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Summary 

Culture media collected from secondary monolayer and spinner cultures of 
rabbit articular chondrocytes showed evidence of collagenolytic activity by the 
following criteria: (1) Amicon PM-10 concentrates of culture medium released 
[14C]glycine from reconstituted rabbit skin collagen fibrils at 37°C; (2) 
medium concentrated by lyophilization decreased the relative viscosity of 
human cartilage collagen in solution. The loss in viscosity was partially 
inhibited if medium was preincubated with o-phenanthroline, and (3) degrada- 
tion of human cartilage collagen after 60 h incubation at 24°C was character- 
ized primarily by the appearance of 75 000 dalton (TCA) and 25 000 dalton 
(TCB) products. 

The majority of the collagenase (EC 3.4.24.3) from cultured chondrocytes 
was secreted in latent form, since preincubation with either trypsin or 
p-aminophenylmercuric acetate significantly increased activity against human 
cartilage collagen. 

Chondrocyte collagenase may be important in mediating the normal slow 
turnover of cartilage collagen and may be particularly active in collagen 
destruction associated v~ith early stages of synovial joint arthritides, before 
attack by non-cartilage cells or extra-articular soft tissues. 
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Introduction 

Collagen turnover in mammalian diarthrodial joints is believed to be 
extremely slow, with a half-life estimated between 50 and 300 days or longer 
[1]. Following articular cartilage injury, collagen surrounding chondrocyte 
lacunae appears to undergo transition from the normally occurring Type II 
species (al[II]3) to Type I (a~[I]2a2) as indicated by immunofluorescent 
studies with monospecific collagen antibodies [2]. This switch in collagen 
phenotype may well be preceded by an enzyme-mediated resorption of the 
Type II collagen species. Indeed, Ehrlich et al. [3] have measured colla- 
genolytic activity in osteoarthritic, but not in normal human cartilage. Activity 
was adjudged highest in osteoarthritic hips with moderately severe disease [4]. 
The above evidence [2,3] suggests that the chondrocyte is a source of colla- 
genolytic activity, although collagenase (EC 3.4.24.3) in osteoarthritic speci- 
mens could have arisen from synovium after initial proteoglycan degradation. 
We report here that secondary monolayer and spinner cultures of normal rabbit 
articular chondrocytes secrete into the culture medium a latent metal-depen- 
dent collagenase with activity against both rabbit skin Type I and human artic- 
ular cartilage Type II collagen. 

Materials and Methods 

Materials. All culture media, balanced salt solutions, antibiotics, antimycotics 
and fungizone were obtained from Grand Island Biological Co., Grand Island, 
NY, U.S.A. Fetal bovine serum (not heat-inactivated) was procurred from 
Associated Biomedic Systems, Buffalo, NY, U.S.A. Trypsin and trypsin/ 
soybean trypsin inhibitor were purchased from Worthington Biochemicals, 
Freehold, NJ, U.S.A., and lactalbumin hydrolysate was purchased from Sigma 
Chemical Co., St. Louis, MO, U.S.A. [14C(U)]glycine (99.6 mCi/mmol) was 
from New England Nuclear Corp., Boston, MA, U.S.A. All chemicals were of 
reagent grade or the highest purity available. 

Techniques of culture. Chondrocytes were obtained from pooled articular 
cartilages (hip, knee and shoulder) of immature New Zealand White rabbits 
(less than 3 kg) as previously described [5,6]. Primary cultures were grown to 
confluency in Nutrient F-12 medium (Ham's) supplemented with 107o fetal 
bovine serum and penicillin-streptomycin (100 U and 100/~g/ml, respectively). 
After 7--10 days, the chondrocytes were passaged by brief treatment with 
trypsin, centrifugation and replating of the cells in 100 mm 2 cell culture dishes 
(Falcon Plastics), at a density of 5--7 • 105 cells in Dulbecco's Modified Eagle's 
medium and supplemented with 1070 acid-treated fetal bovine serum/penicillin- 
streptomycin (0.170)/fungizone (170)/mycostatin (0.170). Acid treatment of the 
serum was carried out by the method of Werb and Gordon [7] to destroy 
endogenous a-2-macroglobulin, a potent inhibitor of most vertebrate colla- 
genases. Secondary cultures (monolayer I, monolayer II) were maintained in 
the above medium for 7--10 days at which time the last medium change was 
decanted and the cell layer washed several times with Dulbecco's phosphate 
buffered saline, pH 6.9. Dulbecco's Modified Eagle's medium containing 0.270 
lactabumin hydrolysate ('serum-free' medium) was layered over the cells. 24 h 
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later, this medium was recovered and frozen. The chondrocytes were refed with 
serum-free medium and a second medium collection made 24 h later. 

Spinner culture (spinner I) was initiated from one-half of the primary culture 
cell pellet. Chondrocytes (6.9 • 104 cells/ml medium) were placed in Dulbecco's 
Modified Eagle's medium without MgSO4 or CaC12, but containing MgC12 (165 
mg/1) and 10% acid-treated fetal bovine serum. After 2 days, the cells were 
pelleted by centrifugation and the supernatant discarded. The spinner chondro- 
cytes were washed with saline (vide supra) and cultured in serum-free medium. 
Media was collected for two consecutive 24-h periods. 

