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ABSTRACT

	

We exami ned bovi ne f et al epi physeal and gr owt h pl at e car t i l ages by i mmunof l u-

or escence mi cr oscopy and i mmunoel ect r on mi cr oscopy usi ng monospeci f i c ant i bodi es t o a

newl y di scover ed car t i l age- mat r i x cal ci um- bi ndi ng pr ot ei n t hat we now cal l chondr ocal ci n .

Chondr ocal ci n was evenl y di st r i but ed at r el at i vel y l ow concent r at i on i n r est i ng f et al epi physeal

car t i l age . I n gr owt h pl at e car t i l age, i t was absent f r om t he ext r acel l ul ar mat r i x i n t he zone of

pr ol i f er at i ng chondr ocyt es but was pr esent i n i nt r acel l ul ar vacuol es i n pr ol i f er at i ng, mat ur i ng

and upper hyper t r ophi c chondr ocyt es . The pr ot ei n t hen di sappear ed f r om t he l ower hyper -

t r ophi c chondr ocyt es and appear ed i n t he adj oi ni ng ext r acel l ul ar mat r i x, wher e i t was sel ec-

t i vel y concent r at ed i n t he l ongi t udi nal sept a i n pr eci sel y t he same l ocat i on wher e amor phous

mi ner al was deposi t ed i n l ar ge amount s as demonst r at ed by von Kossa st ai ni ng and el ect r on

mi cr oscopy . Mi ner al t hen spr ead out f r om t hese " nucl eat i on si t es" t o occupy much of t he

sur r oundi ng mat r i x . Mat r i x vesi cl es wer e i dent i f i ed i n t hi s cal ci f yi ng mat r i x but t hey bor e no

obser vabl e mor phol ogi cal r el at i onshi p t o t hese maj or si t es of cal ci f i cat i on wher e chondr ocal ci n

was concent r at ed . Si nce chondr ocal ci n i s a cal ci um- bi ndi ng pr ot ei n and has a st r ong af f i ni t y

f or hydr oxyapat i t e, t hese obser vat i ons suggest t hat chondr ocal ci n may pl ay a f undament al

r ol e i n t he cr eat i on of nucl eat i on si t es f or t he cal ci f i cat i on of car t i l age mat r i x i n endochondr al

bone f or mat i on .

Recent l y, we descr i bed a pr ot ei n t hat was pur i f i ed f r om f et al

epi physeal car t i l age ( 1) , t hat exi st s as a 70, 000- mol - wt di mer

of 35, 000- mol - wt subuni t s . The pr ot ei n bi nds st r ongl y t o

hydr oxyapat i t e and i ncr eases i n concent r at i on at t he t i me

when t he secondar y cent er of ossi f i cat i on appear s i n t he

epi physi s. Thi s pr ot ei n i s unr el at ed t o any ot her known

car t i l age or bone pr ot ei ns ( 1) . We pr epar ed a monospeci f i c

ant i ser um t o t hi s pr ot ei n and have now demonst r at ed i m-

munohi st ochemi cal l y t hat i t i s i nt i mat el y associ at ed wi t h t he
maj or cal ci f i cat i on of car t i l age mat r i x t hat occur s i n t he l ower

hyper t r ophi c zone of t he gr owt h pl at e . These obser vat i ons ar e

descr i bed i n t hi s ar t i cl e. They pr esent t he basi s f or a new

under st andi ng of car t i l age cal ci f i cat i on . We have cal l ed t he

pr ot ei n chondr ocal ci n i n vi ew of i t s cal ci um- bi ndi ng pr oper -

t i es ( P. Hauschka, H. V. Choi , and L . C. Rosenber g, unpub-

l i shed r esul t s) , i t s af f i ni t y f or hydr oxyapat i t e ( 1) , and i t s
pr esence i n t he cal ci f i ed car t i l age of gr owt h pl at e, whi ch i s
shown her e .
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MATERI ALS AND METHODS

I sol at i on of Chondr ocal ci n and Ot her Mol ecul es :

	

Bovi ne

f et al epi physeal car t i l age f r om t he t hi r d t r i mest er was ext r act ed wi t h 4 M

guani di ne hydr ochl or i de as descr i bed pr evi ousl y ( 1) . The ext r act was di al yzed

t o associ at i ve condi t i ons and cent r i f uged wi t h cesi um chl or i de t o pr oduce

densi t y gr adi ent f r act i ons A1 ( hi gh densi t y) t o A6 ( l owdensi t y) . Chondr ocal ci n

was i sol at ed f r om f r act i ons AS and A6 by di et hyl ami noet hyl cel l ul ose chr o-

mat ogr aphy f ol l owed by af f i ni t y chr omat ogr aphy wi t h af f i - gel bl ue and hydr ox-

yapat i t e . The pr ot ei n was f i nal l y pur i f i ed by di ssoci at i ve chr omat ogr aphy i n 4

Mguani di ne hydr ochl or i de on Sephacr yl 5- 200.

Car t i l age pr ot eogl ycan i sol at ed as f r act i on AI DI D1 f r om bovi ne f et al epi -

physeal car t i l age, car t i l age l i nk pr ot ei n f r ombovi ne nasal car t i l age, and t ype I l

col l agen f r om bovi ne nasal car t i l age wer e i sol at ed and pur i f i ed as descr i bed

bef or e ( 2) .

