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ABSTRACT

	

El ect r on mi cr oscopi c exami nat i on of epi physeal car t i l age t i ssue pr ocessed by hi gh

pr essur e f r eezi ng, f r eeze subst i t ut i on, and l ow t emper at ur e embeddi ng r eveal ed a subst ant i al

i mpr ovement i n t he pr eser vat i on qual i t y of i nt r acel l ul ar or ganel l es by compar i son wi t h t he

r esul t s obt ai ned under convent i onal chemi cal f i xat i on condi t i ons . Fur t her mor e, al l cel l s

t hr oughout t he epi physeal pl at e, i ncl udi ng t he t er mi nal chondr ocyt e adj acent t o t he r egi on

of vascul ar i nvasi on, wer e f ound t o be st r uct ur al l y i nt egr al . A zone of degener at i ng cel l s

consi st ent l y obser ved i n car t i l age t i ssue pr ocessed under convent i onal chemi cal f i xat i on

condi t i ons was not appar ent . Hence, i t woul d appear t hat cel l dest r uct i on i n t hi s r egi on occur s

dur i ng chemi cal pr ocessi ng and i s not a f eat ur e of car t i l age t i ssue i n t he nat i ve st at e . Si nce

t hese cel l s ar e si t uat ed i n a r egi on wher e t i ssue cal ci f i cat i on i s t aki ng pl ace, t he i mpl i cat i on i s

t hat t he onset and pr ogr essi on of car t i l age cal ci f i cat i on ar e, at l east par t i al l y, cont r ol l ed by t he

chondr ocyt es t hemsel ves . The obser vat i on t hat t he t er mi nal cel l adj acent t o t he zone of

vascul ar i nvasi on i s vi abl e has i mpor t ant i mpl i cat i ons i n r el at i on t o t he t heor y of vascul ar

i nvasi on . Thi s may now r equi r e r econcept ual i zat i on t o accommodat e t he possi bi l i t y t hat act i ve

cel l dest r uct i on may be a pr econdi t i on f or vascul ar i nvasi on .

Epi physeal car t i l age, an avascu1ar t i ssue consi st i ng of chon-

dr ocyt es and an i nt er cel l ul ar mat r i x, i s gener al l y bel i eved t o

be or gani zed i nt o si x zones, namel y : r est i ng, pr ol i f er at i ng,

mat ur i ng, hyper t r ophyi ng, mi ner al i zi ng, and degener at i ng .

Thi s cl assi f i cat i on i s based sol el y upon cel l mor phol ogy af t er
chemi cal pr ocessi ng and t her ef or e a pr econdi t i on f or i t s val i d-

i t y i s t hat st r uct ur al i nt egr i t y has been mai nt ai ned dur i ng

f i xat i on . Chemi cal pr ocessi ng of car t i l age t i ssue i s, however ,

wr ought wi t h numer ous pr obl ems i ncl udi ng r api d upt ake of

wat er mol ecul es by t i ssue wi t h consequent swel l i ng, l oss of

wat er - sol ubl e component s f r omchondr ocyt es and i nt er cel l u-

l ar mat r i x, and t he poor di f f usi on char act er i st i cs of f i xat i ve

agent s r esul t i ng i n i nhomogeneous pr eser vat i on ( 21, 41, 47) .

Hence, i t has been di f f i cul t t o ascer t ai n wi t h cer t ai nt y t he t r ue

f or mand ul t r ast r uct ur al mor phol ogy of chondr ocyt es .

Al t hough t he qual i t y of pr eser vat i on dur i ng chemi cal f i xa-

t i on has been i mpr oved, par t i cul ar l y wi t h r espect t o cel l f or m,

by t he use of cat i oni c dyes ( especi al l y r ut heni um hexammi ne
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t r i chl or i de [ RHT] , ' r ef er ence 41) , t he mor phol ogi cal i nt egr i t y

of cer t ai n i nt r acel l ul ar or ganel l es i s st i l l unsat i sf act or y . Mor e-
over , many st r uct ur al al t er at i ons ar e speci f i cal l y i nduced by

f i xat i ve agent s dur i ng chemi cal f i xat i on, and ar e t her ef or e

i nt r i nsi c t o t he t echni que . I n t he pr esent communi cat i on we
descr i be a novel met hod f or t he pr eser vat i on of car t i l age t i ssue
combi ni ng r api d hi gh pr essur e f r eezi ng wi t h f r eeze subst i t u-

t i on and l ow t emper at ur e embeddi ng ( HPF/ FS) .
The ul t r ast r uct ur al mor phol ogy of chondr ocyt es pr eser ved

i n t hi s way i s compar ed wi t h t hat of chondr ocyt es pr ocessed

by RHT- chemi cal f i xat i on ( RHT- CF) and wi t h t hat of cel l s

t hat must be consi der ed t o r epr esent most cl osel y t he nat i ve

f or m and st r uct ur e, i . e. , chondr ocyt es pr eser ved by pur el y

' Abbr evi at i ons used i n t hi s paper. HPF, hi gh pr essur e f r eezi ng;
HPF/ FE, HPF and f r eeze- et chi ng ; HPF/ FS, HPF, f r eeze subst i t ut i on,
and l ow t emper at ur e embeddi ng ; RHT, r ut heni um hexammi ne t r i -
chl or i de; RHT- CF, RHT- chemi cal f i xat i on .
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physi cal means. These ar e r epr esent ed by r epl i cas of f r eeze-

et ched chondr ocyt es cr yof i xed by r api d hi gh pr essur e f r eezi ng .

The r esul t s i ndi cat e t hat t he pr obl ems i nt r i nsi cal l y associ at ed

wi t h f i xat i on of car t i l age t i ssue i n aqueous f i xat i on medi a

may be over come or avoi ded when t hi s t i ssue i s pr ocessed by

HPF/ FS.

MATERI ALS AND METHODS

Mat er i al s

The hi gh pr essur e f r eezi ng appar at us ( i nst al l ed i n t he Depar t ment of Cel l

Bi ol ogy at t he Feder al I nst i t ut e of Technol ogy, Zur i ch) was devel oped by H.
Mohr wi t h t he f i nanci al suppor t of t he Swi ss Nat i onal Sci ence Foundat i on and
Bal zer s AG, Li echt enst ei n .