Processing of media. In preliminary experiments, serum-free monolayer 
medium without the lactalbumin hydrolysate was concentrated by passing 
medium through an Amicon PM-10 filter membrane (Amicon Corp., Boston, 
MA) under N2 pressure at 4°C. The PM-10 concentrate (approx. 20-fold con- 
centration) was used to assay for collagenolytic activity in the reconstituted 
rabbit skin collagen fibril assay (see below). 

For most other experiments, the media were lyophilized and then dissolved 
(50--100 mg/ml) in 0.005 M Tris-HC1, pH 7.25. The solution was dialyzed 
against 100 vol. 0.005 M Tris-HCl, pH 7.25/0.2 M NaC1/0.01 M CAC12/0.2% 
sodium azide in 2000 molecular weight cut-off membranes (Spectrum Medical 
Industries, Los Angeles, CA, U.S.A.) at 4°C. 

Collagen substrates. Radioactive rabbit skin collagen was prepared as fol- 
lows: A single immature New Zealand White rabbit was injected intra- 
peritoneally with ~3-aminoproprionitrile (500 mg) for 24 h. [14C]Glycine (167 
#Ci/kg) together with a second injection of the lathyrogen was administered 
intraperitoneally and the animal killed 24 h later. The skin was removed and 
purification of skin collagen subsequent to extraction with 0.5 M acetic acid 
was carried out as previously described [8]. The acid-soluble skin collagen frac- 
tion used in these experiments contained 1034 cpm/mg protein. 

Human cartilage collagen was prepared by the following procedure. Cartilage 
removed at autopsy from 25 patellae free of joint disease was used. 50 g were 
suspended in 10 vol. 0.005 M phosphate buffer, pH 8.0 and homogenized in a 
Virtis homogenizer at high speed for 5 min. The homogenate was clarified by 
centrifugation (4500 × g for 1 h) and the pellet obtained was stirred overnight 
at 4°C in 10 vol. 0.05 M Tris-HC1 buffer, pH 7.4/2 M CaC12. After centrifugation 
(6000 rev./min for 1 h), the pellet was washed with 10 vol. distilled water and 
extracted with 10 vol. 0.5 M acetic acid overnight at 4°C. The pH of the 
extract was adjusted to 2.5 and the extract was incubated with pepsin 
(2 mg/ml) for 48 h at 4°C. The reaction mixture was centrifuged, and the pellet 
was re-extracted with pepsin for 48 h in the cold. After centrifugation, bulk 
NaC1 was added to the supernatant to give a final concentration of 0.9 M and 
the suspension again centrifuged. The resulting pellet was dissolved in 0.05 M 
Tris-HC1, pH 7.5/1 M CaC12 and stirred in the cold overnight. Following centri- 
fugation, the supernatant was dialyzed against 0.02 M disodium phosphate, 
recentrifuged and the pellet re-extracted with 0.5 M acetic acid. After centri- 
fugation the supernatant was dialyzed against 0.5 M acetic acid and lyophilized. 

Preparation of cyanogen bromide peptides of human cartilage collagen. 
Cyanogen bromide peptides of purified al(II)  chains from 300 mg cartilage 
collagen were prepared by the method of Miller et al. [9]. 
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Collagenase assays. Collagenolytic activity of chondrocyte culture media 
was measured by three different assay procedures: 

1. Collagenase activity in serum-free medium was measured in a reconsti- 
tuted collagen fibril assay using [14C]glycine rabbit skin collagen by the 
method described by Golub et al. [10]. The reaction mixture consisted of 400 
~zg [~4C]glycine reconstituted collagen fibrils and varying amounts of PM-10 
concentrate incubated at 37°C for 3 h. 

2. The change of human cartilage collagen viscosity in solution was measured 
by incubation of reconstituted serum-free medium and substrate directly in a 
microviscometer as previously described [11]. Cartilage collagen was first 
dissolved in 0.1 M acetic acid to give a final concentration of 0.4%. When a 
cloudiness developed, the collagen solution was centrifuged and the clear super- 
natant was used for viscometric assay, since it retained sufficient collagen. 
Thus, the collagen concentration eventually mixed with culture medium varied 
from one preparation to another, but comparative analysis within one experi- 
ment were performed with the same preparation. The substrate was then 
dialyzed at 4°C against 0.05 M Tris-HC1, pH 7.4/0.2 M NaC1/0.05 M lysine/0.01 
M CaC12/0.02% sodium azide. Dialysis continued until the pH of the collagen 
solution was 7.25. The collagen (0.15--0.25 ml) and medium (0.1 ml) were 
mixed and incubated at 24°C. In some cases, the incubation mixture became 
cloudy on standing at 24°C, but cleared at 4°C. When possible, therefore, 
vlscosltms were measured at room temperature and at 4°C after temperature 
equilibration for 10 min. Results were obtained by comparing the flow time of 
collagen alone to that obtained in the presence of collagen and serum-free 
chondrocyte medium. 

3. Analysis of human cartilage collagen degradation products were 
performed as follows: Substrate was incubated with serum-free medium for 
20--60 h at 24°C. Following incubation, samples (0.2 ml) were diluted to 1.2 
ml with saturated (NH4)2SO4. After centrifugation, the pellet was mixed with 
2% sodium dodecyl sulfate (SDS) (0.2 ml) and an equal volume of 2% mercap- 
toethanol and incubated at 37°C overnight. Electrophoresis of the reaction mix- 
ture was performed on 10 × 0.4 cm 7.5% polyacrylamide gels containing 0.1% 
SDS in Tris-glycine buffer, pH 8.9 generally for 4--6 h. 