Ant i ser a and I mmunor eagent s :

	

The r abbi t ant i ser um ( 8102) t o

bovi ne epi physeal chondr ocal ci n has al r eady been descr i bed ( 1) . Pr ei mmune

ser umwas col l ect ed bef or e i mmuni zat i on ( 3) . Noni mmune r abbi t and pi g ser a,

pi g ant i ser um t o r abbi t F( ab' h ( 3) , and sol ubl e i mmune compl exes of r abbi t

ant i per oxi dase and hor ser adi sh per oxi dase ( 4) have been descr i bed. Concen-

t r at ed i mmunogl obul i n G( I gG) was pr epar ed by ammoni umsul phat e pr eci p-
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i t at i on of ser um( 5) . F( ab' ) 2 subuni t s of ant i body I gG wer e pr oduced by pepsi n

di gest i on of concent r at ed I gG ( 3) and pur i f i ed by chr omat ogr aphy on Ul t r agel

ACA 44 ( Phar maci a Fi ne Chemi cal s ; Pi scat away, NJ) i n phosphat e- buf f er ed

sal i ne ( PBS ; see r ef er ence 5) . For l ocal i zat i on wor k, R102 ( Fab' ) 2 at 14. 8 mg/

ml i n PBS was absor bed f or 1 h at 37° C wi t h pur i f i ed chondr ocal ci n ( wher e

i ndi cat ed) and al ways wi t h pur i f i ed epi physeal pr ot eogl ycan ( f r act i on AI DI

t r eat ed wi t h chondr oi t i nase ABC; see r ef er ence 5) each at 1 mg/ ml ( f i nal nat i ve

concent r at i on) . I mmunopr eci pi t at es and ot her pr eci pi t at es wer e r emoved i m-

medi at el y pr i or t o use by cent r i f ugat i on ( 3) . Pr ot ei n concent r at i ons of I gG and

F( ab' ) 2 wer e det er mi ned spect r ophot omet r i cal l y ( 3) . The mat r i x pr ot ei n was

al so det er mi ned spect r ophot omet r i cal l y, assumi ng E1 1- at 280 nmequal s 1 . 0.

I mmedi at el y bef or e use, F( ab' ) 2 i mmunor eagent s wer e r educed wi t h 5 mM

cyst ei ne t o Fab' ( 3) .

Enzyme- l i nked I mmunosor bent Assays :

	

These wer e per f or med

wi t h ammoni umsul phat e concent r at ed i mmunogl obul i ns at 22. 6 mg/ ml essen-

t i al l y as pr evi ousl y descr i bed ( 5) . Pur i f i ed bovi ne chondr ocal ci n and f et al

epi physeal car t i l age pr ot eogl ycan ( A1 Di D1) wer e bound at concent r at i ons of

0. 044 and 5 t ag, r espect i vel y, i n 50- , &1 vol umes, per wel l . Pr ei mmune or
noni mmune i mmunogl obul i n was used t o cont r ol t hese assays, wi t h si mi l ar

r esul t s . Ti t er s wer e r ecor ded as t he r eci pr ocal s of t he gr eat est di l ut i on at whi ch

i mmunor eact i vi t y was obser ved.

PAGE and I mmunobl ot t i ng :

	

El ect r ophor esi s i n 10% SDS PAGE

and 5 %( vol / vol ) mer capt oet hanol wi t h subsequent el ect r obl ot t i ng at 0 . 3 A f or

16 h ont o ni t r ocel l ul ose usi ng Bi or ad Tr ans- Bl ot equi pment ( Bi o- Rad Labor a-

t or i es ; Ri chmond, CA) was car r i ed out as ot her wi se r epor t ed ( 6, 7) . For SDS

PAGE, 15 t ag dr y wei ght of sampl e i n l 0 uI of sampl e buf f er wer e appl i ed t o

each t r ack. Ni t r ocel l ul ose- bound pr ot ei ns wer e washed and st ai ned as descr i bed

bef or e ( 7) but wi t h ei t her ant i ser umR102 or noni mmui ne r abbi t ser umdi l ut ed

t o 10%( vol / vol ) i n 3%( wt / vol ) bovi ne ser umal bumi n i n PBS.

Gr owt h Pl at es and Ti ssue Pr epar at i on :

	

Pr i mar y bovi ne f et al

gr owt h pl at es f r om pr oxi mal t i bi ae wer e i sol at ed as descr i bed bef or e ( 8) . For

i mmunof l uor escence and i mmunoel ect r on mi cr oscopy of ext r acel l ul ar chon-

dr ocal ci n, t i ssues wer e usual l y f i xed i mmedi at el y i n 2%f or mal dehyde wi t h 2%

gl ut ar al dehyde i n PBS f or 1 h at 4° C. Af t er washi ng i n col d PBS f or 5 mi n and

i n PBS cont ai ni ng 5%noni mmune pi g ser umf or 30 mi n at 4° C, t i ssue bl ocks

wer e decal ci f i ed ( wher e i ndi cat ed) i n 0. 5 M EDTA, pH 7 . 4, wi t h pr ot ei nase

i nhi bi t or s at 4° C f or . 16 h ( 8) . To demonst r at e i nt r acel l ul ar chondr ocal ci p wi t h

i mmunof l uor escence, unf i xed t i ssues wer e decal ci f i ed, f r ozen, and f i xed i n 4%

f or mal dehyde af t er sect i oni ng. Ti ssues f i xed i n f or mal dehyde and gl ut ar al de-

hyde wer e sect i oned unf r ozen at 20 t amwi t h a Sor val l TC2 chopper ( Beckman

I nst r ument s, I nc . ; Pal o Al t o, CA) as bef or e f or el ect r on mi cr oscopy ( 4) . Fi xed

and unf i xed t i ssues wer e f r ozen i n 7% gel at i n i n l i qui d ni t r ogen f or f r ozen

sect i oni ng at 4 , um( 3) f or i mmunof l uor escence mi cr oscopy of chondr ocal ci n .