Hypnor m' ( consi st i ng of Fl uani son [ 10 mg ml - ' ] and Fent anyl base [ 0. 2

mg ml - ' ] i n physi ol ogi cal sal i ne) was obt ai ned f r omPhi l i ps- Duphar BV ( Am-

st er dam, Hol l and) . Dul becco' s modi f i ed Eagl e' s medi um was suppl i ed by

Ser omed, GmbH( Munchen, Feder al Republ i c of Ger many) , sodi umcacodyl at e

by Mer ck AG( Dar mst adt , Feder al Republ i c of Ger many) , RHT by Johnson-

Mat t hey ( Her t f or dshi r e, Engl and) , and gl ut ar al dehyde ( hi ghest pur i t y, EM-

gr ade, 70%( wt / vol ) ) and gel at i n capsul es by El mi s, I nt er nat i onal ( For t Wash-

i ngt on, Pennsyl vani a) . Phosphat i dyl chol i ne, For mvar ' ( pol yvi nyl f or mal ) and

Epon 812 wer e pur chased f r om Fl uka AG ( Buchs, Swi t zer l and) , Lowi cr yl '

r esi ns ( HM 20, K4M) f r om Chemi sche Wer ke, Lowi AG( suppl i ed by Bal zer s

AG, Zur i ch, Swi t zer l and) , and Par l odi on f r om Mal l i nckr odt I nc . ( St . Loui s .

MO) .

Met hods

TI SSUE PREPARATI ON FOR HI GH PRESSURE FREEZI NG: 90- I 00g

f emal e Wi st ar r at s wer e mai nt ai ned under Hypnor m' anaest hesi a ( 0 . 2 ml / 100

g) whi l e car t i l age was r emoved f r om t he pr oxi mal epi physeal gr owt h pl at es of

t i bi a . 0. 6- mm- t hi ck t i ssue sl i ces wer e cut and t r ansf er r ed i mmedi at el y t o

Dul becco' s modi f i ed Eagl e' s medi um( pH 7. 3) at 37° C. Ti ssue di sks of a def i ned

di amet er ( 0 . 4 mm) wer e cut such t hat t hey f i t t ed exact l y i nt o t he cyl i ndr i cal

cavi t i es of Bal zer s gol d speci men suppor t i ng pl at es ( 60) . A second pl at e was

t hen or i ent ed such t hat i t s dome- shaped hol l ow was di r ect l y above t he speci -

men . Ti ssue di sks dest i ned f or f r eeze subst i t ut i on wer e sandwi ched bet ween

suppor t i ng pl at es bot h of whi ch had been pr ecoat ed wi t h phosphat i dyl chol i ne

wher eas f or f r eeze et chi ng, onl y t he upper pl at es of sandwi ches wer e coat ed.

Phosphat i dyl chol i ne- coat i ng of speci men pl at es has been demonst r at ed t o

f aci l i t at e t he di sl odgement of t i ssue di sks ( 60) . The whol e pr ocedur e, f r om t he

pr epar at i on of t i ssue di sks t o t he i ni t i at i on of hi gh pr essur e f r eezi ng ( HPF) , was

compl et ed wi t hi n 1- 3 mi n.

RAPI D HI GH PRESSURE FREEZI NG ( HPF) :

	

Det ai l s of t het heor y of

HPF and of t he const r uct i on and appl i cat i ons of t he HPF appar at us have been

pr evi ousl y descr i bed ( 59, 60, 74, 75, 97) .

The encl osed speci mens wer e t r ansf er r ed t o t he HPF appar at us wher e t he

hydr ost at i c pr essur e wi t hi n t he t i ssue was bui l t up t o 2 . 1 x 10 8 Pa ( 2, 100 bar )

at 37° C by appl yi ng a j et of l i qui d pr opanol on each si de of t he speci men.

Whi l e mai nt ai ni ng t hi s pr essur e ( at whi ch t he f r eezi ng poi nt of wat er i s

depr essed t o - 22° C) , we cool ed t he t i ssue t o - 196° C, at a r at e of >7, 000° Cs ' ,

by subj ect i ng i t t o a j et of l i qui d ni t r ogen ( appl i ed on bot h si des of t he speci men) .

Ti ssue wat er was f r ozen wi t hi n 40 ms of t he i ni t i at i on of t he pr essur e bui l d- up .

Speci mens wer e t hen t r ansf er r ed i mmedi at el y t o l i qui d ni t r ogen i n whi ch t hey

wer e mai nt ai ned unt i l r equi r ed f or f ur t her pr ocessi ng.

F REEZE ET CHI NG:

	

Fr eeze et chi ng of t i ssue di sks cr yof i xed by HPF was

per f or med at - 105° C i n a modi f i ed Bal zer s 360 Mf r eeze- et chi ng devi ce adapt ed

wi t h a col d t r ap and t wo el ect r on guns ( one f or pl at i num/ car bon shadowi ng

f r om45° and t he ot her f or car bon coat i ng f r om90° ) . Condensat i on of pl at i num

and car bon vapor s ont o t he speci men sur f ace was moni t or ed by a quar t z

osci l l at or . Temper at ur e cont r ol was assur ed by an i r on- const ant an t her mocou-

pl e i nser t ed i nt o t he obj ect suppor t hol di ng devi ce. Repl i cat i on was ef f ect ed

under a vacuum of >4 x 10- 5 Pa ( >3 x 10 - 7 t or r ) gener at ed by a ni t r ogen-

cool ed oi l di f f usi on pump .

A super f i ci al t i ssue l ayer ( 80 amt hi ck) consi st i ng of cel l s mechani cal l y

damaged dur i ng t i ssue exci si on ( 41) was cut f r omeach speci men bef or e f r eeze

et chi ng t o a dept h of 30 nm.

Fr eeze- et ched t i ssue was t hen shadowed wi t h pl at i num/ car bon t o a t hi ckness

of 2 nmand t he r epl i ca was subsequent l y st abi l i zed wi t h a 30- nm- t hi ck car bon

coat i ng. Ti ssue di sks wi t h adher ent r epl i cas wer e t hen t r ansf er r ed t o a chl or o-

f or m/ met hanol ( 1 : 1, vol / vol ) mi xt ur e f or 1- 3 h t o r emove l i pi ds and pr omot e

t i ssue har deni ng, whi ch has been obser ved t o pr event gas bubbl e f or mat i on

wi t hi n t he t i ssue and t he consequent damagi ng of t he r epl i ca dur i ng t i ssue

degr adat i on . Thi s l at t er pr ocess was achi eved by t r eat i ng t i ssue di sks and
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adher ent r epl i cas i ni t i al l y wi t h papai n ( 10 U ml - ' of Tr i s- buf f er ed sal i ne) and

subsequent l y wi t h col l agenase ( 300 U ml - ' Tr i s- buf f er ed sal i ne) . Each i ncuba-

t i on was car r i ed out f or a per i od of 2 h 4t ambi ent t emper at ur e. Repl i cas wer e

t hen t r ansf er r ed t o and mai nt ai ned i n an aqueous sol ut i on of sodi um hypo-

chl or i t e ( 1 . 4% wt / vol ) f or 14 h at ambi ent t emper at ur e. Af t er bei ng washed i n

bi di st i l l ed wat er , r epl i cas wer e exposed t o an aqueous sol ut i on of sul phur i c aci d

( 15% vol / vol ) f or 2 h at ambi ent t emper at ur e and f i nal l y washed i n bi di st i l l ed

wat er ( f our l 0- mi n per i ods) . Repl i cas wer e mount ed on For mvar ' - coat ed

copper gr i ds i n pr epar at i on f or el ect r on mi cr oscopi c exami nat i on .