Preincubation procedures. Serum-free chondrocyte medium was preincu- 
bated with porcine pancreatic trypsin (20 /~g/ml) at 24°C for 30 min followed 
by 10-fold excess of soybean trypsin inhibitor prior to incubation with 
[14C]glycine reconstituted rabbit skin collagen fibrils. When testing activity 
against soluble human cartilage collagen, activation of the serum-free medium 
was carried out by preincubating medium with p-aminophenylmercuric acetate, 
a thiol binding reagent (0.5 mM), for 15--30 min at 24°C or with trypsin and 
soybean trypsin inhibitor. Medium was treated with trypsin (!00 pg/ml) for 30 
min at 24°C, followed by soybean trypsin inhibitor (500 #g/ml) prior to addi- 
tion of activated medium to collagen. In all activation experiments, p-amino- 
phenylmercuric acetate or trypsin/soybean trypsin inhibitor without culture 
medium was included as a control in the collagenase assay. 

Column chromatography of  monolayer medium on Bio-Gel P-30 or 
Sephadex G-IO0. Molecular sieve chromatography of p-aminophenylmercuric 
acetate-activated medium or medium receiving no pretreatment was carried out 



521 

on Bio-Gel P-30 or Sephadex G-100 (100 × 0.6 cm) which was equilibrated and 
eluted with 0.005 M Tris-HC1 buffer, pH 7.25/0.1 M CaCl:/0.2% sodium azide. 
Fractions showing enzyme activity by viscometric analysis were rechromato- 
graphed and SDS-polyacrylamide gel electrophoresis carried out on pooled 
fractions as indicated in Results. 

Results 

Effects o f  monolayer chondrocyte medium on reconstituted rabbit skin 
collagen fibrils 

Serum-free monolayer culture medium (without lactalbumin hydrolysate) 
was harvested from two successive 24 h periods and concentrated by Amicon 
PM-10 ultrafiltration. The retained fraction was assayed for collagenase activity 
against [14C]glycine reconstituted rabbit skin collagen fibrils (TableD. 
Chondrocyte medium caused a concentration-dependent release of radio- 
activity. Release of radioactivity by buffer or trypsin was negligible, indicating 
a lack of interfering non-collagenous radioactive substrate and suggesting 
specificity of degradation for the helical region of the collagen molecule. 
Preincubation of concentrated medium with trypsin did not increase 
coUagenolytic activity. 

Effect o f  serum-free monolayer and spinner culture medium on the viscosity 
of  human cartilage collagen 

Serum-free chondrocyte medium (with lactabumin hydrolysate) was col- 
lected for two successive 24 h periods and lyophilized. The medium was recon- 
stituted in 0.005 M Tris-HC1, pH 7.2510.01 M CaC12/0.2% sodium azide to give 
a final concentration of 50--100 mg/ml. The medium was dialyzed against the 
above buffer and 0.1 ml medium was mixed with human cartilage collagen for 

T A B L E  I 

E F F E C T  O F  C H O N D R O C Y T E  M O N O L A Y E R  M E D I U M  C O N C E N T R A T E D  BY A M I C O N  PM-10  
U L T R A F I L T R A T I O N  O N  R E C O N S T I T U T E D  R A B B I T  S K I N  C O L L A G E N  F I B R I L S  

The  r e a c t i o n  m i x t u r e  [ 1 4 C ] g l y c i n e  r e c o n s t i t u t e d  r a b b i t  sk in  c o l l a g e n  f i b r d s  (100 /~I )  was  i n c u b a t e d  w i t h  
e i t h e r  b u f f e r  ( 0 . 0 5  M Tr i s -HCl /0 .2  M N a C I / 0 . 0 1  M CaCI 2,  p H  7 . 6 ) / t r y p s i n  ( 2 0 / ~ g / m l )  o r  PM-10  c o n c e n -  

t r a t e  o f  c h o n d r o c y t e  m o n o l a y e r  m e d i u m  f o r  3 h a t  3 7 ° C .  The  a m o u n t  o f  r a d i o a c t i v i t y  r e l ea sed  f r o m  
d u p l i c a t e  s a m p l e s  i n t o  t h e  c l ea r  s u p e r n a t a n t  w a s  m e a s u r e d  b y  l i q u i d  s c in t i l l a t i on  s p e c t r o m e t r y .  T h e  c o | -  
l agen  subs txa t e  c o n t a i n e d  1 0 3 4  c p m / m g  p r o t e i n .  1 u n i t  co l l agenase  ac t i v i t y  = I /~g c o l l a g e n  d e g r a d e d / h .  

