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ABSTRACT

	

We i sol at ed cel l s f r om bot h cal var i a and t he out er cor t i ces of l ong bones f r om 3-
t o 5- mo bovi ne f et uses . The cel l s wer e i dent i f i ed as f unct i onal ost eobl ast s by i ndi r ect
i mmunof l uor escence usi ng ant i bodi es agai nst t hr ee bone- speci f i c, noncol l agenous mat r i x
pr ot ei ns ( ost eonect i n, t he bone pr ot eogl ycan, and t he bone si al opr ot ei n) and agai nst t ype I
Col l agen . I n separ at e exper i ment s, conf l uent cul t ur es of t he cel l s wer e r adi ol abel ed and shown
t o synt hesi ze and secr et e ost eonect i n, t he bone pr ot eogl ycan and t he bone si al opr ot ei n by
i munopr eci pi t at i on and f l uor ogr aphy of SI DS pol yacr yl ami de gel s . Anal ysi s of t he r adi ol abel ed
col l agens synt hesi zed by t he cul t ur es showed t hat t hey pr oduced pr edomi nant l y ( - 94%) t ype
I col l agen, wi t h smal l amount s of t ypes I I I and V col l agens . I n agr eement wi t h pr evi ous
i nvest i gat or s who have empl oyed t he r odent bone cel l syst em, we conf i r med i n bovi ne bone
cel l s t hat ( a) t her e was a t ypi cal cycl i c AMP r esponse t o par at hyr oi d hor mone, ( b) f r eshl y
i sol at ed cel l s possessed hi gh l evel s of al kal i ne phosphat ase, whi ch di mi ni shed dur i ng cul t ur e
but r et ur ned t o nor mal l evel s i n mi ner al i zi ng cul t ur es, and ( c) cel l s gr own i n t he pr esence of
ascor bi c aci d and 3- gl ycer ophosphat e r api dl y pr oduced and mi ner al i zed an ext r acel l ul ar
mat r i x cont ai ni ng l ar gel y t ype I col l agen . These r esul t s show t hat ant i bodi es di r ect ed agai nst
bone- speci f i c, noncol l agenous pr ot ei ns can be used t o cl ear l y i dent i f y bone cel l s i n vi t r o .

Sever al cr i t er i a have been used t o char act er i ze cel l s i sol at ed
and cul t ur ed f r om bone as ost eobl ast s, al t hough none have
pr oved speci f i c . These ar e t hat ( a) f r eshl y i sol at ed bone cel l s
possess hi gh al kal i ne phosphat ase act i vi t y ( 1) , ( b) bone cel l s
show a st r ong cycl i c AMP r esponse t o par at hyr oi d hor mone
( 2) , ( c) bone cel l s secr et e pr edomi nant l y t ype I col l agen when
gr own i n t he pr esence of ascor bi c aci d ( 3) , and ( d) bone cel l s
pr oduce and par t i al l y mi ner al i ze a mat r i x, gi ven ext ended
t i me i n cul t ur e and def i ned cul t ur e condi t i ons ( 4- 9) .

Recent l y, t he i sol at i on and pur i f i cat i on of sever al noncol -
l agenous mat r i x pr ot ei ns f r om f et al cal f bone ( 10) have pr o-
vi ded new t ool s t o i dent i f y bone cel l s wi t h i ncr eased cer t ai nt y .
Ant i bodi es agai nst t hese pr ot ei ns have been used t o est abl i sh
t hei r t i ssue speci f i ci t y i n f et al cal f bone ( 11- 13) . I n t hi s st udy
we conf i r m t he cr i t er i a l i st ed above usi ng bone cel l s obt ai ned
f r om t he cal var i a and l ong bones of f et al cal ves, t he f i r st
nonr odent syst em t o be expl or ed . We show by i ndi r ect i m-
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munof l uor escence and i n bi osynt het i c exper i ment s, t hat t hese
cel l s pr oduced t hr ee bone- speci f i c, noncol l agenous pr ot ei ns ;
ost eonect i n ( 11) , t he bone pr ot eogl ycan ( 12) , and t he bone
si al opr ot ei n ( 13) , t hus pr ovi ng concl usi vel y t hat t hi s met h-
odol ogy can cl ear l y i dent i f y bone cel l s i n vi t r o .

MATERI ALS AND METHODS

Cul t ur e Condi t i ons :

	

Fet al cal ves ( 3- 5 mo i n ut er o [ 8] and st i l l i n t he
f et al sac) wer e obt ai ned f r om Schnei der Packi ng Co . , St . Loui s, MOwi t hi n 15
mi n of bei ng ki l l ed . The f et us was r emoved wi t h st er t i l e gl oves and pl aced i n a
pl ast i c bag on i ce f or t r anspor t t o t he l abor at or y ( 45 mi n) .

Di ssect i on of t he bones was per f or med under a l ami nar f l ow hood . Bot h

hal ves of t he cr ani al vaul t , t i bi as, and f emur s wer e r emoved under asept i c

condi t i ons . The per i ost ea of al l bones, t he car t i l agi nous ends of t he l ong bones

and t he dense connect i ve t i ssue of t he sut ur es of t he cal var i a wer e r emoved .

Radi al sl i ces of t he cr ani al vaul t , l - 2 mmwi de and 10- 25 mmi n l engt h, wer e

r emoved f r om t he t hi nnest ar eas ( 1- 3 mmt hi ck) wi t h a st er i l i zed si ngl e- edged
r azor bl ade . Longi t udi nal sl i ces of t he t i bi as and f emur s wer e shaved of f t he
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out er met aphyseal and di aphyseal cor t ex, r i nsed i n cul t ur e medi um wi t hout

ser um, and cut i nt o pi eces wi t h appr oxi mat e di mensi ons of l x l x 2 mm.