I mmunof l uor escence Mi cr oscopy :

	

Fr ozen sect i ons of f i xed or

unf i xed t i ssue wer e at t ached t o mi cr oscope sl i des pr e- coat ed wi t h 2%gel at i n

whi ch had been ai r dr i ed. They wer e f i xed i n 4%f or mal dehyde f or 5 mi n at

r oom t emper at ur e, washed f or 30 mi n i n PBS, and subsequent l y t r eat ed wi t h

chondr oi t i nase ABCf or 1 . 5 h at 37° C as pr evi ousl y descr i bed ( 3) . Af t er r i nsi ng

i n PBS cont ai ni ng 5 mM cyst ei ne f or 10 mi n, t hey wer e t r eat ed at r oom

t emper at ur e f or 30 mi n ei t her wi t h Fab' f r om r abbi t ant i ser um R102 t o

chondr ocal ci n ( wi t h or wi t hout pr eabsor pt i on wi t h chondr ocal ci n) or wi t h Fab'

f r om pr ei mmune or noni mmune r abbi t ser a, each at a concent r at i on of 3 . 7

mg/ ml i n f r eshl y pr epar ed 5 mMcyst ei ne i n PBS t o pr oduce monoval ent Fab' .

Subsequent washi ng and st ai ni ng of sect i ons wi t h f l uor escei n- l abel ed pi g Fab'

ant i - r abbi t Fab' and f l uor escence mi cr oscopy and ot her i nf or mat i on wer e as

descr i bed ear l i er ( 3) .

I mmunoel ect r on Mi cr oscopy :

	

20- , am- t hi ck f or mal dehyde- gl ut ar -

al dehyde- f i xed, unf r ozen sect i ons of decal ci f i ed or nondecal ci f i ed car t i l age

wer e r i nsed i n PBS and t hen di gest ed f or 3 h at 37' C wi t h chondr oi t i nase ABC

at 2 . 5 t i mes t he concent r at i on used bef or e ( 3) . Af t er r i nsi ng i n PBS cont ai ni ng

5 mMcyst ei ne f or 30 mi n, f l oat i ng sect i ons wer e t r eat ed f or 7 . 5 h wi t h 600- , al

vol umes of R102 Fab' ant i chondr ocal ci n ( 3 . 7 mg/ ml ) or noni mmune r abbi t

Fab' ( 3 . 7 and 0. 7 mg/ ml ) . These r eagent s wer e al ways used i n t he pr esence of

5 mMcyst ei ne. Sect i ons wer e t hen washed f or I h i n 5 mMcyst ei ne i n PBS.

They wer e subsequent l y t r eat ed wi t h a pi g ant i - r abbi t Fab' br i dgi ng ser um f or
2 h as pr evi ousl y descr i bed ( 4) , r i nsed f or 1 h i n PBS, and t hen t r eat ed f or 1 h

wi t h sol ubl e compl exes of r abbi t ant i per oxi dase and per oxi dase ( 4) . Sect i ons
wer e f i nal l y r eact ed f or per oxi dase and t r eat ed wi t h osmi umt et r oxi de, embed-

ded i n Spur r r esi n, sect i oned, and count er - st ai ned wi t h ur anyl and l ead ( 4) . Al l

t hese pr ocedur es wer e conduct ed at r oom t emper at ur es unl ess ot her wi se st at ed.

Mat r i x vesi cl es and t he di scr et e f ocal st ai ni ng f or chondr ocal ci n wer e mea-

sur ed i n mi cr ogr aphs of decal ci f i ed sect i ons. The di amet er s of mat r i x vesi cl es

wer e r ecor ded i n one di mensi on onl y. Due t o t hei r r at her i r r egul ar shape, si t es

of chondr ocal ci n st ai ni ng wer e measur ed t wi ce i n t wo di mensi ons at r i ght

angl es t o each ot her , i nt er sect i ng each ot her equal l y . The pr oduct s wer e added.

Means wer e det er mi ned f or each par t i cl e i n nanomet er s . St andar d devi at i ons

of st ai ned par t i cl es wer e det er mi ned.

Von Kossa' s St ai n f or Cal ci um:

	

Undecal ci f i ed sect i ons f i xed i n
10% f or mal i n wer e st ai ned wi t h von Kossa' s st ai n and count er st ai ned wi t h

0 . 1 %basi c f uchsi n i n 70%et hanol .