R e a c t i o n  M i x t u r e  P M - 1 0  P e r c e n t  Uni t s  
c o n c e n t r a t e  [ 14 C]  g lye ine  o f  a c t i v i t y  
(/~1) r e l e a s e d / 3  h 

Buf f e r  + c o l l a g e n  0 2 .9  0 . 2 4  
T r y p s i n  + c o l l a g e n  0 1 .3  0 . 1 1  
M o n o l a y e r  + c o l l a g e n  50  2 5 . 8  2 . 1 5  

1 0 0  52 .9  4 . 4 0  
1 5 0  6 4 . 9  5 . 4 0  

M o n o l a y e r  + t r y p s i n  * + c o l l a g e n  1 0 0  51 .1  4 . 2 5  

* C h o n d r o c y t e  m o n o t a y e r  P M - 1 0  c o n c e n t r a t e  w a s  p r e i n c u b a t e d  w i t h  t r y p s i n  (20  /~g[ml) f o r  3 0  m i n  a t  
2 4 ° C ,  f o l l o w e d  b y  a d d i t i o n  o f  1 0 - f o l d  excess  o f  s o y b e a n  t r y p s i n  i n h i b i t o r .  The  m i x t u r e  was  t h e n  
i n c u b a t e d  w i t h  r a d i o a c t i v e  r e c o n s t i t u t e d  r a b b i t  sk in  c o l l a g e n  f ibr i ls  fo r  3 h a t  3 7  ° C. 
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Fig. 1. Analysis  of  h u m a n  cart i lage col lagen viscosi ty a f te r  i n c u b a t i o n  wi th  se rum-f ree  m e d i u m  f r o m  
chond~rocyte m o n o l a y c r  cul tures .  Se rum-f ree  m e d m m  was  co l lec ted  f r o m  the  last  two  consecu t ive  24  h 
per iods  o f  cu l tu re  and  lyoph ihzed .  Af te r  r e c o n s t i t u t m n ,  the  m e d i u m  was d ia lyzed  against  Tris-HCl buffer ,  
pH 7 .25 /0 .2  M NaC1/0.01 M CaC12/0.02% sod ium azide.  H u m a n  cart i lage col lagen was i n c u b a t e d  wi th  
m e d i u m  ( 5 0 - - 1 0 0  m g ] m l )  for  5 - -120  rain at  24°C.  In s o m e  expe r imen t s ,  m e d i u m  was p r e i n c u b a t e d  wi th  
trypsin/soybean trypsin inhibitor (TRI) or p-aminophenylmercuric acetate (APMA). The loss in collagen 

viscosity was measured over 0.01 rain in a microviscometer [11]. Results are expressed as the Percent 

difference in collagen viscosity in the presence of medium or trypsin/soybean trypsin inhibitor or 

p-aminophenylmercttric acetate-activated medium as compared to collagen alone, calculated as follows: 

A% = 100 X (change  in viscosi ty w i t h  m o n o l a y e r  or  p - a m m o p h e n y l m e r c t t r i c  ace ta te  + m o n o l a y e r  

- -  change  m viscosity w i t h o u t  m o n o l a y e r  or  p -aminopheny lmercu_~c  ace ta te  + m o n o l a y e r )  

-- (change  in viscosi ty  of  col lagen w i t h o u t  m o n o l a y e r  or  p - a m i n o p h e n y l m e r c u n c  ace ta te  

+ monolayer). 

periods ranging from 5--120 min and 20--60 h. Some serum-free monolayer 
medium (monolayerI and monolayerII) caused measurable, albeit small 
decreases in viscosity of Type II collagen (Fig. 1). Preincubation of medium 
with either trypsin/soybean trypsin inhibitor (left panel) or p-aminophenyl- 
mercuric acetate (right panel), markedly augmented the decrease in substrate 
viscosity. Trypsin/soybean trypsin inhibitor or p-aminophenylmercuric acetate 
alone had little or no effect. In general, collagenolytic activity in the p-amino- 
phenylmercuric acetate-activated medium was greater than in trypsin/soybean 
trypsin inhibitor-activated samples after 30--60 min of incubation. 

In a separate experiment, monolayer medium (monolayer II) was activated 
by preincubation with p-aminophenylmercuric acetate and then further treated 
with the metal-chelator, o-phenanthroline (5 mM) prior to incubation with 
cartilage collagen. A 38.7% inhibition of the loss in collagen viscosity occurred. 
This result indicated that the collagenolytic activity was at least partially metal- 
dependent. 

Medium from different cultures expressed variably low or undetectable 
intrinsic activity (Table II). Insufficient numbers of samples were analyzed to 
attach significance to differences between spinner and monolayer cultures. 
Substantial activation of collagenolytic activity by p-aminophenylmercuric 
acetate was seen with culture media from both types of cultures. 

Analysis of human cartilage collagen degradation products by SDS-polyacryl- 
amide gel electrophoresis 

The products of a 60 h digestion were subjected to electrophoresis (Fig. 2) 
for 5 h (tracks 1--3) or 3.5 h (track 4). In the control reaction (track 1), 
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T A B L E  II  

V I S C O M E T R I C  A N A L Y S E S  O F  H U M A N  C O L L A G E N  A F T E R  I N C U B A T I O N  W I T H  C O N D R O C Y T E  
M O N O L A Y E R  O R  S P I N N E R  M E D I U M  

The  r e a c t i o n  m i x t u r e  c o n s i s t e d  of  100/~1 cu l tu re  m e d i u m  ( 1 0 0  m g  lyoph i l l zed  m e d i u m [ m l )  a lone  in 
b u f f e r  (0 .05  M Tris,  p H  7 .25 ]0 .2  M NaC1]0.01 M CaC12/0.2% s o d i u m  az ide )  or  w i t h  co l lagen  (100  pl) .  
React ion was fo r  60  m i n  a t  24°C.  V i s c o m e t r i c  ana lyses  were  r u n  e i t he r  a t  r o o m  t e m p e r a t u r e  or  4°C .  