FREEZE SUBSTI TUTI ON AND LOW TEMPERATURE EMBED-

DI NG: A l i qui d ni t r ogen- cool ed cr yost at ( based upon t he model s of Mdl l er

[ see r ef er ence 61] and Douzou [ 18] ) , cont ai ni ng ei ght t ef l on vi al s ( each wi t h a

capaci t y of 7 ml ) , was const r uct ed f or t he f r eeze subst i t ut i on pr ocessi ng of

t i ssue di sks cr yof i xed by HPF. Each speci men was mai nt ai ned wi t hi n t he cavi t y

of i t s l ower suppor t i ng pl at e, t he upper one havi ng been r emoved. Cont i nuous

st i r r i ng of subst i t ut i on and embeddi ng medi a was assur ed t hr oughout , and

t emper at ur e f l uct uat i ons wer e kept t o wi t hi n ± 1° C ( f or det ai l s, see r ef er ence

42) .

Fr ozen t i ssue wat er was subst i t ut ed by met hanol i n t hr ee st ages, vi z . , 17 h

at - 90° C, 13 h at - 60°C, and 12 h at - 35° C. One change of medi umwas made

dur i ng t he 13- h per i od at - 60° C. Each subst i t ut i on medi um was i dent i cal i n

composi t i on and consi st ed of 2% ( vol / vol ) gl ut ar al dehyde and 0. 5% ( wt / vol )

ur anyl acet at e i n pur e met hanol . I t i s consi der ed l i kel y t hat ^ - 95% of f r ozen

t i ssue wat er was r epl aced by met hanol at t he end of t he f i r st st age ( 65, 66, 90,

100) . Thi s pr ocess was compl et ed dur i ng t he second and t hi r d st ages dur i ng

whi ch mi l d gl ut ar al dehyde f i xat i on was al so i ni t i at ed . ( Al t hough pr esent

t hr oughout t he subst i t ut i on per i od, gl ut ar al dehyde pr obabl y began t o t ake

ef f ect onl y when t he t emper at ur e was i ncr eased t o - 60° C [ 67] ) .

The f i nal subst i t ut i on medi umwas r epl aced by met hanol ( 3 h at - 35° C)

pr i or t o i nf i l t r at i on wi t h r esi n ( HM 20 or K4M) . The embeddi ng pr ocess was

car r i ed out at - 35° C i n t hr ee st ages, wi t h a pr ogr essi vel y i ncr eased r at i o of r esi n

t o met hanol , i . e . , 3 : 1 ( vol / vol ) ( 3 h) , 1 : I ( vol / vol ) ( 3 h) , l : 3 ( vol / vol ) ( 14 h) and

pur e r esi n ( 72 h wi t h one change af t er 3 h) . St i r r i ng of medi a dur i ng r esi n

i nf i l t r at i on was conduct ed i n t he absence of oxygen, whi ch i nact i vat es a

component of t he r esi n r esponsi bl e f or UV- r ay- cat al yzed pol ymer i zat i on ( 5,

10) .

Ti ssue di sks wer e t hen di sl odged f r omt hei r suppor t i ng pl at es and t r ansf er r ed

t o smal l gel at i n capsul es whi ch wer e f i l l ed t o capaci t y wi t h f r esh medi um,

capped, and i mmer sed ( t o t he bases of t hei r caps) i n pur e et hanol . The pur pose

of t hi s l at t er pr ocedur e was t o pr event smal l t emper at ur e f l uct uat i ons t hr ough-

out t he l engt h of t he capsul e ( t hus pr event i ng gas bubbl e f or mat i on) . UV- r ay-

cat al yzed pol ymer i zat i on was car r i ed out at - 35° C f or a per i od of 24 h, af t er

whi ch t i me t he pr ocess was - 95% compl et e ( 10) . The capsul es wer e t hen

exposed t o a di f f use UV- r ay sour ce at ambi ent t emper at ur e f or 2 d .

Bl ocks wer e sect i oned on a Rei cher t ul t r ami cr ot ome OMU3 . Thi ck sect i ons

( I um) wer e st ai ned wi t h t ol ui di ne bl ue pr i or t o l i ght mi cr oscopi c exami nat i on .

Thi n sect i ons ( 32 ± 2 nm) wer e st ai ned wi t h a sat ur at ed aqueous sol ut i on of

l ead ci t r at e f or 4- 5 mi n bef or e bei ng mount ed on Par l odi oncoat ed 200- mesh

copper gr i ds f or el ect r on mi cr oscopi c exami nat i on i n a Phi l i ps EM301 or 400 .

RHT- CHEM1CAL F I XAT10 N ( 4 I ) :

	

Pr i mar y f i xat i on of f r eshl y exci sed

t i ssue bl ocks was car r i ed out i n 0 . 05 Msodi um cacodyl at e buf f er cont ai ni ng

2%( vol / vol ) gl ut ar al dehyde ( af t er t he addi t i on of whi ch t he pH was adj ust ed

t o 7 . 3) and 0 . 7% ( wt / vol ) RHT f or 2 . 5 h at ambi ent t emper at ur e. Ti ssue bl ocks

wer e t hen post f i xed i n 0 . 1 Msodi umcacodyl at e buf f er cont ai ni ng 1 %( wt / vol )

osmi umt et r oxi de ( af t er t he addi t i on of whi ch t he pH was adj ust ed t o 7 . 3) and

0. 7% ( wt / vol ) RHT agai n f or a per i od of 2 . 5 h at ambi ent t emper at ur e .

Dehydr at i on and embeddi ng ( i n Epon 812) pr ocedur es wer e car r i ed out at

ambi ent t emper at ur e and r esi n pol ymer i zat i on at 60° C.

RESULTS

Repl i cat i on of chondr ocyt es af t er pr ocessi ng by hi gh pr essur e

f r eezi ng and f r eeze- et chi ng ( HPF/ FE) has obvi at ed t he use of

chemi cal f i xat i on t echni ques, and f or t hi s r eason t he r epl i cas

wer e consi der ed t o r epr esent most cl osel y t he f or mand ul t r a-

st r uct ur al mor phol ogy of nat i ve chondr ocyt es . They wer e

i ncl uded i n t he pr esent st udy as a basi s f or compar i son wi t h

chondr ocyt es pr ocessed by hi gh pr essur e f r eezi ng, f r eeze sub-

st i t ut i on, and l ow t emper at ur e embeddi ng ( HPF/ FS) . Chon-

dr ocyt es pr eser ved by RHT- chemi cal f i xat i on ( RHT- CF) wer e

i ncl uded as r epr esent at i ve of one of t he best - qual i t y pr eser -

vat i ons cur r ent l y at t ai nabl e by use of pur el y chemi cal f i xat i on

t echni ques .