The bone pi eces wer e t r ansf er r ed t o 100 mmpet r i di shes and i ncubat ed wi t h
i nt er mi t t ent agi t at i on f or 40 mi n at 37° C i n 8- 10 ml of cul t ur e medi umwi t hout

ser umand cont ai ni ng 1 mg/ ml t ype I V col l agenase ( Si gma Chemi cal Co . , St .
Loui s, MO) or cr ude col l agenase ( Wor t hi ngt on Bi ochemi cal Cor p . , Fr eehol d,

NJ) . The pet r i di shes wer e agi t at ed vi gor ousl y upon r emoval f r omt he i ncubat or

and t he medi um cont ai ni ng t he r el eased cel l s pl aced i n 20- ml st er i l e cent r i f uge

t ubes . An equal vol ume of compl et e cul t ur e medi um ( see bel ow) was added t o
t he cent r i f uge t ubes t o st op t he col l agenase act i vi t y and t he t ubes cent r i f uged

at l ow speed f or 3- 5 mi n. The medi um was r emoved and t he cel l pel l et
r esuspended i n 2- 3 ml of compl et e medi um. ' / 2 ml of t he cel l suspensi on ( - I x

10 6 cel l s) was pl at ed out i nt o 35- mmpet r i di shes, ont o 20- mm' gl ass cover sl i ps

or i nt o 75- ml cul t ur e f l asks and i ncubat ed at 37° C i n a humi di f i ed at mospher e

of 95%ai r , 5%C0 2.

Each 100 ml of compl et e medi a cont ai ned 40%Dul becco' s modi f i ed Eagl e' s

nut r i ent medi a, wi t h 4 . 5 g/ 1 of gl ucose, 40%Ham' s F- 12, 20%heat - i nact i vat ed

f et al cal f ser um, 0. 1 ml of I TS ( 500 ug i nsul i n, 500 ug t r ansf er r en, 500 ug
sel eni um, Col l abor at i ve Resear ch I nc . , Lexi ngt on, MA) , 100 uni t s peni ci l l i n

and 100 ug st r ept omyci n .

Cel l s gr own t o conf l uency i n 75- ml f l asks wer e subcul t ur ed by r epl aci ng t he
gr owt h medi a wi t h Hank' s bal anced sal t sol ut i on, pH7. 2 ( wi t hout cal ci umand
magnesi um, and cont ai ni ng 0. 2% EDTA) . Af t er 5- 10 mi n of i ncubat i on at
37° C, t he cel l suspensi on was r emoved, cent r i f uged, r esuspended i n 3- 5 ml of

cul t ur e medi um and pl at ed out ont o si x t o t en 35- mmpet r i di shes ( - I x 10°
cel l s/ di sh as det er mi ned usi ng t r ypan bl ue and a hemat ocyt omet er ) .

To i nduce mi ner al i zat i on, we st i mul at ed 7- 10 d, conf l uent pr i mar y cul t ur es

by t he addi t i on of 50 ug/ ml ascor bi c aci d and 10 mM, 3- gl ycer ophosphat e dai l y

( 9) . Ar eas i n conf l uent cul t ur es wher e most cel l over gr owt h and cel l mul t i l ay-
er i ng occur r ed mi ner al i zed f i r st . Vi sual obser vat i on of t he onset of mi ner al i za-

t i on was possi bl e wi t hi n 7- 10 d and most cul t ur es appear ed t o add mi ner al i zed

mat r i x pr ogr essi vel y up t o 14 d f r om t he onset . The cal ci um and phosphor us

concent r at i ons of t he medi um ar e - 1 . 73 mM and 1 . 1 mM, r espect i vel y .

Mi ner al i zed ar eas wer e r emoved manual l y f r om t he cul t ur e di shes and f r eeze-

dr i ed f or x- r ay di f f r act i on and i nf r ar ed spect r oscopi c exami nat i on ( 16) .

Al kal i ne Phosphat ase :

	

Sampl es anal yzed wer e ( a) f r eshl y- i sol at ed
cel l s and ( b) cul t ur ed cel l s at conf l uence t r eat ed ei t her wi t h or wi t hout 0-

gl ycer ophosphat e and ascor bi c aci d f or 2 t o 6 d. The cel l s wer e r i nsed i n Hank' s

bal anced sal t sol ut i on, scr aped of f t he di sh and t r ansf er r ed t o t est t ubes i n 2 ml

of 0. 25 Msucr ose and soni cat ed ( Bi osoni k I I I [ Br onwi l l Sci ent i f i c, Rochest er ,
NY] on i ce f or 30 s at t he hi gh set t i ng.

Al kal i ne phosphat ase act i vi t y of t he soni cat ed sol ut i on was det er mi ned usi ng

t he Si gma pr ocedur e and r eagent s ( Si gma Chemi cal Co . ) #246- A . P- Ni t r ophenyl

phosphat e ( 66 uM) was added t o 6 . 5 ml of a 0. 1 Msol ut i on of t he buf f er 2-

ami no, 2- met hyl , 1- pr opanol at pH 10. 2 whi ch cont ai ned ( 0 . 1 mM) magne-

si um. The al kal i ne phosphat ase act i vi t y was det er mi ned by t he di f f er ence i n

t he 405- nmabsor bant e bet ween 0 and 3 mi n of i ncubat i on at 37° C.