R e a c t i o n  m i x t u r e  Loss  in  v i scos i ty  (A%) 

24 ° C 4 ° C 

Col lagen 0 
M o n o l a y e r  - -  I + Col lagen 0 

M o n o l a y e r  - -  I + p - a m i n o p h e n y l m e r c u r i c  a ce t a t e  + Col lagen  29.7  
M o n o l a y e r  - -  I I  + Col lagen 11 .2  

M o n o l a y e r  - -  I I  + p - a m i n o p h e n y l m e r c u r i c  a ce t a t e  + Col lagen * 19 .5  
Spinner - -  I + Col lagen 9.3 

Spinner - -  I + A P M A  + Col lagen * 16 .7  

0 

0 
28 .5  

7.4 
17 .4  

0 
10 .7  

* M o n o l a y e r  or  sp i n ne r  m e d i u m  was  p r e i n c u b a t e d  w i t h  p - a m i n o p h e n y l m e r c u r i c  a c e t a t e  ( A P M A )  
(0 .5  r aM)  fo r  30  ra in  at  r o o m  t e m p e r a t u r e  p r io r  t o  i n c u b a t i o n  w i t h  col lagen.  

A(%)  = 100  X (decrease  in  v i s cos i ty  w i t h  m o n o l a y e r  or  s p i n n e r  - -  dec rease  in  v i scos i ty  w i t h o u t  

m o n o l a y e r  or  sp inne r )  ÷ (dec rease  in  v i scos i ty  w i t h o u t  m o n o l a y e r  or  spinner) 

collagen was incubated with p-aminophenylmercuric acetate. No degradation of 
chains was detected. Incubation of collagen with p-aminophenylmercuric 

acetate-activated monolayer medium (250 and 150 pg/ml, tracks 2 and 3, 
respectively) resulted in the appearance of bands corresponding to the sizes of 
TCA and TCs fragments typical of mammalian coUagenases. The TCB band is 
faint in these gels, and may be due to further degradation by contaminating 
nonspecific protease(s) in the culture medium. In this regard, a diffuse band 
(dp) appeared migrating just behind the bromophenol  blue, which may 
represent the degradation products. The TCB band shows more clearly in track 
4. 

A comparison of  the activity of  monolayer and spinner culture collagenase 
activity was made by incubating p-aminophenylmercuric acetate-activated 
medium from both culture regimens and assessing their effects on cartilage 
collagen degradation (Fig. 3). These results indicated that  monolayer medium 
contained some intrinsic collagenase activity (gel 2); that both monolayer and 
spinner culture collagenase activity was increased by preincubation with 
p-aminophenylmercuric acetate (gels 3 and 4); but  that spinner medium had no 
effect on collagen degradation unless first activated with p-aminophenyl- 
mercuric acetate (gel 5). 

Partial separation of chondrocyte collagenase from other chondrocyte neutral 
proteases 

Reconstituted serum-free monolayer medium was chromatographed on Bio- 
Gel P-30 with or without  preincubation with p-aminophenylmercuric acetate. 
Enzyme activity was eluted with 0.005 M Tris-HC1 buffer, pH 7.25/0.1 M 
NaC1/0.01 M CaCIJ0.2% sodium azide. Fractions containing enzyme activity 
were rechromatographed on Bio-Gel P-30 and eluted as above. Viscometric 
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Fig.  2. S D S - p o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  o f  r e a c t i o n  p r o d u c t s  r e su l t i ng  f r o m  t h e  i n c u b a t i o n  o f  
h u m a n  ca r t i l age  co l l agen  w i t h  s e rum- f r ee  m o n o l a y e r  m e d i u m .  Co l l agen  w a s  i n c u b a t e d  w i t h  r e c o n -  
s t i t u t e d  p - a m i n o p h e n y l m e r c u r i e  a c e t a t e - a c t i v a t e d  s e r u m - f r e e  m o n o l a y e r  m e d i u m  o r  p - a m i n o p h e n y l -  
m e r c u r i c  a lone  fo r  6 0 h  a t  2 4 ° C .  The  r e a c t i o n  p r o d u c t s  we re  a n a l y z e d  o n  7 .5% p o l y a c r y l a m i d e  gels 
c o n t a i n i n g  0 .1% SDS. Gels  we re  e l e c t r o p h o r e s e d  in  Tr i s -g lyc ine  b u f f e r ,  p H  8 .9  f o r  5 h .  The  gels we re  
s t a i n e d  w i th  0 . 1 5 %  C o o m a s s i e  b lue  a n d  d e s t a i n e d  in  7% ace t i c  ac id .  1.  Col lagen  + p - a m i n o p h e n y l -  
m e r c u r i c  a c e t a t e  (b l ank ) .  2. Co l l agen  + m e d i u m  ( 2 5 0  / ~ g / m l ) + p - a m i n o p h e n y l m e r c u r i c  a c e t a t e .  3.  
Co l l agen  + m e d i u m  ( 1 5 0  # g / m l ) +  p - a m i n o p h e n y l m e r c u r i c  a c e t a t e .  4 S a m e  as 3, e x c e p t  r u n n i n g  t i m e  w a s  
3 .5  h i n s t e a d  o f  5 h .  Sma l l  m o l e c u l a r  w e i g h t  p r o t e i n s  m i g r a t e  ( d p -  d e g r a d a t i o n  p r o d u c t s )  t o  a p o i n t  
d izec t ly  b e h i n d  b r o m p h e n o l  b lue  d y e  m a r k e r  (F)  in  t r a c k s  1 - -3  a n d  are  c lea r ly  s e p a r a t e d  f r o m  F w h e n  gels 
are  e l e c t r o p h o r e s e d  f o r  a s h o r t e r  t i m e  p e r i o d  ( t r a c k  4) .  