RESULTS

Speci f i ci t y of Rabbi t Ant i ser um R102 t o

Chondr ocal ci n

Ant i ser um R102 r eact ed st r ongl y i n ELI SA assays wi t h

pur i f i ed chondr ocal ci n t o gi ve a t i t er of 1, 024 : i t di d not r eact

wi t h l i nk pr ot ei n or wi t h t ype I I col l agen but r eact ed ver y

weakl y wi t h car t i l age pr ot eogl ycan ( t i t er of 8) . The l at t er

r eact i on was sel ect i vel y r emoved by absor pt i on of t he ant i se-

r umf or 1 h at 37° C wi t h pr ot eogl ycan as i ndi cat ed i n Mat e-

r i al s and Met hods . To f ur t her assess t he speci f i ci t y of ant i se-

r umR102, we subj ect ed densi t y gr adi ent f r act i ons A l t o A6

of ext r act ed f et al epi physeal car t i l age, f r om whi ch t he pr ot ei n

was pur i f i ed, t o SDS PAGE under r educi ng condi t i ons f ol -

l owed by el ect r obl ot t i ng and st ai ni ng of t he ni t r ocel l ul ose

f i nger pr i nt wi t h ant i ser umR102 . Thi s r eveal ed t hat t he ant i -

ser um r eact ed i nt ensel y onl y wi t h t he r educed mol ecul e seen

her e as a doubl et of subuni t s of N35, 000 mol wt ( Fi g. 1) . The

r esi dual r eact i on of t he 70, 000- mol - wt speci es cor r esponds t o

t hat obser ved wi t h t he unr educed mol ecul e ( dat a not shown) .

Al so, t he mi nor r eact i ons wi t h speci es <35, 000- mol - wt ar e

due t o degr adat i on pr oduct s of t he 35, 000- mol - wt pr ot ei n

( unpubl i shed dat a) . The mi nor r eact i ons shown her e cannot

be det ect ed i n i mmunol ocal i zat i on wi t h t he t echni ques em-

pl oyed ( dat a not shown) . The r esul t s al so r eveal t hat chondr o-

cal ci n i s absent f r om f r act i on A1, whi ch cont ai ns pr ot eogl ycan

aggr egat es, but i s pr esent i n al l ot her f r act i ons, bei ng most

concent r at ed i n t he upper hal f of t he gr adi ent . I n vi ew of t he

smal l si ze of chondr ocal ci n, t hi s obser vat i on i ndi cat es t hat i t

FI GURE 1 I mmunobl ot t ed SDS PAGE of pur i f i ed chondr ocal ci n

( MP) and f r act i ons Al t hr ough A6 f r om a 235- d- ol d f et us. Pur i f i ed

MP was r un at 15 and 10 pg per t r ack, r eadi ng f r om l ef t t o r i ght .

Mol ecul ar wei ght measur es, x 10 - 3.
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FI GURE 2

	

The l ocal i zat i on of chondr ocal ci n i n r est i ng epi physeal car t i l age of a 181- d- ol d f et us . Ti ssue was i mmedi at el y f i xed i n
2%f or mal dehyde and 2%gl ut ar al dehyde, decal ci f i ed, and sect i oned : ( a) was st ai ned i ni t i al l y wi t h noni mmune r abbi t Fab' and
( b) wi t h R102 Fab' t o chondr ocal ci n . ( a) x 375 . ( b) x 235 .

may i nt er act wi t h mol ecul es of hi gher buoyant densi t y as yet

uni dent i f i ed.

I mmunof l uor escence Mi cr oscopy of

Chondr ocal ci n i n Epi physeal Car t i l age and

Gr owt h Pl at e

Chondr ocal ci n was l ocal i zed as even di f f use st ai ni ng of

moder at e i nt ensi t y t hr oughout t he mat r i x of epi physeal car -

t i l age out si de of t he pr i mar y and secondar y gr owt h pl at es

( Fi g. 2 b) . Cont r ol sect i ons t hat had been i ni t i al l y t r eat ed wi t h

ant i body Fab' absor bed wi t h pur i f i ed mat r i x pr ot ei n, wi t h

pr ei mmune or noni mmune r abbi t Fab' di d not st ai n ( Fi g .

2 a) .
On ent er i ng t he pr ol i f er at i ve zone of t he pr i mar y gr owt h

pl at e, st ai ni ng f or mat r i x pr ot ei n di sappear ed r api dl y unt i l i t

was al most or compl et el y absent ( Fi g . 3) and st ayed as such

up t o and i ncl udi ng t he upper hyper t r ophi c zone ( Fi g. 4b) .

I nt ense i nt r acel l ul ar par t i cul at e st ai ni ng was obser ved i n t he

pr ol i f er at i ve ( Fi g . 3) , mat ur i ng and upper hyper t r ophi c zones .

Thi s was not det ect ed el sewher e and was onl y seen i n t i ssue

ext r act ed wi t h EDTA bef or e f i xat i on . I n t he l ower par t of t he

hyper t r ophi c zone, chondr ocal ci n was det ect abl e i n t he ext r a-

cel l ul ar mat r i x as i nt ense st ai ni ng pr esent i n per i cel l ul ar and

t er r i t or i al si t es l i mi t ed t o t he l ongi t udi nal sept a ( Fi g. 4 b and

c) . I nt r acel l ul ar st ai ni ng was no l onger vi si bl e . Thi s ext r acel -
l ul ar gr owt h pl at e st ai ni ng f or chondr ocal ci n, whi ch was of

an i nt ensi t y f ar gr eat er t han t hat seen el sewher e, was det ect -

abl e i n unext r act ed t i ssue and per si st ed i n t i ssues whi ch had

been pr e- ext r act ed wi t h EDTA bef or e f i xat i on . I n ot her r e-
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FI GURE 3

	

The pr esence of chondr ocal ci n i n cel l s of t he pr ol i f er a-
t i ve zone of gr owt h pl at e f r om a 179- d- ol d f et us . The t i ssue was

decal ci f i ed unf i xed wi t h EDTA, t hen f r ozen, sect i oned, f i xed i n 4%

f or mal dehyde f or 5 mi n, and st ai ned wi t h r abbi t 102 ant i body Fab'
t o chondr ocal ci n . I nt ense par t i cul at e vacuol ar f l uor escence was
obser ved wi t hi n cel l s : t her e was no ext r acel l ul ar st ai ni ng . x 490 .