Cycl i c- AMP Response t o Par at hyr oi d Hor mone :

	

At cul t ur e

conf l uency, t he medi um was dr awn of f 35 mm di sh cul t ur es and r epl aced by

phosphat e- buf f er ed sal i ne cont ai ni ng 5 x 10 - ° M3- i sobut yl met hyl xant hi ne, a

phosphodi est er ase i nhi bi t or t hat pr event s t he enzymat i c br eakdown of cycl i c

AMP. Af t er 10- 15 mi n of i ncubat i on, t he buf f er was r epl aced by cul t ur e

medi um cont ai ni ng 0. 5%ser um al bumi n, 3- i sobut yl met hyl xant hi ne and 100

ng/ ml par at hyr oi d hor mone, 1- 34 f r agment ( Beckman I nst r ument s, I nc . , Pal o

Al t o, CA) . Gr oups of cul t ur es wer e i ncubat ed f or I , 2 . 5, 5, 10, and 20 mi n at

37° C. Cycl i c AMP pr oduct i on was t er mi nat ed by pour i ng of f t he medi um,

r i nsi ng t wi ce wi t h phosphat e- buf f er ed sal i ne, addi ng i ce- col d t r i chl or oacet i c

aci d ( 10%) t o t he cul t ur e and pl aci ng t he di sh on i ce f or 30 mi n . The

t r i chl or oacet i c aci d pr eci pi t at e was scr aped f r om t he di shes, and wi t h t he

t r i chl or oacet i c aci d t r ansf er r ed t o cent r i f uge t ubes, soni cat ed, and spun down .

The super nat ant , cont ai ni ng t he cycl i c AMP, was washed f i ve t i mes wi t h equal

vol umes of di et hyl et her t o r emove t r i chl or oacet i c aci d and l yophi l i zed. The

amount of cycl i c AMP pr esent was det er mi ned by t he pr ot ei n bi ndi ng met hod

of Gi l man ( 17) as pr evi ousl y modi f i ed ( 12) . The r esul t s ar e expr essed i n

pi comol es cAMP/ cul t ur e .

I mmunof l uor escence Mi cr oscopy: I mmunof l uor escence st ai n-

i ng was car r i ed out on bone cel l s gr own on gl ass Cover si ps . St ai ni ng f or

ost eonect i n . bone si al opr ot ei n, bone pr ot eogl ycan and t ype I col l agen was done

on 3- 5- d nonconf l uent pr i mar y and passaged cul t ur es, conf l uent cul t ur es gr own

i n compl et e medi um, or conf l uent cul t ur es t o whi ch ascor bi c aci d and 0-

gl ycer ophosphat e wer e added dai l y f or per i ods up t o 4 d . The cover sl i ps wer e

r emoved f r om t he cul t ur e medi a, r i nsed t hr ee t i mes i n 50 mMphosphat e-

buf f er ed sal i ne and f i xed f or 1 mi n i n absol ut e met hanol and ai r - dr i ed .

Cover sl i ps cont ai ni ng mi ner al i zed mat r i x wer e demi ner al i zed f i r st f or 24 h wi t h

0 . 1 MEDTA as descr i bed ear l i er ( 11) bef or e st ai ni ng .

The cover sl i ps wer e i ncubat ed i n a moi st chamber wi t h a 1 : 10 di l ut i on of
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ant i bodi es t o t ype 1 col l agen ( a gi f t f r om Dr . G. R. Mar t i n, Nat i onal I nst i t ut e
of Dent al Heal t h, Nat i onal I nst i t ut es of Heal t h) , ost eonect i n ( 11) , bone pr ot eo-
gl ycan ( 12) , bone si al opr ot ei n ( 13) and pr ei mmune r abbi t ser um ( cont r ol ) f or
l h at r oom t emper at ur e . Af t er i ncubat i on, t he cover sl i ps wer e washed i n f our
changes ( 5 mi n each) of phosphat e- buf f er ed sal i ne wi t h gent l e agi t at i on f or a
t ot al of 20 mi n. The cover sl i ps wer e br i ef l y i mmer sed i n dei oni zed- di st i l l ed

wat er t o pr event any pr eci pi t at i on of sal t s and al l owed t o ai r dr y . The st ai ni ng
and washi ng pr ocedur es wer e r epeat ed wi t h a 1 : 20 di l ut i on of f l uor escei n-

conj ugat ed I gG, Fe f r agment ( ant i - goat made i n sheep f or t ype I col l agen and
ant i - r abbi t made i n goat f or ost eonect i n, bone pr ot eogl ycan, and bone si al opr o-

t ei n [ Cappel Labor at or i es, Cochr anvi l l e, PA] ) . Cover sl i ps wer e mount ed on
gl ass sl i des i n 85%gl ycer ol and exami ned wi t h a Lei t z- Or t hol ux I I phot omi cr o-

scope wi t h a f l uor escence ver t i cal i l l umi nat or . Phot omi cr ogr aphs of ant i body-
t r eat ed and cont r ol s wer e exposed and pr ocessed under i dent i cal condi t i ons .

Noncol l agenous Pr ot ei n Bi osynt hesi s :

	

Pr i mar y cul t ur es wer e
passed i nt o 35- mmpet r i di shes and gr own t o conf l uency . The medi um wer e
r emoved and t he cul t ur es washed wi t h Dul becco- Vogt medi um wi t h 4 . 5 g of
gl ucose/ l i t er wi t hout met hi oni ne or f et al cal f ser um. For ost eonect i n, 10 uCi /

Fi l l of L. - ( " S] met hi oni ne, ( 800 Ci / nmol , t r ansl at i on gr ade [ New Engl and Nu-
cl ear , Bost on, MA] ) was added t o one ml of t he Dul becco- Vogt medi um and
i ncubat ed f or 4 h at 37° C. For bone si al opr ot ei n, t o 1 ml of Dul becco- Vogt
pl us 20% f et al cal f ser um, 10 pCi / ml of L- [ 3°S] met hi oni ne was added and
i ncubat ed at 37° C f or 24 h . For bone pr ot eogl ycan, 100 uCi / ml of " SNa2SOe
( car r i er f r ee [ I CN Phar maceut i cal s, I nc . , Cl evel and, OH] ) was added t o I ml of
t he Dul becco- Vogt and i ncubat ed f or 4 h at 37° C. Af t er i ncubat i on wi t h l abel ,

t he medi um was r emoved and an 800- / Al al i quot was i ncubat ed wi t h 100 Al
Pansor bi n TM ( Sl aphyl coccus aur eus cel l s) ( Cal bi ochem- Behr i ng Cor p. , San