Fig .  3.  A c o m p a r i s o n  o f  t he  c o l l a g e n o l y t i c  ac t i v i t y  o f  m o n o l a y e r  a n d  s p i n n e r  m e d i u m  b y  S D S - p o l y -  
a c r y l a m i d e  gel e l e c t r o p h o r e s l s ,  M o n o l a y e r  a n d  s p i n n e r  m e d i a  w i t h  o r  w i t h o u t  p - a m i n o p h e n y l m e r c u r i c  
a c e t a t e  (0 .5  m M )  p r e t r e a t m e n t  we re  i n c u b a t e d  Imth  ca r t i l age  c o l l a g e n  f o r  6 0  h a t  24  ° C. I n c u b a t i o n  c o n d i -  
t i o n s  we re  s imi la r  t o  t h a t  given in  Fig.  2. 1. Co l l agen  (no  p - a m i n o p h e n y l m e r c u r i c  a c e t a t e ) .  2. M o n o l a y e r  
(no  p - a r n i n o p h e n y l m e r c u r i c  a c e t a t e )  + co l l agen .  3. M o n o l a y e r  + p - a m i n o p h e n y l m e r c u r i c  a c e t a t e  + 
co l l agen .  4,  S p i n n e r  + p - a m i n o p h e n y l m e r c u r i c  a c e t a t e  + co l l agen .  5, S p i n n e r  (no  p - a m i n o p h e n y l m e r c u x i c  
a c e t a t e )  + co l l agen .  

analyses and SDS-polyacrylamide gel electrophoresis were carried out on 
pooled fractions. The decrease in viscosity after incubation of  the indicated 
pooled fraction (Table III) with collagen shows that most of the enzyme 
activity resided at 25--35 ml of  the Bio-Gel P-30 column eluate. 

The products of  incubation of human cartilage collagen with various 
chromatographic fractions from the Bio-Gel P-30 column elution of  p-amino- 
phenylmercuric acetate and untreated monolayer medium were analyzed on 
7.5% polyacrylamide gels containing 0.1% SDS. p-Aminophenylmercuric 



T A B L E  I I I  

C H R O M A T O G R A P H Y  O F  C H O N D R O C Y T E  C U L T U R E  M E D I A  ON BIO-GEL P-30 

I n c u b a t i o n s  were  for  6 0 h  a t  24°C.  p - A m m o p h e n y l m e r c u r i c  ace ta te  p r e t r e a t m e n t  was as desc r ibed  in 
Table  II. Gel f i l t ra t ion  on  Bio-Gel P-30 (100  × 0.6 cm) .  The  e lu t lon  bu f f e r  was 0 .0 0 5  M Tris-HC1, p H  
7 .25 /0 .1  M NaCI/0 .01  M CaC12/0.02% s o d i u m  azide.  F rac t ions  were  lyophi l ized ,  r e c o n s t i t u t e d  wi th  
disti l led w a t e r  and  i n c u b a t e d  wi th  col lagen.  

I n c u b a t i o n  cond i t ions  Bio-Gel P-30 Loss in v iscosi ty  
f rac t ions  (,~%) 
(ml)  (4 ° C) * 

Cont ro l  assays 
Collagen - -  0 
Monolayer - I  + col lagen - -  2.2 
Collagen + p - a m i n o p h e n y l m e r c u r i c  a c e t a t e  - -  2.2 

C h r o m a t o g r a p h y  of  m o n o l a y e r - I  a f t e r  p - a m i n o p h e n y l m e r c u r i c  ace t a t e  ac t iva t ion  
Mono laye r - I  + p - a m m o p h e n y l m e r c u r i c  ace t a t e  + col lagen 1 8 - - 2 5  8.0 

25--35 16.0 
39--46 8.0 
4 9 - - 6 3  8.0 

C h r o m a t o g r a p h y  of  m o n o l a y e r - I  w i t h o u t  p - a m i n o p h e n y l m e r c u r i c  ace ta te  ac t iva t ion  
Monolayer - I  (no  p - a m i n o p h e n y l m e r c u r i c  ace t a t e  ) 28---32 15 .5  

* Viscosi ty  was  read  a t  4°C a f t e r  t e m p e r a t u r e  equi l ib ra t ion ,  (see Table  II  for  ca lcu la t ion  of  A%). 