FI GURE 4

	

The associ at i on of cal ci f i cat i on wi t h chondr ocal ci n i n t he hyper t r ophi c zone of a gr owt h pl at e f r om a 181 - d- ol d f et us.
( a) Undecal ci f i ed sect i on of f or mal i n- f i xed t i ssue t r eat ed wi t h von Kossa' s st ai n t o show mi ner al ( ar r ows) i n per i l acunar and
t er r i t or i al si t es i n t he l ongi t udi nal sept a of t he l ower hyper t r ophi c zone and i n t he cal ci f i ed t r abecul ae ( T) of t he met aphysi s . ( b
and c) Ti ssue was f i xed i n 2%f or mal dehyde and 2%gl ut ar al dehyde, decal ci f i ed, sect i oned, and st ai ned wi t h r abbi t 102 ant i body
Fab' t o chondr ocal ci n . Under t hese condi t i ons of t i ssue pr epar at i on, chondr ocal ci n was onl y det ect abl e i n ext r acel l ul ar si t es .
I nt ense f l uor escence was seen i n t he l ower hyper t r ophi c zone i n t he same per i l acunar and t er r i t or i al si t es i n t he l ongi t udi nal
sept a ( ar r ows) . Thi s st ai ni ng per si st ed at t he edges of t he cal ci f i ed t r abecul ae ( T) i n t he met aphysi s . Ther e was no st ai ni ng f or
chondr ocal ci n i n t he mat r i x of t he upper hyper t r ophi c zone : t he t r ansver se sept ae wer e unst ai ned . ( a) x 684. ( b) x 268. ( c) x
1, 368 .
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FI GURE 5

	

I mmunof l uor escence st ai ni ng ( ar r ow) of chondr ocal ci n

i n t he cal ci f i ed t r abecul ae of t he met aphysi s at t he edges of t he

cal ci f i ed car t i l age of a 181- d- ol d f et us . The woven bone, ost eoi d

and ost eobl ast s ( O) wer e unst ai ned . Ti ssue was f i xed i n 2%f or m-

al dehyde and 2% gl ut ar al dehyde, ext r act ed i n EDTA, and sec-

t i oned : ( a) st ai ned wi t h noni mmune r abbi t Fab' and ( b) wi t h r abbi t

102 ant i body Fab' t o chondr ocal ci n. ( a) x 310 . ( b) x 285 .

gi ons, such as i n t he epi physeal car t i l age mat r i x, much of t he

ext r acel l ul ar chondr ocal ci n was not det ect abl e af t er ext r act i on

bef or e f i xat i on ( r esul t s not shown) . Thi s i nt ense gr owt h pl at e

st ai ni ng was pr esent i n exact l y t he same si t es as we obser ved

cal ci f i cat i on as r eveal ed by t he von Kossa st ai n ( Fi g. 4a) . The

st ai ni ng f or chondr ocal ci n ext ended i nt o t he met aphysi s

wher e i t coat ed t he edges of t he t r abecul ae of cal ci f i ed car t i l age

( 8) t hat ext ended f r omt he l ongi t udi nal sept a ( Fi g. 4b) . Wi t h

t he advent of woven bone f or mat i on by adher ent ost eobl ast s,

chondr ocal ci n per si st ed at t he now cover ed edges of t he

cal ci f i ed car t i l age ( Fi g. 5 b) but was absent f r omt he demi n-

er al i zed woven bone and f r om cal ci f i ed and decal ci f i ed os-

t eoi d r emot e f r omt he met aphysi al j unct i on ( Fi g. 56) . Con-

t r ol s wer e al ways negat i ve ( Fi g. 5 a) .

I mmunoel ect r on Mi cr oscopy

Exami nat i on of t he nondecal ci f i ed l ower hyper t r ophi c zone

r eveal ed t hat t he chondr ocal ci n obser ved i n t he l ongi t udi nal

sept a wi t h i mmunof l uor escence i s f i r st seen as amor phous

st ai ni ng i n di scr et e f ocal si t es adj acent t o hyper t r ophi c cel l s

( Fi g . 6) . At hi gher magni f i cat i ons, t hi s i nt ense i mmune st ai n-

i ng ( Fi gs. 7 b and 8 b) was cl ear l y di st i ngui shabl e f r omt he l ess

el ect r on- dense amor phous mi ner al obser ved i n t he same si t es

i n cont r ol sect i ons t r eat ed i ni t i al l y wi t h noni mmune r abbi t

Fab' ( Fi gs. 7 a and 8b) . Mor eover , t he mi ner al was pr esent
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wher ever chondr ocal ci n was det ect ed, as r eveal ed by a car ef ul

compar i son of Fi g . 7 a wi t h 7 6 and of Fi g . 8 a wi t h 8 b.

Cr yst al l i ne mi ner al was obser ved i n t he l ower most hyper -

t r ophi c zone ( Fi g . 8c) and i n t he cal ci f i ed met aphysi al car t i -

l age .