Di ego, CA) t hat had been pr e- washed wi t h buf f er A ( 10 mMTr i s, 0. 9%NaC1,

pH 7. 4, 0. 5%Noni det P- 40) f or I h on i ce. The sol ut i on was cent r i f uged and

t he pel l et di scar ded . The appr opr i at e ant i ser a ( l 0 ul ) was added t o t he super -

nat ant f r act i on and i ncubat ed on i ce f or I h. An addi t i onal 100 Al of f r esh,

washed Pansor bi n was added and i ncubat ed on i ce f or 1 h . The sol ut i on was

cent r i f uged, and t he super nat ant di scar ded . The pel l et was washed t hr ee t i mes

by r esuspendi ng i n buf f er B( buf f er Apl us 18 . 44 g KCl / 100 ml ) and cent r i f uged

af t er each wash . The pel l et was washed t wi ce f ur t her wi t h buf f er A and a f i nal

t i me wi t h di st i l l ed H2O. The pel l et was r esuspended i n 50 ml of gel sampl e

buf f er as descr i bed by Laemml i cont ai ni ng , 0- mer capt oet hanol ( 19) , boi l ed f or

3 mi n and cent r i f uged. The super nat ant f r act i on was appl i ed t o a 4- 20%

pol yacr yl ami de SDS gel ( 3%st acki ng gel ) ( l 2) and el ect r ophor esed unt i l t he

br omophenol bl ue t r acki ng dye was wi t hi n I cm of t he bot t om. The gel was

equi l i br at ed wi t h Aut of l uor ( Nat i onal Di agnost i cs, I nc. , Somer vi l l e, NJ) ac-

cor di ng t o i nst r uct i ons, dr i ed and a f l ur ogr am made usi ng Kodak XAR f i l m at

- 70° C. Af t er devel opment , t he f l uor ogr am was scanned on an LKBUl t r ascan,

Laser Densi t omet er , model 2202 ( LKB I nst r ument s, I nc . , Gai t her sbur g, MD) .

Col l agen Bi osynt hesi s :

	

Pr i mar y bone cel l cul t ur es wer e der i ved as

above, passed and gr own t o conf l uency i n compl et e medi a i n 35- mm pet r i

di shes . Col l agen was r adi ol abel ed and pur i f i ed essent i al l y as descr i bed by Rowe

and Shapi r o ( 20) , but wi t h sever al modi f i cat i ons . The cul t ur es wer e pr ovi ded

wi t h f r esh Dul becco' s modi f i ed Eagl e' s medi um, cont ai ni ng 20% f et al bovi ne

ser umand 50 ug/ ml of ascor bi c aci d, 24 h bef or e l abel i ng . The l abel i ng medi um

( 2 ml / pl at e) cont ai ned Dul becco' s modi f i ed Eagl e' s medi umwi t hout gl ut ami ne,

wi t h 20%di al yzed f et al bovi ne ser um ( Gi bco Labor at or i es, Gr and I sl and, NY) ,

1 uni t of peni ci l l i n/ ml , I ug st r ept omyci n sul f at e/ ml , 50 j ug ascor bi c aci d/ ml ,

50 Ag 2- ami nopr opi oni t r i l e ( Si gma Chemi cal Co. ) and 25 uCi of 3- 5- [ ' H] -

pr ol i ne ( Amer sham Cor p . , Ar l i ngt on Hei ght s, I L) / ml . Af t er 16 h, t he medi um

was dr awn of f and t he cel l l ayer r emoved by scr api ng i n I MNaCl , 0 . 05 M

Tr i s- HCI , pH 7. 4, 0. 3 mMphenyl met hyl sul f onyl f l uor i de, 20 mMEDTA aci d,

and 10 mM N- et hyl mal ei mi de. The medi um and cel l l ayer f r act i ons wer e

combi ned, homogeni zed and cent r i f uged at 10, 000 g t o r emove i nsol ubl e

mat er i al . Tr i chl or oacet i c aci d was added t o a f i nal concent r at i on of 15%t o t he

super nat ant f r act i on, and t he r esul t i ng pr eci pi t at e was washed wi t h 5% t r i chl o-

r oacet i c aci d and subsequent l y di ssol ved i n 0. 5 Macet i c aci d . Lat hyr i t i c r at

ski n col l agen was added ( 50 ug/ ml ) as a car r i er bef or e t r eat ment wi t h pepsi n

( Cal bi ochem- Behr i ng Cor p. , 0. 1 mg/ ml ) t o di gest noncol l agenous pr ot ei ns .
Af t er st i r r i ng at 4° C f or 24 h, col l agen was pr eci pi t at ed f r om t he 0 . 5 Macet i c

aci d sol ut i on by t he addi t i on of sol i d NaCl t o 1 . 7 M. The pr eci pi t at es wer e

col l ect ed by cent r i f ugat i on at 10, 000 g f or 20 mi n, washed wi t h 4 . 5 MNaCl ,

0 . 05 MTr i s- HCI , pH 7. 4, and f i nal l y wi t h 18% et hanol . Af t er dr yi ng, t he

pr eci pi t at es wer e el ect r ophor esed on SDS5%pol yacr yl ami de sl ab gel s ( 19) wi t h

and wi t hout r educt i on by 1 mMdi t hi ot hr ei t ol and wi t h del ayed r educt i on wi t h

di t hi ot hr ei t ol ( 21) t o separ at e a l ( l ) f r om a 1( I I I ) . The gel s wer e pr epar ed f or

f l uor ogr aphy by usi ng di met hyl sul f oxi de and di phenyl oxazol e ( 22) and wer e

exposed t o Kodax XAR f i l m at - 70° C f or 48 h. Quant i t at i on of t he di f f er ent

a- chai ns was det er mi ned by scanni ng t he f i l m wi t h a l aser densi t omet er as

descr i bed above .

