold of hypothyroid rats 
for NaCl solutions to determine if i t  is re- 
duced as is reported for adrenalectomized 
rats (4,7). 

Methods and results. Two separate experi- 
ments were performed. Each utilized male 
rats of the Carworth CFN strain. The cundi- 
tions of both experiments were similar in 
that the rats were kept in individual cages 
in a windowless room in which temperature 
was maintained at  26 k 1°C and illumina- 
tion was from 8 A.M. to 6 P.M. Each rat 
was provided with finely ground Rockland 
Rat Diet in spillproof containers described 
in detail elsewhere (8). Two containers con- 

Inst. Health, Bethesda, Md. 

cals Corp., Cleveland, Ohio. 

* Supported by Gnant HE-03503-08 from Nat. 

t a6-n- propyl-2-thiouracil, Nutritional Biochemi- 

sisting of cast aluminum fountains and nurs- 
ing bottles provided drinking fluid (9). 

Experiment I .  Six control and 6 propyl- 
thiouracil-treated (PTU) rats were used. 
The PTU-treated rats received the drug in 
food (1.0 g PTUJkg food) for 8 weeks prior 
to the experiment and were continued on the 
drug during the experiment. During the first 
2 weeks of the experiment, both bottles con- 
tained distilled water. Intakes were measured 
daily to ascertain that each rat drank roughly 
equal amounts of water from each bottle. 
Positions of the bottles on the cage were inter- 
changed daily to avoid habit formation in 
selection of drinking fluid. During this period, 
about 20% of the rats were rejected as posi- 
tion drinkers and were replaced by other 
rats. At the end of the 2-week period, 2-day 
test periods were begun. During the first 
period each rat was offered choice between 
distilled water (bottle A) and .OOO1 M NaCl 
solution (bottle B). All NaCl solutions used 
were made from a concentrated stock NaCl 
solution by serial dilution. Each dilution was 
checked for accuracy by determination of 
chloride concentration (Cotlove Chloridome- 
ter). During subsequent 2-day periods, each 
rat was given choice between distilled water 
and the following molar NaCl solutions in 
chronological sequence: .0003, ,0004, .0008, 
.OOl, .010, .020, .050, .loo, .150 and ,300. 
Daily intakes of water and NaCl solution 
were measured and expressed as ml/lOO g 
BWJday to correct for differences in body 
weight. 

The criterion of preference threshold used 
was similar to that of Richter(7); namely, 