Decal ci f i cat i on of t hi s car t i l age mat r i x ( as per f or med f or

Fi g. 4, b and c) demonst r at ed t hat t he el ect r on densi t y i den-

t i f i ed as mi ner al i n cont r ol nondecal ci f i ed car t i l age was no

l onger pr esent ( Fi g . 9a) . Wi t h ant i body st ai ni ng, chondr ocal -

ci n was st i l l obser ved i n exact l y t he same si t es ( Fi gs. 9 6 and

10 a) . The st ai ni ng was si mi l ar , al t hough much l ess el ect r on-

dense, t o t hat obser ved wi t hout decal ci f i cat i on . The st ai ni ng

was measur ed i n spi t e of i t s i r r egul ar f or m( 644 nm± 275, n

= 34) . Cl oser t o and at t he j unct i on wi t h t he met aphysi s,

chondr ocal ci n st ai ni ng per si st ed and was of t en mor e def i ned

i n shape and suggest i ve of bei ng pr esent i n " cr yst al ghost s"

l ef t af t er decal ci f i cat i on ( Fi g. 10, b and c) . Thi s f ocal st ai ni ng

cor r esponded i n shape, si ze, and l ocat i on t o t hat seen i n

cal ci f i ed sect i ons such as i s obser ved i n Fi gs. 7 b and 8b . I n

decal ci f i ed sect i ons, mat r i x vesi cl es wer e cl ear l y i dent i f i ed by

t hei r el ect r on densi t y, si ze ( 78 . 5 nm± 18 . 8, n = 13) , and t he

pr esence of a uni t membr ane sur r oundi ng t hem( Fi g . 10 a, b,

and d) . They showed no r ecogni zabl e associ at i on wi t h chon-

dr ocal ci n st ai ni ng and di d not st ai n f or chondr ocal ci n . They

wer e, however , of t en obser ved i n t he decal ci f i ed mat r i x i n t he

i mmedi at e vi ci ni t y of chondr ocal ci n.

The f ocal most i nt ense cal ci f i cat i on of car t i l at e mat r i x t hus

occur r ed wher ever chondr ocal ci n was det ect ed. The cal ci f i -

cat i on pr ocess t hen spr ead out f r om t hese " nucl eat i on si t es"

i nt o t he sur r oundi ng mat r i x . Thi s i s cl ear l y shown i n Fi g . 11,

whi ch compar es car t i l age st ai ned f or chondr ocal ci n wi t h ( b,

d, f , and h) or wi t hout ( a, c, e, and g) pr i or decal ci f i cat i on .

Fr om f ocal si t es ( Fi g. 11 a) , cal ci f i cat i on ext ended out war ds

( Fi g. 11 c) i nt o t he sur r oundi ng mat r i x whi l e chondr ocal ci n

per si st ed mai nl y i n r el at i vel y di scr et e si t es ( Fi g . 11, b, d, and

f ) . The cal ci f i cat i on f r ont at t he edges of t he l ongi t udi nal

sept a whi ch ext ended i nt o t he met aphysi s ( Fi g. 11, e and g)

t hen f or med t he edge of t he cal ci f i ed mat r i x, cor r espondi ng

t o t he l ami na l i mi t ans ( L i n Fi g . 11 h) ont o whi ch ost eobl ast s

t hen set t l ed and manuf act ur ed ost eoi d and t hen bone ( Fi g .

11 h) . Thi s occur r ed onl y af t er t he out er noncal ci f i ed mat r i x

had been l ost . By t hi s t i me, chondr ocal ci n was of t en mor e

di f f i cul t t o det ect ( Fi g. 11 h) : i t may have been par t l y l ost

f r om t he mat r i x i n vi vo or dur i ng decal ci f i cat i on.

DI SCUSSI ON

The cal ci f i cat i on of t he ext r acel l ul ar mat r i x of car t i l age gr owt h

pl at e i s a pr i mar y event i n endochondr al bone f or mat i on . The

bi ochemi cal mechani sms wher eby t hi s i s i ni t i at ed and r egu-

l at ed have been t he subj ect of much r esear ch and specul at i on.

Whi l e much emphasi s has been pl aced on t he i ni t i at i ng r ol e

of mat r i x vesi cl es ( 9- 13) , t hei r i mpor t ance has been ques-

t i oned r ecent l y ( 14) .

The pr esent st udi es r eveal an i nt i mat e associ at i on bet ween

a newl y descr i bed pr ot ei n we cal l chondr ocal ci n and car t i l age

cal ci f i cat i on i n endochondr al bone f or mat i on. Chondr ocal ci n

i s deposi t ed pr eci sel y wher e we obser ve t he i ni t i al maj or f ocal

cal ci f i cat i on of car t i l age i n t he l ower hyper t r ophi c zone . Thi s

occur s i n t he i mmedi at e vi ci ni t y of mat r i x vesi cl es but not at

t he same si t es occupi ed by t hem. Thi s cal ci f i cat i on i s concen-

t r at ed i n di scr et e per i cel l ul ar and t er r i t or i al si t es i n t he l ongi -

t udi nal sept a of t he l ower hyper t r ophi c zone wher e chondr o-

cal ci n i s deposi t ed . I t i s l i kel y t hat chondr ocal ci n and mi ner al



FI GURE 6

	