El ect r on Mi cr oscopy :

	

Bone cel l s wer e gr own ei t her on cover sl i ps or
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FI GURE 1 Conf l uent cul t ur es of f et al bovi ne bone cel l s el i ci t a

t ypi cal cycl i c 3' , 5' - AMP r esponse t o 100 ng/ ml of par at hyr oi d

hor mone ( 1- 34 f r agment ) . Peak r esponse i s demonst r at ed at 5 mi n .

Each poi nt r epr esent s t he mean f r om f our cul t ur es, each anal yzed

i n dupl i cat e .
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FI GURE 2 Conf l uent cul t ur es of f et al bovi ne bone cel l s demon-

st r at e mi ni mal al kal i ne phosphat ase act i vi t y ei t her basal l y or af t er

st i mul at i on wi t h ascor bi c aci d ( 50 j ug/ ml ) and/ or ß- gl ycer ophosphat e

( 10 mM) , bot h f or 2 d . However , af t er 6 d of t r eat ment cul t ur es

each t r eat ment a si gni f i cant r i se i n al kal i ne phosphat ase act i vi t y,

compar abl e t o t hat measur ed i n f r eshl y i sol at ed cel l s . Each bar

val ue r epr esent s t he mean f r om t hr ee cul t ur es each anal yzed i n

dupl i cat e . con, cont r ol . ac, ascor bi c aci d . bgp, ( 3- gl ycer ophosphat e .

FI GURE 3

	

I ndi r ect f l uor escei n i mmunof l uor escent mi cr ogr aphs of 5- d cul t ur es of bone cel l s exposed t o ant i bodi es t o bovi ne

ost eonect i n ( a) , bone pr ot eogl ycan ( b) , bone si al opr ot ei n ( c) , and a r epr esent at i ve pr ei mmune ser um cont r ol ( d) . The ost eonect i n

r esponse i s ver y st r ong t hr oughout most of t he cyt opl asm, whi l e bot h t he bone pr ot eogl ycan and bone si al opr ot ei n appear t o be

l i mi t ed t o t he Gol gi r egi on, x 300 .
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i n pet r i di shes wi t h f l exi bl e pl ast i c i nser t s ( Fal con Labwar e, Oxnar d, CA) .
Fi xat i on t ook pl ace i n 1 . 0%gl ut ar al dehyde i n 0 . 1 Mphosphat e- sucr ose buf f er ,
pH 7 . 3, f or a I h h at r oom t emper at ur e . Post f i xat i on was f or 1 h i n 1
phosphat e- sucr ose- buf f er ed osmi um t et r oxi de at 4° C. The cel l s wer e dehy-
dr at ed i n an al cohol ser i es and embedded i n an epoxy r esi n. 1- 2 kmt hi ck
sect i ons wer e pr epar ed f or l i ght mi cr oscopy and st ai ned wi t h t ol ui di ne bl ue
and basi c f uschi n. Thi n sect i ons ( 90- 100 nm) wer e cut wi t h a di amond kni f e
( Dupont I nst r ument s, I nc . , Wi l mi ngt on, DE) on an LKB ul t r ami cr ot ome . The
sect i ons wer e col l ect ed on copper gr i ds and st ai ned wi t h ur anyl acet at e and
l ead ci t r at e and vi ewed at i ni t i al magni f i cat i ons of 3, 000- 10, 000 on a Phi l i ps
300 el ect r on mi cr oscopy at 60 kV.

Von Kossa St ai ni ng:

	

Mi ner al i zat i on i n ascor bi c aci d and 0- gl ycer o-
phosphat e- t r eat ed cul t ur es was det ect ed by Von Kossa' s si l ver met hod ( 23) .
The cul t ur es wer e t r eat ed wi t h 5% si l ver ni t r at e f or 30 mi n, r i nsed and
count er st ai ned f or 60 s i n 0 . 3% t ol ui di ne bl ue .

RESULTS

Under t he i sol at i on and cul t ur e condi t i ons empl oyed, con-
f l uent cel l s obt ai ned f r om ei t her cal var i a or out er cor t i ces of
l ong bones al l showed a t ypi cal i ncr ease i n cycl i c 3' , 5' - AMP
i n r esponse t o par at hyr oi d hor mone ( Fi g. 1) . Al kal i ne phos-
phat ase l evel s wer e hi gh at i sol at i on ( Fi g . 2) but f el l af t er 2 d
i n cul t ur e and r emai ned depr essed dur i ng subsequent cul t ur e.
When medi um cont ai ni ng ei t her 50 ug/ ml ascor bi c aci d, 10
mM0- gl ycer ophosphat e, or bot h was added dai l y t o conf l uent
cul t ur es, al kal i ne phosphat ase l evel s agai n became el evat ed
af t er 6 d of t r eat ment ( Fi g . 2) . The combi nat i on of ascor bi c

FI GURE 4

	

I ndi r ect f l uor escei n i mmunof l uor escence of ant i bodi es

di r ect ed agai nst t ype I col l agen and ost eonect i n af t er t he addi t i on

of 50 mg/ ml ascor bi c aci d i n nonconf l uent cul t ur es . I n t he absence

of added ant i bodi es t o t ype I col l agen st ai n t he cel l cyt opl asm,

pr i mar i l y ( a) , whi l e bot h t he cel l s and t he ext r acel l ul ar mat r i x st ai n

when ascor bi c aci d i s added t o t he cul t ur e medi um( b) . Ost eonect i n

( c) r emai ns l ocal i zed pr i mar i l y t o t he per i nucl ear r egi on wi t h ascor -

bi c aci d t r eat ment ( compar e t o Fi g . 3a) .

aci d and 0- gl ycer ol phosphat e i nduced t he best st i mul at i on ;
however , st i mul at i on by t he t wo subst ances si mul t aneousl y
was not addi t i ve ( Fi g . 2) .