Repl i cas of bot h a pr ol i f er at i ng and a hyper t r ophi c chon-



dr ocyt e pr ocessed by HPF/ FE ar e r epr esent ed i n Fi gs . 1 and

2, r espect i vel y . The l ongi t udi nal cr oss- sect i onal f or m i n each

case, el l i psoi dal f or pr ol i f er at i ng and r ect angul ar - t o- ci r cul ar

f or hyper t r ophi c, was f ound t o be i n accor dance wi t h l i ght

mi cr oscopi c obser vat i ons on nat i ve t i ssue ( 41, 46) . These cel l
f or ms wer e pr eser ved al so wi t hi n car t i l age t i ssue pr ocessed by
bot h HPF/ FS ( Fi gs. 3 and 4) and RHT- CF ( Fi gs . 5 and 6)
and di f f er ed consi der abl y f r om t hose obser ved af t er r out i ne

chemi cal f i xat i on ( 39, 43) .

Chondr ocyt i c pl asmal emmat a wer e mai nt ai ned i nt act and
i n cl ose apposi t i on t o i nt er cel l ul ar mat r i x i n t i ssue pr ocessed
by HPF/ FE, HPF/ FS, and RHT- CF, wher eas i n t i ssue pr e-
ser ved under st andar d chemi cal f i xat i on condi t i ons t hey ar e

consi st ent l y r upt ur ed and di sl ocat ed f r om t he i nt er cel l ul ar

mat r i x ( 39, 43) . Sl ender cel l pr ocesses, whi ch wer e par t i al l y
masked i n chondr ocyt es pr ocessed by RHT- CF ( Fi gs. 5 and
6) , wer e cl ear l y vi si bl e af t er HPF/ FE ( Fi gs . 1 and 2) and HPF/
FS ( Fi gs . 3 and 4) .

Chondr ocyt es cr yof i xed by HPF/ FS r eveal ed a subst ant i al

i mpr ovement i n t he pr eser vat i on qual i t y of i nt r acel l ul ar or -

ganel l es compar ed wi t h t hose i n chondr ocyt es pr ocessed by

RHT- CF. The membr anes of al l t he i nt r acel l ul ar or ganel l es

wer e pr eser ved i nt act and t hei r t r i l ami nar st r uct ur es wer e

r eadi l y di scer ned ( Fi gs . 3, 4, and 8) . A f eat ur e char act er i st i c

of chondr ocyt es pr eser ved by RHT- CF ( and st andar d chemi -

cal f i xat i on pr ocedur es [ 39, 411) was t he pr esence of many

i nt r acel l ul ar vacuol e- l i ke spaces ( Fi gs . 5 and 6) whose f or ma-

t i on had caused shi f t i ng of t he cyt opl asmi c gr ound- subst ance

and i nt r acel l ul ar or ganel l es. These vacuol es wer e not f or med

dur i ng pr ocessi ng by ei t her HPF/ FE or HPF/ FS.

Nucl ear membr anes of bot h pr ol i f er at i ng and hyper t r ophi c

chondr ocyt es pr ocessed by bot h HPF/ FE and HPF/ FS wer e

pr eser ved i nt act . Al t hough t hese membr anes wer e wel l pr e-

ser ved i n pr ol i f er at i ng chondr ocyt es pr ocessed by RHT- CF,

nucl ear membr anes of cel l s i n t he hyper t r ophi c zone of t he

same t i ssue wer e f r equent l y obser ved t o be r upt ur ed ( Fi g . 6) .

Di st i nct di f f er ences bet ween per i pher al het er ochr omat i n and

cent r al euchr omat i n wer e vi si bl e i n t he nucl ei of chondr ocyt es

FI GURES 1 and 2 Fi g . 1 ( t op) :

El ect r on mi cr ogr aph of a pr ol i f er -

at i ng chondr ocyt e af t er pr ocess-

i ng by r api d HPF/ FE. The cel l ap-

pear s el l i psoi dal i n shape and i s

encl osed by a pl asmal emma ( PL) ,

t he smoot h cont our of whi ch i s

i nt er r upt ed by numer ous sl ender

cel l pr ocesses ( CP, i nset ) . Wi t hi n

t he cel l , r ough endopl asmi c r et i c-

ul um ( ER) and Gol gi or ganel l es

( GO) ar e cl ear l y appar ent . Al ong

t he nucl ear sur f ace, nucl ear por es

( NP) ar e i r r egul ar l y di st r i but ed .

Bar , 2 pm. x 7, 800 . I nset : Bar , 0 . 2

gm. x 37, 000 . Fi g . 2 ( bot t om) :

El ect r on mi cr ogr aph of a hyper -

t r ophi c chondr ocyt e af t er pr oc-

essi ng by r api d HPF/ FE. The cel l

appear s r ect angul ar i n shape, and

numer ous cel l pr ocesses ( CP)

ar e appar ent pr oj ect i ng f r om

t he smoot h pl asmal emma ( PL) .

Wi t hi n t he cel l , sever al smal l

Gol gi or ganel l es ( GO) ar e cl ear l y

vi si bl e . Mi t ochondr i a ( M) ; r ough

endopl asmi c r et i cul um ( ER) ; nu-

cl ear por es ( NP) . Bar , 2 pm. x

8, 900 .
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f i xed by HPF/ FS ( Fi gs . 3 and 4) , but such di f f er ences wer e

not cl ear l y di scer ni bl e i n t he nucl ei of chondr ocyt es pr ocessed

by RHT- CF .

I n chondr ocyt es pr eser ved by HPF/ FS, t he f i ne st r uct ur al

det ai l s of t he r ough endopl asmi c r et i cul umwer e i mmedi at el y

appar ent ( Fi g. 8) and r i bosomas wer e pr esent as di scr et e

ent i t i es l yi ng al ong a cl ear l y del i neat ed r et i cul ar membr ane.

I n t angent i al sect i on, r i bosomal pol ysomes coul d be r eadi l y

di st i ngui shed. Al t hough r ough endopl asmi c r et i cul um was

di scer ni bl e i n chondr ocyt es pr ocessed by RHT- CF, f i ne ul t r a-

st r uct ur al det ai l s wer e f r equent l y l ost .