Low power el ect r on mi cr ogr aph t o showt he f i r st appear ance of mi ner al and st ai ni ng f or chondr ocal ci n i n a l ongi t udi nal
sept um of t he l ower hyper t r ophi c zone of a 151- d- ol d f et us. Undecal ci f i ed t i ssue was f i xed i n 2% f or mal dehyde and 2%
gl ut ar al dehyde, sect i oned, and st ai ned wi t h r abbi t R102 Fab' t o chondr ocal ci n . The bot t om of t he f i gur e i s cl osest t o t he
met aphysi s . Bar , 1 j Am. x 5, 300 .
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FI GURE 7

	

El ect r on mi cr ogr aphs t o show t he cl ose associ at i on bet ween mi ner al and chondr ocal ci n i n t he l ower hyper t r ophi c

zone i n a 151- d- ol d f et us . Undecal ci f i ed t i ssue was f i xed i n 2% f or mal dehyde and 2% gl ut ar al dehyde, sect i oned, and st ai ned

wi t h ei t her r abbi t ant i body R102 Fab' t o chondr ocal ci n ( b) or noni mmune r abbi t Fab' ( a) when onl y mi ner al was det ect abl e .

Bar s, 500 nm. x 15, 000.
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FI GURE 8 El ect r on mi cr ogr aphs t o show at hi gher magni f i cat i on t he co- exi st ence of mi ner al and chondr ocal ci n i n t he l ower

hyper t r ophi c zone ( b) of a 151 - d- ol d f et us and i n t he j unct i onal zone wi t h t he met aphysi s ( c) . a shows mi ner al onl y and i s t he

nommmune r abbi t Fab' cont r ol f or b . c and b have been st ai ned wi t h r abbi t ant i body Fab' t o chondr ocal ci n . I n a and b

amor phous cal ci um phosphat e i s pr esent , wher eas i n c i t i s cr yst al l i ne . Undecal ci f i ed t i ssue was f i xed as i n Fi g. 7. Bar s, 200 nm.

( a and b) x 47, 000 . ( c) X 51, 700.
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FI GURE 9

	

El ect r on mi cr ogr aphs t o show t he pr esence of st ai ni ng f or chondr ocal ci n i n t he decal ci f i ed per i cel l ul ar and t er r i t or i al

mat r i x of l ongi t udi nal sept a of t he l ower hyper t r ophi c zone of a 181- d- ol d f et us . Ti ssue was f i xed i n 2% f or mal dehyde and 2%

gl ut ar al dehyde bef or e ext r act i on wi t h EDTA and sect i oni ng . a was i ni t i al l y t r eat ed wi t h noni mmune r abbi t Fab' and ( b) wi t h

r abbi t 102 ant i body Fab' t o chondr ocal ci n . Bar s, 1 km. x 7, 000 .

ar e si mul t aneousl y deposi t ed si nce t hey wer e i nvar i abl y ob-
ser ved t oget her at t he ul t r ast r uct ur al l evel : al so, chondr ocal ci n
appear s t o be par t l y l ost f r omt he mat r i x when i t i s decal ci f i ed,

as i ndi cat ed by i mmunoel ect r on mi cr oscopy . Fr om t hese
i ni t i al f ocal nucl eat i on si t es, cal ci f i cat i on ext ended i nt o t he

sur r oundi ng mat r i x . Chondr ocal ci n i s a cal ci um- bi ndi ng pr o-

t ei n ( P. Hauschka, H. V. Choi , and L. C. Rosenber g, unpub-

l i shed r esul t s) t hat has a consi der abl e af f ini t y f or hydr oxyapa-

t i t e ( 1) . These pr oper t i es woul d f avour i t s r ol e as a nucl eat i on

agent .

Whi l e chondr ocal ci n i s sel ect i vel y concent r at ed i n t he ex-

t r acel l ul ar mat r i x of t he l ongi t udi nal sept a of t he l ower most
hyper t r ophi c zone, i t i s al so pr esent i n l ower concent r at i ons
i n epi physeal car t i l age t hat i s not cal ci f yi ng . The r eason f or

t hi s sel ect i ve cal ci f i cat i on of car t i l age r emai ns t o be est ab-
l i shed. Si nce chondr ocal ci n i s essent i al l y absent f r om t he
mat r i x of t he noncal ci f yi ng par t of t he gr owt h pl at e, i t i s

possi bl e t hat a speci al mol el cul ar f or m or assembl y of t hi s

pr ot ei n i n hi gh concent r at i on i s r equi r ed f or cal ci f i cat i on t o

occur . Our obser vat i ons t hat chondr ocal ci n i s pr esent i n

i nt r acel l ul ar si t es bef or e i t s ext r acel l ul ar appear ance i n t he
gr owt h pl at e suggest t hat t he cel l s of t he gr owt h pl at e synt he-
si ze and suddenl y r el ease chondr ocal ci n i n t he l ower hyper -
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t r ophi c zone wher e i t i s r equi r ed f or cal ci f i cat i on . Tr ace

amount s of chondr ocal ci n have been det ect ed i n ser um ( 1) .

I t coul d be ar gued t hat t hi s mol ecul e accumul at es i n cal ci f yi ng

car t i l age by passi vel y bi ndi ng t o hydr oxyapat i t e . Si nce, how-

ever , chondr ocal ci n has never been det ect ed i n cal ci f yi ng bone

( A. R. Pool e, 1. Pi doux, L . Rosenber g, manuscr i pt i n pr epa-

r at i on) , t hi s passi ve hypot hesi s i s unl i kel y .