5- d pr i mar y or secondar y cul t ur es of t he bovi ne bone cel l s
wer e exposed t o ant i bodi es speci f i c f or t he bovi ne bone pr o-
t ei ns : ost eonect i n ; t he bone pr ot eogl ycan ; and t he bone si al -
opr ot ei n . I n al l cases, t he cel l s wer e posi t i ve f or each pr ot ei n
( Fi g . 3, a- c) when compar ed t o t he pr ei mmune ser um cont r ol
( 3 d) . Ost eonect i n i mmunof l uor escence was most i nt ense ( Fi g.
3 a) , whi l e t hat of bot h t he bone pr ot eogl ycan and t he bone
si al opr ot ei n was di st i nct but l ess i nt ense ( Fi g . 3, b and c) .
These cel l s wer e al so st r ongl y posi t i ve t o ant i bodi es agai nst
t ype I col l agen ( Fi g . 4, a and b) . I n t he absence of ascor bi c
aci d, f l uor escence was vi si bl e i nt r acel l ul ar l y ( Fi g . 4 a) . Wi t h
t he addi t i on of ascor bi c aci d t o t he cul t ur es, f l uor escence was
obser ved bot h i nt r acel l ul ar l y and ext r acel l ul ar l y al ong mat r i x
f i br i l s ( Fi g . 4 b) . I n cont r ast , l i t t l e, i f any, ext r acel l ul ar f l uor es-
cence was seen when ascor bi c aci d- t r eat ed cul t ur es wer e
exposed t o t he ost eonect i n ant i body ( Fi g. 4c) , pr esumabl y
because i t was r el eased i nt o t he medi a . However , t he cyt o-
pl asmi c di st r i but i on of ost eonect i n st ai ni ng appear ed mor e
per i nucl ear i n t he ascor bi c aci d- t r eat ed cel l s ( compar e Fi gs.
4 c and 3 a) .

Conf l uent cul t ur es, pl aced on ascor bi c aci d and 0- gl ycer o-
phosphat e pr oduced and mi ner al i zed an ext r acel l ul ar mat r i x,
commenci ng 7 d af t er t he st ar t of t r eat ment . The mat r i x

FI GURE 5

	

I ndi r ect f l uor escei n i mmunof l uor escent mi cr ogr aphs of demi ner al i zed, i n vi t r o bone mat r i x, t r eat ed wi t h ant i bodi es
t o t ype I col l agen ( a) , ost eonect i n ( b) or wi t h pr ei mmune ser um ( c) . Because of t he ext ended per i od of t i ssue t r eat ment r equi r ed
t o demi ner al i ze t he mat r i x, t he r emai ni ng cel l r emnant s pr esent dar k ( f l uor escei n negat i ve) pr of i l es . x 300 .
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pr oduct i on and mi ner al i zat i on wer e suppor t ed f or 3- 4 wk i n
cul t ur e . The mi ner al pr esent was shown t o be hydr oxyapapt i t e
by x- r ay di f f r act i on and i nf r ar ed spect r oscopy ( dat a not
shown) . When t hi s i n vi t r o- pr oduced mat r i x was demi ner al -
i zed and st ai ned i mmunocyt ochemi cal l y f or ost eonect i n and
t ype I col l agen, i t was posi t i ve f or bot h ( Fi g. 5) . We sur mi se
t hat ant i - ost eonect i n f l uor escence i s l ess i nt ense t han col l agen
because of i t s l oss dur i ng demi ner al i zat i on . I n addi t i on, dur i ng
pr ocessi ng cel l s wer e l ost f r om t he mat r i x sur f ace and t he cel l s
whi ch r emai ned r et ai ned l i t t l e or no f l uor escence .

To conf i r m t hat t he cul t ur ed cel l s pr oduce bot h noncol l a-
genous and col l agenous bone mat r i x pr ot ei ns, we l abel ed
cul t ur es wi t h ei t her [ 355] met hi oni ne, Na" SO, , or [ ' H] pr ol i ne .
Fl uor ogr ams ( [ 35 Sj met hi oni ne) of SDS gel s f r om l abel ed me-
di a i mmunopr eci pi t at ed wi t h ant i - ost eonect i n ( Fi g . 6a) or
ant i - bone si al opr ot ei n ( Fi g. 6h) i ndi cat e synt hesi s and secr e-
t i on of t hese t wo pr ot ei ns. Si mi l ar y, ant i - bone pr ot eogl ycan
i mmunopr eci pi t at e ( 35 SO4) ( Fi g . 7) showed t he pr oduct i on of
t hi s macr omol ecul e by t he bovi ne ost eobl ast cul t ur es .

Fl uor ogr ams of SDS gel s of t he col l agens pr oduced by
passaged conf l uent bovi ne ost eobl ast s ( Fi g . 8) showed t hat
si mi l ar amount s and t ypes of col l agen wer e pr oduced by
cul t ur es f r om bot h cal var i a and l ong bones. Quant i t at i on of
t ypes I and I I I col l agens was accompl i shed by t he use of
del ayed r educt i on wi t h di t hi ot hr ei t ol t o separ at e a 1( I ) f r om
a 1 ( I I I ) chai ns . Al l cul t ur es pr oduced appr oxi mat el y 94%t ype
I and appr oxi mat el y 6%t ype I I I col l agen . Long- t er mexposur e
of t he gel s t o x- r ay f i l ms r eveal ed t hat a smal l amount ( 0 . 5%)
of t ype V col l agen was al so pr oduced as i ndi cat ed by t he
pr esence of a 1( V) chai ns ( dat a not shown) .

The ul t r ast r uct ur e of bone cel l s st i mul at ed wi t h ascor bi c
aci d and 0- gl ycer ophosphat e exhi bi t ed cyt opl asmi c el ement s
consi st ent wi t h an act i ve connect i ve t i ssue secr et or y cel l ( Fi g .