P 

1 ([D 
TCA 

TCB 

F IT ~ 

o(1 (n') C B10 

F 

1 2 3 4  5 6  7 

Fig. 4. Analysis  of  co l lagenoly t ic  ac t iv i ty  a f t e r  m o l e c u l a r  sieve c h r o m a t o g r a p h y  on  Bio-Gel P-30. Recon-  
s t i t u t ed  m o n o l a y e r  m e d i u m  ac t iva t ed  b y  p r e t r e a t m e n t  w i th  p - a r n i n o p h e n y l m e r c u r i c  ace t a t e  (0 .5  raM) or  
n o t  ac t iva t ed ,  was  e lu t ed  f r o m  Blo-Gel P-30 wi th  0 . 005  M Tris-HCl p H  7 .25 /0 .1  M NaC1/0.01 M CaCI2/  
0 .02% s o d i u m  azide.  F rac t ions  (3 .5  ml )  were  co l lec ted ,  poo led  as ind ica ted ,  lyophi l i zed  and  i n c u b a t e d  
wi th  car t i lage col lagen for  60  h a t  24°C.  The  p r o d u c t s  of  the  r eac t i on  were  ana lyzed  b y  SDS-polyacry l -  
arnide gel e l ec t rophores i s  as desc r ibed  m Fig. 2 . 1 .  Col lagen a lone .  2. Bio-Gel P-30 ( 2 5 - - 3 5  ml ) .  3. Bio-Gel 
P-30 ( 3 6 - - 4 5  ml) .  4. Bio-Gel  P-30 ( 4 6 - - 6 3  ml ) .  5. Bio-Gel F-30 ( 2 5 - - 3 2  m l  *). 6. Bio-Gel P-30 ( 3 3 - - 4 5  
ml  *). 7. CNBr pep t ides  of  a l ( I I )  chains  showing  a l ( I I )  CB-10 wi th  a m o l e c u l a r  we igh t  of  25  0 0 0  migra t -  
ing s imilar  t o  p r o t e i n  b a n d  m a r k e d  TC B. 

* Non-ac t iva t ed  m o n o l a y e r  m e d i u m .  
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acetate-activated pooled medium fractions eluting at 25--35 ml and 36--45 ml 
(gels 2 and 3), contained considerable collagenase activity (Fig. 4). Little or no 
activity was obtained in earlier fractions (data not shown) or later fractions 
(46--63 ml, gel 3) of the column. When non-p-aminophenylmercuric acetate- 
treated monolayer medium was chromatographed on Bio-Gel P-30, fractions at 
25--32 ml and 35--45 ml (gels 5 and 6) showed collagenase activity (Fig. 4), 
but the activity of fractions eluting at 25--32 ml were more active as shown by 
the deeper intensity of staining in the TCA fragment and relative loss of 
staining from the al(II)  chains. The location of the 25 000 (0.25) dalton frag- 
ment (TCB) was verified by comparison of its migration with authentic 
cyanogen bromide peptide ~l(II) CB-10 of human cartilage collagen with an 
approx, molecular weight of 25 000 [12]. 

The apparent molecular weight for chondrocyte collagenase was obtained by 
gel filtration of p-aminophenylmercuric acetate-activated monolayer medium 
on a calibrated column of Sephadex G-100 eluted with 0.005 M Tris-HC1/0.1 M 
CaC12/0.2% sodium azide. The active collagenase eluted before the proteo- 
glycanase activity in a position somewhat later than the ovalbumin standard 
(42 000 mol. wt.). A tentative molecular weight of 40 000 was assigned to the 
collagenase. After Sephadex G-100 chromatography, a 32-fold enrichment in 
collagenase activity was obtained. 

Discussion 

The experimental data reported provide initial evidence for the presence of a 
metal-dependent vertebrate-type collagenase secreted by normal monolayer and 
spinner cultures of rabbit articular chondrocytes. This enzyme activity is 
apparently distinct from other chondrocyte neutral proteinases, i.e., proteo- 
glycanase [13]. The chondrocyte collagenase released [14C]glycine in the 
reconstituted rabbit skin collagen fibril assay and degraded ~l(II) chains of 
human cartilage collagen. A metal requirement for full enzyme activity was 
shown by partial inhibition of activity after incubation of p-aminophenylmer- 
curic acetate-activated medium with 5 mM o-phenanthroline. 

Although measurable levels of intrinsic coUagenase activity were demon- 
strated, significantly higher activities in serum-free medium were measured if 
the reconstituted medium was preincubated with trypsin or p-aminophenyl- 
mercuric acetate, p-Aminophenylmercuric acetate activation suggested that 
the inactive form of the enzyme may be an enzyme inhibitor complex [14], 
while activation by trypsin could have resulted by preferential degradation 
of the inhibitor suggested by Reynolds et al. [15] or conversion of a pro- 
enzyme. Similar evidence of latent mammalian collagenases has been presented 
for cultures of rabbit [16] and chick [17] bone explants and for the collagen- 
ase secreted by embryonic chick skin [18]. In the latter two studies, activa- 
tion was accomplished by preincubation with either NaSCN [17] or NaI [18], 
indicative of a non-covalent enzyme inhibitor complex. Although the chemical 
nature of the chondrocyte collagenase latency is unknown at present, the 
ability of latent collagenase to bind to collagen prior to activation has been 
shown for the rheumatoid synovial enzyme [19]. In the present study, we 
have detected measurable, albeit small amounts of collagenase activity when 
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non-activated medium was incubated with Type II collagen or when medium 
was concentrated by Amicon PM-10 ultrafiltration. These results suggest 
that two forms of collagenase activities may exist concomitantly in the secreted 
culture medium. 