Ot her st udi es t hat ar e st i l l i n pr ogr ess i ndi cat e t hat chon-

dr ocal ci n appear s i n ext r acel l ul ar si t es of cal ci f yi ng car t i l age

wher e unusual l y hi gh l ocal concent r at i ons of pr ot eogl ycans

and l i nk pr ot ei n ar e demonst r abl e wi t h i mmunoel ect r on mi -

cr oscopy ( A. R. Pool e, I . Pi doux, and L . C. Rosenber g,

unpubl i shed r esul t s) : t hese have not been f ound i n noncal ci -

f yi ng car t i l age ( 4) . Recent evi dence was pr esent ed i ndi cat i ng

t hat ear l y endochondr al cal ci f i cat i on occur r ed at si t es r i ch i n

sul phur ( 15) , a maj or component of car t i l age pr ot eogl ycans :

t he ear l i est det ect abl e event was an i ncr ease i n cal ci um i n

associ at i on wi t h f ocal sul phur deposi t s . Ot her wor k has al so

r eveal ed t hat cal ci f i cat i on occur s at si t es wher e pr ot eogl ycans

ar e concent r at ed ( 16, N. Shepar d and N. Mi t chel l , manuscr i pt

i n pr epar at i on) . Thus chondr ocal ci n may i nt er act wi t h speci al

macr omol ecul ar aggr egat es of pr ot eogl ycans i n t he car t i l age

mat r i x . The i ni t i al bi ndi ng of chondr ocal ci n t o pr ot eogl ycan



FI GURE 10

	

El ect r on mi cr ogr aphs t o show at hi gher magni f i cat i on t he pr esence of chondr ocal ci n i n decal ci f i ed mat r i x as shown

i n Fi g. 9 . a, b, and c wer e st ai ned wi t h r abbi t 102 ant i body Fab' t o chondr ocal ci n and d, whi ch i s t he cont r ol f or a and b, was

st ai ned wi t h noni mmune r abbi t Fab' . a shows at hi gher magni f i cat i on t he st ai ni ng f or chondr ocal ci n as seen i n Fi g . 9b ( b) and ( c)

show st ai ni ng f or chondr ocal ci n ( ast er i sks) i n t he cal ci f i ed car t i l age cl oser t o and at t he met aphyseal j unct i on r espect i vel y . St ai ned

st r uct ur es wi t h unst ai ned el ect r on- dense edges and el ect r on- dense cent er s can be seen i n b ( c) . Mat r i x vesi cl es ( V) ar e vi si bl e i n

a, b, and d. ( a) x 15, 000 ( b) x 30, 500 ( c and d) x 62, 000. Bar s : ( a and b) 500 nm; ( c and d) 200 nm.
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FI GURE 11

	

El ect r on mi cr ogr aphs t o show chondr ocal ci n st ai ni ng wi t h ( a, c, e, and g) and wi t hout ( b, d, f , and h) mi ner al i n t he

l ower hyper t r ophi c zone ( a- d) and t he met aphysi s ( e- h) . The t wo sequences r eadi ng f r om t op t o bot t om demonst r at e

chondr ocal ci n and i ni t i al cal ci f i cat i on ( a) , t he pr ogr essi ve spr ead of cal ci f i cat i on ( c, e, and g) and t he appear ance of chondr ocal ci n

al one ( ast er i sks) dur i ng t hese changes ( b, d, f , and h) . The f or mat i on of cal ci f i ed edges t o t he t r abecul ae i s al so shown ( e and g) .

The edge of an ost eobl ast can be seen i n h . Ti ssue was ot her wi se pr epar ed as i n Fi g . 9b . L, t he l ami na l i mi t ans . Bar s, 500 nm. x

13, 400.

may be medi at ed by cal ci um. Once i t has bound, chondr o-

cal ci n coul d act as a nucl eat or f or mi ner al accr et i on .

Chondr ocal ci n has al so been f ound t o be sel ect i vel y con-
cent r at ed i n ot her cal ci f yi ng car t i l ages al t hough i t i s pr esent

i n r el at i vel y t r ace amount s i n noncal ci f yi ng car t i l age i ncl ud-

i ng ar t i cul ar car t i l age ( A. R. Pool e, 1. Pi doux, H. Reddi , and

L. C. Rosenber g, manuscr i pt s i n pr epar at i on) . As yet , i t has

not been f ound i n i mmat ur e ( as shown her e) nor mat ur e bone
and appear s t o be absent f r omt i ssues ot her t han car t i l age ( A.
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R. Pool e, 1 . Pi doux, and L. Rosenber g, manuscr i pt i n pr epa-

r at i on) al t hough t r ace amount s have been det ect ed i n ser um

( 1) . These obser vat i ons t oget her i ndi cat e t hat hi gh l ocal con-

cent r at i ons of chondr ocal ci n ar e cl osel y associ at ed wi t h car -
t i l age cal ci f i cat i on and pr ovi de us wi t h a new per spect i ve of
car t i l age cal ci f i cat i on .

Thi s wor k was suppor t ed by gr ant s f r om t he Shr i ner s of Nor t h
Amer i ca and t he Medi cal Resear ch Counci l of Canada ( t o A. R.



Pool e) and gr ant s number s AMHD21498 and CA AM23934 f r om

t he Nat i onal I nst i t ut es of Heal t h ( t o L. Rosenber g) .

Recei vedf or publ i cat i on 18 Jul y 1983, andi n r evi sedf or m 16 Sept em-

ber 1983 .
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