9) . Col l agen f i br i l s wer e abundant adj acent t o t he cel l s .
Mi ner al i zat i on i n conf l uent cul t ur es of cel l s t r eat ed f or up

t o 14 d wi t h ß- gl ycer ophosphat e and ascor bi c aci d was con-
f i r med by t he Von Kossa met hod ( Fi g. 10) . Smal l f ocal poi nt s
of mi ner al i zat i on whi ch wer e vi sabl e on day 7, enl ar ged and

Ûz
a
mm
0
N
á

a

FI GURE 6 Ant i - ost eonect i n ( a) and ant i - bone si al opr ot ei n ( b) i m-

munopr eci pi t at e f l uor ogr ams of SI DS gel s f r om medi um of cul t ur ed

ost eobl ast s l abel ed wi t h [ 355] met hi oni ne . Scan ( a) cont ai ns a peak

at 38, 000 mol wt , t he l ocat i on of aut hent i c ost eonect i n on t he

SDS gr adi ent ( 4- 20%) pol yacr yl ami de gel syst em. Scan ( b) shows a

br oad peak at

	

80, 000 mol wt , a posi t i on i dent i cal t o t hat of t he

f et al bovi ne bone si al opr ot ei n used as or i gi nal ant i gen . The ast er i sk
denot es a band pr eci pi t at ed nonspeci f i cal l y i n al l [ 355] met hi oní ne-
l abel ed pr epar at i ons by t he Pansor bi n t r eat ment . 14C_ mol ecul ar
wei ght mar ker s i ncl ude phosphor yl ase B ( 97, 400) , bovi ne ser um

al bumi n ( 29, 000) , oval bumi n ( 46, 000) , car boni c anhydr ase ( 30, 000) ,

and l act ogl obul i n A ( 18, 400) .
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FI GURE 7 Ant i - bone pr ot eogl ycan i mmunopr eci pi t at e f l uor ogr am
( scan) of an SDS gel f r om medi a of cul t ur ed ost eobl ast s l abel ed
wi t h 35 504 . Bot h t he 190, 000- mol - wt peak ( 3- cm mi gr at i on) and t he
mi nor peak at 1- cm mi gr at i on ar e char act er i st i c of t he el ect r opho-
r et i c pat t er n f or pur i f i ed f et al bovi ne bone pr ot eogl ycans on t hi s
SDS gr adi ent gel syst em ( 6) . 14 C- Mol ecul ar wei ght mar ker s i ncl ude
myosi n ( 200, 000) , . y- gl obul i n ( 150, 000) , and phosphor yl ase B
( 97, 000) .

FI GURE 8

	

Separ at i on of a- chai ns i sol at ed f r om bone cel l cul t ur es
by SDS gel s . [ 3 H] Pr ol i ne- l abel ed col l agens f r om cal var i a ( C) and
l ong bone ( LB) cel l cul t ur es wer e el ect r ophor esed : i n t he absence
of t he r educi ng agent , di t hi ot hr ei t ol ( - DTT, l anes I and 2) ; wi t h
del ayed r educt i on f ol l owi ng 1 112 h of el ect r ophor esi s ( Del . DTT,

l anes 3 and 4) ; and wi t h r educt i on at t he st ar t of el ect r ophor esi s
( ±DTT, l anes 5 and 6) . Wi t hout r educt i on a1( I ) and a2( I ) chai ns
( t ype I col l agen) mi gr at e i nt o t he gel whi l e ( a1 [ 111) ) 3 chai ns ( t ype I I I
col l agen) r emai n at t he t op of t he gel ( l anes I and 2) . Wi t h cont i n-
uous r educt i on, al ( I I I ) and al ( I ) co- mi gr at e ( l anes 5 and 6) , but ar e
separ at ed f r om one anot her upon del ayed deduct i on wi t h di t hi o-
t hr ei t ol ( l anes 3 and 4) .

f used wi t h one anot her unt i l about t wo- t hi r ds of t he cul t ur e
di sh was cover ed wi t h mi ner al i zed mat r i x .

Thi s st udy showed t hat bone cel l s, i sol at ed f r om f et al cal f
cal var i al and l ong bones by convent i onal means, synt hesi zed
subst ant i al quant i t i es of t hr ee t i ssue- speci f i c noncol l agenous
pr ot ei ns of f et al cal f bone ; ost eonect i n, bone pr ot eogl ycan
and bone si al opr ot ei n . These cel l s can, t her ef or e, be i dent i f i ed
as f unct i onal ost eobl ast s . The bovi ne bone cel l s al so wer e
posi t i ve f or al kal i ne phosphat ase upon i sol at i on f r om t he
t i ssue, pr oduced cycl i c AMP upon st i mul at i on wi t h par at hy-
r oi d hor mone, synt hesi zed t ype I col l agen, and mi ner al i zed
t hei r mat r i x when t r eat ed wi t h 0- gl ycer ophosphat e and ascor -
bi c aci d . Thus, al l cr i t er i a est abl i shed ear l i er f or pr esumpt i ve
bone cel l i dent i t y ( 1- 9) wer e al so expr essed by t he bovi ne
ost eobl ast s descr i bed i n t hi s st udy .

Al t hough t he pr eci se f unct i on of t he t hr ee noncol l agenous



FI GURE 9

	

Ost eobl ast f r om a conf l uent cul t ur e exposed f or 6 d t o 50 ug/ ml ascor bi c aci d and 10 mMß gl ycer ol phosphat e . The
cyt opl asm of t he cel l i s r i ch i n r ough endopl asmi c r et i cul um ( ER) and cont ai ns a pr omi nent Gol gi appar at us ( G) . Lar ge number s
of col l agen f i br i l s ( CO) ar e f ound ext r acel l ul ar l y . x 33, 000 .