Rar el y wer e mor e t han one or t wo Gol gi or ganel l es appar -

ent i n chondr ocyt es of car t i l age t i ssue pr ocessed by RHT- CF.
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Fi GUREs 3 and 4 Fi g . 3 ( t op) :

El ect r on mi cr ogr aph of a pr ol i f er -

at i ng chondr ocyt e f ol l owi ng pr oc-

essi ng by HPF/ FS. The el l i psoi dal

shape of t he cel l i s pr eser ved and

t he numer ous f i ne cel l pr ocesses

( CP) ar e pr omi nent . Nucl ear por es

( NP) , per i pher al het er ochr omat i n

( PH) , Gol gi or ganel l es ( GO) , mi -

t ochondr i a ( M) . Bar , 2 j am. x

6, 900 . Fi g . 4 ( bot t om) : El ect r on

mi cr ogr aph of a hyper t r ophi c

chondr ocyt e ( deep wi t hi n t he

mi ner al i zi ng zone) f ol l owi ng

pr ocessi ng by HPF/ FS. The cel l i s

spher i cal i n shape and i s cl ear l y

del i neat ed by an i nt act pl asma-

l emma; al l cyt opl asmi c or ganel l es

and t he nucl eus ( N) appear t o be

mor phol ogi cal l y i nt egr al . Gol gi

ar eas ( GO) , r ough endopl asmi c

r et i cul um ( ER) , mi t ochondr i a ( M) ,

mi ner al i zed i nt er t er r i t or i al mat r i x

( MM) . Cel l pr ocess ( CP) . Bar , 2

gm. x 2, 800 .

Those wi t hi n cel l s of t he pr ol i f er at i ng zone wer e wel l pr eser ved

but t he ci st er nal membr ane syst ems of Gol gi compl exes i n

hyper t r ophi c cel l s wer e compl et el y absent . Thei r f or mer oc-

cur r ence was appar ent onl y f r om t he pr esence of Gol gi -

associ at ed vesi cl es and secr et or y gr anul es ( Fi g . 7) . I t seems

pr obabl e t hat Gol gi membr anes wer e sol ubi l i zed dur i ng

chemi cal f i xat i on si nce t he or ganel l es wer e mor e numer ous

and composed of densel y packed i nt act ci st er nal membr ane

st acks i n hyper t r ophi c chondr ocyt es of t i ssue pr ocessed by

bot h HPF/ FE and HPF/ FS ( Fi gs . 8, and 9) ( 38, 40, 78, 98) .

Secr et or y gr anul es wer e mor e abundant i n chondr ocyt es

pr ocessed by bot h HPF/ FE ( Fi g . 9) and HPF/ FS ( Fi g. 8) t han

i n t hose pr eser ved by RHT- CF ( Fi g . 7) . Di f f er ences i n st r uc-



t ur e and st ai ni ng char act er i st i cs bet ween gr anul es wi t hi n
chondr ocyt es pr eser ved by HPF/ FS wer e so cl ear t hat i t was
possi bl e t o di f f er ent i at e wi t hout di f f i cul t y bet ween l ysosomes,

secr et or y gr anul es, and vesi cl es ( Fi g. 8) . Mor eover , di f f er ences

wi t hi n t he subpopul at i on of coat ed vesi cl es wer e al so di st i n-
gui shabl e .

Mi t ochondr i a pr eser ved by RHT- CF wer e f r equent l y ob-

FI GURES 5- 7

	

Fi g . 5 ( t op l ef t ) : El ect r on mi cr ogr aph of a pr o-

l i f er at i ng chondr ocyt e pr ocessed by RHT- CF . The el l i psoi dal

shape of each cel l i s pr eser ved, but t he sl ender cel l pr ocesses

ar e not appar ent , possi bl y due t o obscur i ng by pr eci pi t at ed

pr ot eogl ycans wi t hi n t he per i cel l ul ar mat r i x ( PM) compar t -

ment . Nucl eus ( N) , Gol gi - ar ea ( GO) , r ough endopl asmi c r e-

t i cul um( ER) , mi t ochondr i a ( M) , ar t i f act ual l y f or med vacuol es

( 1I . Bar , 2 t am. x 5, 100 . Fi g . 6 ( t op r i ght ) : El ect r on mi cr ogr aph

of a hyper t r ophi c chondr ocyt e pr ocessed by RHT- CF . The

cel l , r ect angul ar i n shape, i s del i neat ed by an i nt act pl asma-

l emma . The nucl ear membr ane i s, however , par t i al l y r up-

t ur ed ( R) and numer ous ar t i f act ual l y f or med vacuol es ( V) ar e

appar ent . Bar , 5 / Am . x 2, 200 . Fi g . 7 ( bot t om) : El ect r on

mi cr ogr aph of par t of t he cyt opl asmi c r egi on of a hyper -

t r ophi c chondr ocyt e pr ocessed by RHT- CF . The ci st er nae of

t he Gol gi or ganel l es ar e not appar ent , pr obabl y due t o

sol ut i on dur i ng f i xat i on, and t he or ganel l e- associ at ed vesi cl es

al so exhi bi t par t i al l y sol ubi l i zed membr anes ( SM) . Mi t ochon-

dr i al membr anes of t en appear r upt ur ed ( R) and t he or ganel l ar

st r uct ur e i s di st or t ed due t o t he f or mat i on of l ar ge vacuol es

M. Bar , 1 um. x 13, 000 .

ser ved t o be r upt ur ed, t o cont ai n vacuol e- l i ke spaces, and t o

be i nhomogeneousl y st ai ned ( Fi g . 7) . I n cont r ast , t hose pr e-

ser ved by HPF/ FS wer e i nt act and densel y st ai ned ( Fi g . 8) .

I n f act , t he amount of st ai nabl e mat er i al r et ai ned ( 87) was so

gr eat t hat t he i nf ol di ngs of t he i nner membr ane wer e not

cl ear l y vi si bl e. Exami nat i on of t he f r act ur e pl ane al ong t he
mi t ochondr i al sur f ace membr anes i n r epl i cas of chondr ocyt es
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pr ocessed by HPF/ FE r eveal ed a pat chy appear ance ( Fi g . 9,

i nset ) char act er i st i c of membr anes havi ng mut ual poi nt s of

cont act . Mor eover , af t er pr ocessi ng by HPF/ FS, t he out er

and i nner mi t ochondr i a) membr anes may be seen t o be i n

cont i nuous cont act ( Fi g . 8) . Si nce, on t he basi s of anal ysi s

af t er st andar d chemi cal f i xat i on, t he space exi st i ng bet ween

i nner and out er mi t ochondr i a) membr anes i s bel i eved t o be

on t he or der of 10- 20 nm( 95) , i t seems l i kel y t hat t hi s space

i s ar t i f act ual l y wi dened ( 40, 88) . I n car t i l age t i ssue pr ocessed

under st andar d chemi cal f i xat i on condi t i ons, mi t ochondr i a)

gr anul es wer e obser ved t o be r educed i n number or absent

f r om cel l s i n r egi ons of mi ner al i zat i on and ` degener at i on' ( 8,
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FI GURE 8 Hi gh power el ect r on

mi cr ogr aphs of t he cyt opl asmi c

r egi on of a hyper t r ophi c chon-

dr ocyt e pr ocessed by HPF and

f r eeze subst i t ut i on . ( t op) Ex-

ami nat i on of r ough endopl asmi c

r et i cul um ( ER) sect i oned per pen-

di cul ar l y r eveal s t he r i bosomes t o

be pr eser ved as di scr et e ent i t i es

( RI ) ; t he pol ysomal ar r angement

of t hese st r uct ur es i s cl ear l y ap-

par ent i n r ough ER cut i n t angen-

t i al or obl i que pl anes ( PRI ) .