Serum-free monolayer and spinner medium activated by pretreatment with 
p-aminophenylmercuric acetate, degraded Type II collagen from pooled human 
patellar cartilage. The reaction products were identified by SDS-polyacrylamide 
gel electrophoresis and corresponded to molecular weights of 75 000 and 
25 000. The molecular weight of the latter was confirmed by its comigration 
with authentic al(II)  CB-10 peptide of human cartilage collagen with a molec- 
ular weight of 25 000 [12]. The results showed that the activated chondrocyte 
collagenase resembled vertebrate collagenases obtained in other culture systems 
[20], in that the helical region of the tropocollagen molecule was degraded at 
24°C and at only one locus. The appearance of smaller molecular weight frag- 
ments of degraded a chains after incubation of monolayer medium with carti- 
lage collagen at 24°C, does, however, indicate the presence of other more non- 
specific proteases in addition to collagenase. Other investigators [21,22], have 
reported significant degrees of degradation by trypsin of Type I collagen T C  A 

and TCB fragments at or below the temperature under which the present assays 
were conducted. We have previously identified trypsin-like activity in chondro- 
cyte monolayer medium against the synthetic substrate, benzoyl-D, L-arginine- 
p-nitroanilide [13]. 

Partial separation of chondrocyte collagenase from other chondrocyte 
neutral proteases has been achieved. The molecular weight of the chondrocyte 
collagenase appeared to be between 30 000--40 000 and thus resembled the 
molecular weight of collagenase seen in several other culture systems [17,18, 
20,23]. In the present experiments, coUagenase activity was increased 32-fold 
from the original reconstituted medium after Sephadex G-100 chromato- 
graphy. 

The relative ability of monolayer and spinner culture collagenase(s) to be 
activated and the effect of activated enzyme on Type II collagen may be 
related to several factors. One possibility would be that the two systems differ 
with respect to inhibitor vis-a-vis enzyme synthesis, with spinner collagenase 
being more difficult to activate because of a relatively higher rate of inhibitor 
to enzyme synthesis. Another factor involved in the control of collagenase 
synthesis may be related to significant differences in the phenotypic programs 
exhibited by monolayer and spinner cultures of chondrocytes [24]. Spinner 
chondrocytes resemble adult rabbit cartilage in several major characteristics. 
they fail to undergo DNA synthesis [25] and synthesize predominantly Type II 
collagen when serum is included in the medium [8]. In the present experiments, 
medium was collected from serum-free cultures (but containing lactalbumin 
hydrolysate). The type of the collagen synthesized may not be entirely Type II. 
In fact, Norby et al. [8] showed that when serum was excluded from the cul- 
ture medium, the percentage of Type II collagen synthesized dropped from 85 
to 50%. This percentage of Type II collagen, however, was still higher than 
found in monolayer cultures. In addition, the synthetic rate of collagen syn- 
thesis although higher in serum-free medium of spinner as compared to mono- 
layer cultures was markedly reduced in comparison to serum-containing 
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medium. Taken together, these results suggest that the microenvironment of 
cultured chondrocytes may be primarily responsible for the appearance of 
collagenase activity. 

The presence of a cartilage collagenase has been previously suggested. 
Reynolds et al. [15] indicated the presence of a latent collagenase in rabbit 
scapular cartilage, activatable by trypsin and p-aminophenylmercuric acetate 
and inhibited by a 30 000 molecular weight polypeptide. However, no defini- 
tive data has been presented on the ability of this collagenase to degrade carti- 
lage collagen. Fullmer and Lazarus [26] presented evidence for collagenolytic 
activity in culture fluids of goat tibial articular cartilage and human patellar 
cartilage by virture of the ability of these cultures to reduce the viscosity of 
skin collagen relative to trypsin. The enzyme may be similar to the chondro- 
cyte collagenase reported here. 

The cellular compartmentalization of cartilage collagenase has been investi- 
gated. Monfort and P6rez-Tamayo [27] provided evidence for immunoreactive 
collagenase located intracellularly, but absent in the matrix of chick xiphoid 
process. The findings have been confirmed by Sakamoto et al. [28] in mouse 
tibial cartilage. In the present study, monolayer chondrocyte collagenase 
appeared to be rapidly secreted after synthesis, since the medium contained 
higher levels of activity than the cell lysate in the reconstituted rabbit skin 
collagen fibril assay. 

The possible role(s) of chondrocyte collagenase in synovial joint metabolism 
remains to be defined. The enzyme may mediate the slow turnover of collagen 
in normal states, but may be particularly important in joint arthritides. 
Although Woolley et al. [29] failed to demonstrate immunoreactive collagenase 
in chondrocytes or cartilage matrix remote from the pannus of rheumatoid 
tissue, these investigations provide evidence for the presence rather than for the 
activity of the enzyme. Ehrlich et al. [3] have shown that moderately severe 
degenerative articular cartilage possessed detectable collagenase activity, which 
could not  be demonstrated in normal cartilage. In the present study, chondro- 
cyte collagenase degraded human Type II collagen. This result indicates that 
chondrocytes can synthesize an enzyme capable of degrading its own matrix 
collagen. In the present study, secretion of  latent collagenase was observed 
without additional requirement for 'factor(s)' from other cell types (e.g., 
macrophages) as reported by others [ 30]. Naturally occurring activators of the 
latent enzyme have yet to be found. 
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