FI GURE 10

	

Von Kossa/ t ol ui di ne st ai ni ng of a conf l uent cul t ur e t r eat ed wi t h ascor bi c aci d and ß- gl ycer ophosphat e f or 10 d . Focal
poi nt s ( ar r ow) of heavy mi ner al i zat i on ar e f ound wi t hi n ar eas of mor e di f f use mi ner al i zat i on . x 128 .
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bone pr ot ei ns i s unknown, t hey appear t o be necessar y f or
t he f or mat i on of nor mal , st r uct ur al l y- sound bone t i ssue. I n
one f or m of bovi ne ost eogenesi s i mper f ect a, now bei ng em-
pl oyed as a model f or human ost eogenesi s i mper f ect a, ost eo-
nect i n and t he bone pr ot eogl ycan ar e r educed by >90%and
t he bone si al opr ot ei n by 40- 50% ( unpubl i shed dat a) . Because
of t he r el at i vel y smal l si ze of t he bone pr ot eogl ycan mol ecul e
as compar ed t o t he car t i l age pr ot eogl ycan aggr egat e ( 12) , i t i s
l i kel y t hat i t does not pr event mi ner al i zat i on but , pr ovi des
anot her as yet undi scover ed f unct i on .

The al kal i ne phosphat ase dat a shows t hat ei t her ascor bi c
aci d or 0- gl ycer ophosphat e can i nduce al kal i ne phosphat ase
act i vi t y i n conf l uent pr i mar y cul t ur es of bovi ne bone cel l s .
The mechani smof how ei t her i nduct i on occur s must r emai n
specul at i ve . The ascor bi c aci d mechani sm mi ght be r el at ed t o
an i ncr ease i n membr ane t ur nover ( pr esumabl y al so i ncl udi ng
al kal i ne phosphat ase) br ought about by an i ncr ease i n mat r i x
synt hesi s and r el ease . ß- Gl ycer ophosphat e was or i gi nal l y used
t o i nduce mi ner al i zat i on i n vi t r o ( 9, 15) because i t has been
used successf ul l y bot h chemi cal l y and hi st ochemi cal l y as an
al kal i ne phosphat e subst r at e . Per haps 0- gl ycer ophosphat e op-
er at es t hr ough a subst r at e i nduct i on mechani sm. Addi t i on of
ascor bi c aci d t o t he nut r i ent medi umappear ed t o be essent i al
f or det ect i on of t ype I col l agen and ost eonect i n ( Fi g . 4b, 4c)
i n t he ext r acel l ul ar mat r i x of conf l uent cul t ur es .

Our exper i ence suppor t s t he f i ndi ngs t hat si gni f i cant mi n-
er al i zat i on i n t i ssue cul t ur e occur s onl y af t er conf l uency has
been r eached and subst ant i al cel l over gr owt h and mul t i l ay-
er i ng has occur r ed ( 7- 9) . I n addi t i on, mi ner al i zat i on appear s
t o r equi r e a cer t ai n vol ume of mat r i x . I t has been our con-
si st ent obser vat i on t hat bef or e mi ner al i zat i on onset , 0- gl ycer ol
phosphat e and ascor bi c aci d t oget her pr oduce a much gr eat er
mat r i x vol ume and i n a shor t er t i me per i od t han do ei t her
al one . Thi s r esul t s i n appear ance of mi ner al wi t hi n 14 d i n
cul t ur e i n agr eement wi t h Ecar ot - Char i er et al . ( 9) , 1- 2 wk
ear l i er t han ot her s have r epor t ed ( 4- 8) .

As ot her s have shown i n r odent cel l cul t ur e ( 8) , mi ner al i za-
t i on of bovi ne bone mat r i x occur s i n mat r i x sandwi ched
bet ween t wo bone cel l l ayer s, one a si ngl e cel l l ayer whi ch
adher es t o t he di sh, t he ot her a cont i nuous mul t i cel l ul ar l ayer
t hat si t s at op t he mat r i x . At t he i ni t i at i on of mi ner al i zat i on
f ocal poi nt s of mi ner al appear and expand i n si ze i n ar eas
wher e t he cel l l ayer at op t he mat r i x r emai ns as a mul t i cel l ul ar
l ayer ( unpubl i shed obser vat i ons) .

The smal l amount s of t ype I I I col l agen f ound ar e as ex-
pect ed, consi der i ng t hat r et i cul ar connect i ve t i ssue associ at ed
wi t h numer ous bl ood capi l l ar i es i s posi t i ve f or t ype I I I col l a-
gen i n f r esh f r ozen sect i ons of undemi ner al i zed f et al cal f bone
( unpubl i shed f i ndi ngs) . I n addi t i on, i nt er st i t i al ( pr ogeni t or )
mesenchyme l yi ng bet ween t he f or mi ng bone spi cul es i n
i nt r amembr anous bone f or mat i on ar eas ( cal var i al , subper i os-
t eal bone) was al so posi t i ve f or t ype I I I col l agen ( 12) . Bone
cel l cul t ur es wer e pr evi ousl y shown ( 24) t o cont ai n smal l
amount s of t ype V col l agen . The absence of t ype I I col l agen
f r om t he cul t ur es usi ng i ndi r ect i mmunof l uor escent mi cr os-
copy suggest s t hat t hey wer e f r ee of car t i l age cel l cont ami na-
t i on .

Exper i ment s desi gned t o show t hat t he bovi ne bone cel l s
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pr oduced bone gl a pr ot ei n ( ost eocal ci n) gave poor r esul t s by
bot h i ndi r ect i mmunof l uor escent ant i body st ai ni ng and bi o-
synt het i c l abel i ng. Thi s f ai l ur e coul d, however , be r el at ed t o
t he young age of t he f et uses f r omwhi ch t he cel l s wer e i sol at ed .
I t i s known t hat i n t he f et al bones of at l east t hr ee speci es,
ost eocal ci n synt hesi s does not r each subst ant i al l evel s unt i l
bi r t h and ear l y neont al l i f e ( 25- 27) . I t i s not ed t hat t he onl y
cel l s unequi vocal l y shown t o pr oduce ost eocal ci n ar e r at
ost eosar coma cel l l i nes of Rodan ( 28) , t he pr eci se or i gi n of
whi ch r emai ns unknown .

Recei vedf or publ i cat i on 8 August 1983, and i n r evi sedf ar m 17 Apr i l
1984.
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