Mi t ochondr i a) gr anul es ( G) may

be r eadi l y di st i ngui shed wi t hi n

densel y st ai ned mi t ochondr i a

( M) . The wel l pr eser ved t r i l ami nar

membr ane of a pr i mar y l ysosome

i s i ndi cat ed ( LM) . Bar , 0 . 5 Am. x

30, 000 . ( bot t om) A Gol gi com-

pl ex, consi st i ng of numer ous ci s-

t er nae ( GC) and associ at ed vesi -

cl es ( G1I , t oget her wi t h coat ed

vesi cl es ( C11 and a secr et or y gr an-

ul e ( SG. Bar , 0 . 5 Am. x 30, 000.

9, 55, 99) . Exami nat i on of cel l s t hr oughout t he epi physeal

pl at e i n t i ssue pr ocessed by HPF/ FS r eveal ed no cor r el at i on

bet ween t he numer i cal ar ea densi t y of mi t ochondr i a) gr anul es

and t he ext ent of mi ner al i zat i on . Al l cel l s cont ai ned compa-

r abl e number s of cal ci um- r i ch gr anul es, and t hi s f i ndi ng

suppor t s a r ecent obser vat i on made i n f r ozen t hi n sect i ons of

car t i l age t i ssue ( 51) .

Exami nat i on of chondr ocyt es t hr oughout t he epi physeal

pl at e as a whol e i n car t i l age t i ssue pr ocessed by HPF/ FS

r eveal ed t hat al l cel l s wer e mor phol ogi cal l y i nt egr al , even

t hose i n t he mi ner al i zi ng and so- cal l ed ` degener at i ng' zones,

i ncl udi ng t he t er mi nal cel l adj acent t o t he zone of vascul ar



i nvasi on ( Fi g . 10) . On t he basi s of r esul t s obt ai ned usi ng

st andar d chemi cal f i xat i on t echni ques, cel l s i n t hese r egi ons

wer e gener al l y bel i eved t o be di si nt egr at i ng . These obser va-

t i ons ar e of consi der abl e si gni f i cance wi t h r espect t o t he

t heor i es of mi ner al i zat i on and vascul ar i nvasi on cur r ent l y

debat ed, and t hei r i mpl i cat i ons i n t hi s r egar d ar e di scussed i n

t he f i nal sect i on of t hi s communi cat i on .

DI SCUSSI ON

Many of t he pr obl ems associ at ed wi t h and i nt r i nsi c t o t he

f i xat i on of car t i l age t i ssue i n aqueous medi a may be ci r cum-

vent ed by empl oyi ng pur el y physi cal met hods, whi ch i n t hi s

i nvest i gat i on wer e exempl i f i ed by r epl i cas of chondr ocyt es

pr ocessed by HPF/ FE. However , such r epl i cas l end t hem-

sel ves mai nl y t o membr ane anal ysi s st udi es and as such t hei r

usef ul ness i s l i mi t ed. Cl ear l y, i t i s t he pr eser ved mat er i al i t sel f

t hat has t he pot ent i al t o yi el d most i nf or mat i on at t he ul t r a-

st r uct ur al l evel . However , dur i ng t he pr epar at i on of such
mat er i al f or el ect r on mi cr oscopi c exami nat i on, t he use of

cer t ai n chemi cal pr ocessi ng t echni ques cannot be avoi ded.

These i ncl ude t he subst i t ut i on of t i ssue wat er wi t h a r esi n-

mi sci bl e subst ance f ol l owed by i nf i l t r at i on wi t h r esi n i t sel f .

I n t he cur r ent i nvest i gat i on, a met hod of t i ssue pr ocessi ng

i s descr i bed whi ch, by t he adopt i on of l ow t emper at ur e con-

di t i ons, mi ni mi zes t he del et er i ous ef f ect s upon t i ssue associ -

at ed wi t h t hese st ages under st andar d f i xat i on condi t i ons . The

t hr ee st ages of t he t i ssue pr ocessi ng wer e t hus : r api d hi gh

pr essur e f r eezi ng, f r eeze subst i t ut i on f i xat i on, and subzer o

t emper at ur e embeddi ng .

The pr i nci pl e advant age of HPF i s t hat nat i ve t i ssue may

be f r ozen di r ect l y wi t hout t he need f or quenchi ng i n l i qui d

cool ant s, whi ch necessi t at es t he use of ant i f r eeze agent s t o

pr event i ce cr yst al gr owt h, a consequence of t he sl ow r at e of

cool i ng ( 15, 20, 25, 27, 69, 96) . The addi t i on of t hese agent s

i s known t o i nduce mul t i pl e ar t ef act ual al t er at i ons i ncl udi ng

i nt r acel l ul ar subst ance l osses ( 12, 23) and di sl ocat i on of mem-

br ane pr ot ei ns ( 4, 30, 85) . Al t er nat i ve met hods of f r eezi ng

t hat avoi d t he use of ant i f r eeze agent s i ncl ude t he pr opane j et

FI GURES 9 and 10

	

Fi g . 9 ( t op) : El ect r on mi cr ogr aph i l l ust r at i ng a

r epr esent at i ve por t i on of t he cyt opl asmi c r egi on of a hyper t r ophi c

chondr ocyt e pr ocessed by HPF/ FE i n whi ch t wo Gol gi or ganel l es

( GO) ar e vi si bl e . Bar , 1 Am. x 16, 000 . I nset : Hi gh power magni f i -

cat i on of a mi t ochondr i on . Exami nat i on of t he f r act ur e pr of i l e

r eveal s pat ches of bot h out er ( OM) and i nner ( / M) mi t ochondr i al

membr anes . Bar , 0. 2 Am. x 27, 000 . Fi g . 10 ( bot t om) : El ect r on

mi cr ogr aph of a t er mi nal chondr ocyt e pr ocessed by HPF/ FS. The

cel l , bound by an i nt act pl asmal emma, appear s mor phol ogi cal l y

i nt egr al and i s sur r ounded by a per i cel l ul ar mat r i x compar t ment

( PM) wi t hi n whi ch no si gn of degr adat i on i s appar ent . I n t he r egi on

wher e t he i nvadi ng bl ood capi l l ar y endot hel i um ( EC) cont act s t he

i nt act t r ansver se sept um, f i ne monocyt i c cel l pr ocesses ( MY) may

be seen . The whi t e pat ches ( DMM) wi t hi n t he mi ner al i zed l ongi t u-

di nal sept a ( MM) ar e f or med as a r esul t of sol ubi l i zat i on of mi ner al

cont ent i n t he wat er used f or sect i on f l ot at i on . I t i s appar ent f r om

t he el ect r on mi cr ogr aph t hat t he wat er - r i ch i nt er i or of t he bl ood

capi l l ar y ( BP, bl ood pl asma) i s l ess wel l pr eser ved t han t he si mi l ar l y

wat er - r i ch envi r onment wi t hi n t he hyper t r ophi c chondr ocyt es . The

exi st ence of t hi s si t uat i on i s not , however , pur el y f or t ui t ous but

appr opr i at el y i l l ust r at es t he r ol e of t he pr ot eogl ycan- r i ch per i cel -

l ul ar mat r i x i n act i ng as a cr yopr ot ect i ve agent deep wi t hi n t i ssue

bl ocks ( >120 Am) . DTM: Degr aded t er r i t or i al mat r i x . Bar , 5 Am. x
2, 000.
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( 62, 96) and cool ed met al bl ock ( 33, 34, 37) met hods. The

t echni ques ar e, however , sui t abl e f or f r eezi ng onl y vesi cl e

suspensi ons, cel l s, and t i ssue up t o a t hi ckness of 10- 20 um

( 17, 20, 96) .

When pur e wat er i s pr essur i zed t o 2 . 1 x 108 Pa ( 2, 100 bar ) ,

i t s f r eezi ng poi nt i s depr essed t o - 22° C ( 45, 92) . Conse-

quent l y, t he t emper at ur e r ange over whi ch i ce cr yst al gr owt h

can occur i s r educed by 22 ° C ( i . e . , over t he r ange - 22° C-

- 80° C i nst ead of t hat f r om0 ° Ct o - 80° C) . I t i s t o be expect ed

t hat under si mi l ar pr essur e condi t i ons t he f r eezi ng poi nt of

car t i l age t i ssue was depr essed at l east t o - 22 ° C and most

pr obabl y t o a l ower val ue ( 6, 45, 71) and hence t he cr i t i cal

t emper at ur e i s f ur t her r educed . Mor eover , t he r api d r at e at
whi ch t he speci men was cool ed ( >7000° Cs- 1 ) assur ed t hat
t he passage t hr ough t hi s r ange was achi eved ver y r api dl y

( wi t hi n - 9 ms) . I n addi t i on, t he st r uct ur es of t he i ce cr yst al s
f or med under a pr essur e of 2 . 1 x 10 8 Pa ( 2, 100 bar ) ar e of

t he t ypes I I , I I I , and I V ( 19, 24, 56, 91) ; t he nucl eat i on and

gr owt h r at es of such cr yst al s ar e consi der abl y sl ower t han t he

cor r espondi ng r at es f or t ype I cr yst al s f or med at at mospher i c

pr essur e ( 27, 57, 71, 75) . Si nce t i ssue wat er was f r ozen wi t hi n

40 ms of t he i ni t i at i on of t he pr essur e bui l d- up, pr essur e-

i nduced st r uct ur al al t er at i ons ( demonst r at ed t o be t i me- de-

pendent [ 58, 94] ) wer e avoi ded .

Pr ot eogl ycans wi t hi n t he i nt er cel l ul ar mat r i x exi st i n an

under hydr at ed st at e ( 36) , and a consequence of t hi s i s t hat

t hose wat er mol ecul es pr esent ar e associ at ed wi t h and hi ghl y

or i ent ed ar ound t hese macr omol ecul es . Wat er mol ecul es t hus

or der ed of f er consi der abl e r esi st ance t o t he r eor i ent at i on

f or ces t hat oper at e dur i ng i ce cr yst al f or mat i on ( 6) . Thi s

ant i f r eeze pr oper t y of t he car t i l age mat r i x ( 6, 13, 25, 27)

al l ows t hat t her mal ener gy di ssi pat ed f r omt he encl osed chon-

dr ocyt es dur i ng f r eezi ng may be mor e ef f ect i vel y conduct ed

away ( si nce t he t her mal conduct i vi t y of l i qui d wat er i s con-
si der abl y hi gher t han t hat of f r ozen wat er ) bef or e t he mat r i x

i t sel f i s f r ozen ( 25) .

The next st age of t he t i ssue pr ocessi ng consi st ed of subst i -

t ut i ng f r ozen t i ssue wat er wi t h a r esi n- mi sci bl e subst ance .

Met hanol was chosen because of i t s r api d r at e of subst i t ut i on

( 65, 66, 90, 100) and because i t has t he smal l est denat ur i ng

ef f ect upon t i ssue pr ot ei ns at l ow t emper at ur es ( 10, 18, 68) .

Fr eeze subst i t ut i on was i ni t i at ed at - 90°C i n or der t o pr event

i ce- r ecr yst al l i zat i on pr ocesses ( whi ch begi n at - 80° C [ 3, 12,

56, 64, 84, 90] ) , and 95% of f r ozen t i ssue wat er can be

expect ed t o be subst i t ut ed wi t hi n 10 h at t hi s t emper at ur e

( 65, 66, 100) . The t emper at ur e was t hen i ncr eased t o - 60 °C

and t hen t o - 35 ° C ( at whi ch t emper at ur e r esi n i nf i l t r at i on

and embeddi ng pr ocesses wer e car r i ed out ) i n or der t o i ni t i at e

` mi l d' gl ut ar al dehyde f i xat i on . The smal l amount of t i ssue

wat er r emai ni ng when t he subst i t ut i on t emper at ur e was i n-

cr eased t o - 60° C and t hen t o - 35° Cwas pr obabl y t hat whi ch

was t i ght l y bound t o t he sur f aces of PG mol ecul es and t hus

r esi st ant t o i ce cr yst al f or mat i on ( 6, 27) . Thi s wat er was

nonet hel ess compl et el y r epl aced by met hanol dur i ng t hese

f i nal st ages of subst i t ut i on.

Gl ut ar al dehyde was added dur i ng subst i t ut i on i n an at -

t empt t o l i mi t di sor der i ng of pr ot ei n mol ecul es whi ch woul d
ot her wi se occur dur i ng embeddi ng. Thi s pr ocess t oget her wi t h
t he dehydr at i on st ep ar e consi der ed t o have a consi der abl e

di sor der i ng and denat ur i ng ef f ect upon pr ot ei n st r uct ur e un-

der st andar d f i xat i on condi t i ons ( i . e . , at ambi ent t emper at ur e)
( 12, 52) . Fr eeze subst i t ut i on wi t h met hanol ser ves not onl y t o
r epl ace f r ozen t i ssue wat er wi t h a r esi n- mi sci bl e subst ance but
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al so as a dehydr at i on st ep. Si nce pr ot ei n di sor der i ng and
denat ur at i on i nduced dur i ng dehydr at i on and embeddi ng

have been shown t o be ext r emel y t emper at ur e- dependent ( 5,

35, 83, 93, 98) , i t seems unl i kel y t hat t hi s was an i mpor t ant

f act or under t he t emper at ur e condi t i ons adopt ed i n t hi s i n-

vest i gat i on . Resi n pol ymer i zat i on, whi ch under st andar d con-

di t i ons i s car r i ed out at 60° C, i s al so a st age dur i ng whi ch

pr ot ei n denat ur at i on can t ake pl ace. I n t he cur r ent i nvest i ga-

t i on, UV- r ay- cat al yzed r esi n pol ymer i zat i on was conduct ed

at - 35° C and hence t hi s denat ur i ng ef f ect was avoi ded .

The r esul t s i ndi cat e t hat t he pr eser vat i on qual i t y of chon-
dr ocyt es pr ocessed by HPF/ FS i s super i or t o t hat of chondr o-
cyt es f i xed by one of t he best of t he cur r ent l y avai l abl e
chemi cal f i xat i on t echni ques ( i . e . , RHT- CF) . Al l epi physeal
chondr ocyt es t oget her wi t h t hei r associ at ed mat r i x compar t -

ment s, i ncl udi ng t he t er mi nal cel l i n t he mi ner al i zi ng zone
adj acent t o t he r egi on of vascul ar i nvasi on, wer e f ound t o be

mor phol ogi cal l y i nt act . Thi s f i ndi ng i s cont r ar y t o t hat f ound

af t er st andar d chemi cal f i xat i on i n whi ch cel l s of t he mi ner -
al i zi ng and so- cal l ed ` degener at i ng' zones wer e obser ved t o be
di si nt egr at i ng ( 2, 7, 9, 22, 72) . Al t hough a f ew aut hor s bel i eve
t hat some of t hese cel l s may sur vi ve ( 16, 32, 39) , t he pr esence
of t hese degener at i ng chondr ocyt es i s an obser vat i on t hat has
consi st ent l y been made and i s t hus bel i eved by many aut hor s
t o be a nat ur al l y occur r i ng phenomenon . I t i s t her ef or e not
sur pr i si ng t hat an expl anat i on f or t hi s cel l ul ar di si nt egr at i on
has been sought i n t er ms of i t s possi bl e si gni f i cance t o t he
mi ner al i zat i on pr ocess . Cel l s of t he degener at i ng and mi ner -
al i zi ng zones ar e bel i eved by some aut hor s t o di e as a r esul t
of l owoxygen t ensi on and i nadequat e di f f usi on of met abol i t es
( 7, 9, 31, 76, 89) . Af t er di si nt egr at i on, r el eased enzymes ar e
bel i eved t o degr ade mat r i cal pr ot eogl ycans, a hi gh concent r a-
t i on of whi ch have been shown t o i nhi bi t mi ner al i zat i on ( 1,
7) . Mi ner al i zat i on i s t hen i ni t i at ed al ong t he i nt er t er r i t or i al
mat r i x vesi cl es whi ch ar e bel i eved t o or i gi nat e f r ombudded-
of f pr ocesses of l i vi ng chondr ocyt es . Some wor ker s i n t he f i el d
bel i eve t hat degener at i ng cel l s may cont r i but e t o t hi s popu-
l at i on i n t he ` degener at i ng' and mi ner al i zi ng zones si nce t he
densi t y of such vesi cl es i ncr eases i n t hese r egi ons ( 1, 7, 72) .

On t he basi s of our r esul t s, t hi s possi bi l i t y, t oget her wi t h t he
i dea t hat pr ot eogl ycan- degr adi ng enzymes ar e passi vel y r e-

l eased f r om degener at i ng chondr ocyt es, may be excl uded.

I t i s gener al l y bel i eved t hat monocyt es associ at ed wi t h t he
i ngr owi ng vessel s cl ear away cel l and mat r i x debr i s i n pr epa-

r at i on f or vascul ar i nvasi on ( 1, 79, 80, 86) . Si nce t he t er mi nal

cel l and i t s associ at ed mat r i x, adj acent t o t hi s i ngr owi ng vessel ,
has been obser ved t o be i nt act , t he possi bi l i t y i s now r ai sed

t hat t hese cel l s may be act i vel y dest r oyed . I f t hi s i s i ndeed t he

case, t he concept of vascul ar i nvasi on needs t o be r eassessed,
si nce t he dest r uct i on of l i vi ng t i ssue ( 14, 29, 63, 82) r ai ses
pr obl ems of qui t e a di f f er ent nat ur e f r om t hose associ at ed
wi t h t he r emoval of cel l and t i ssue debr i s . I n a si t uat i on such
as t hi s, monocyt es woul d i ni t i al l y have t o penet r at e an i nt act

t r ansver se sept um; i t i s concei vabl e t hat t he t er mi nal chon-

dr ocyt e coul d secr et e an i nhi bi t or of t he ant i i nvasi ve f act or
t hat i s known t o be pr esent i n t hi s mat r i x ( 44, 50) . Ther eaf t er ,
t he t er mi nal chondr ocyt e woul d have t o be dest r oyed, and
t hi s r equi r es t hat i t i s r ecogni zed as f or ei gn by t he i nvadi ng
monocyt es . I t i s possi bl e t hat f ol l owi ng br eakdown of t he

per i cel l ul ar mat r i x, speci f i c membr ane- bound ant i geni c si t es
not pr evi ousl y accessi bl e t o t he i mmune syst emar e r ecogni zed

as f or ei gn by i nvadi ng monocyt es and consequent l y dest r oyed
i n a manner anal agous t o t hat of t he l ysi ng of senescent



er yt hr ocyt es ( 48, 49) . An al t er nat i ve expl anat i on coul d be t hat

compl ement - medi at ed cel l l ysi s i s i nduced af t er dest r uct i on

of t he pr ot eogi ycan mat r i x ( 11, 70) . I t may be of si gni f i cance

i n t hi s cont ext t hat compl ement - act i vat ed cel l dest r uct i on has

been demonst r at ed t o occur when pol yani oni c subst ances ( of

whi ch a pr ot eogl ycan mol ecul e i s one) at t he cel l sur f ace

i nt er act wi t h pol ycat i oni c compounds ( e. g . , l ysozyme, whi ch

i s known t o be pr esent i n car t i l age mat r i x) ( 53, 73, 81) .

However , i t shoul d be emphasi zed t hat t he suggest i ons made

r egar di ng penet r at i on of t he t r ansver se sept um and act i ve

dest r uct i on of t he t er mi nal chondr ocyt e and i t s associ at ed

t er r i t or i al mat r i x ar e pur el y hypot het i cal ; we have not under -

t aken exper i ment s t o di spr ove or subst ant i at e t hese i deas .

Thei r i ncl usi on i s i nt ended t o pr ovoke di scussi on and r esear ch

i nt o t he new pr obl ems now r ai sed by our f i ndi ngs .

The obser vat i ons made i n t he cur r ent i nvest i gat i on t hat al l

cel l s t oget her wi t h t hei r associ at ed mat r i x compar t ment

t hr oughout t he epi physeal pl at e ar e mor phol ogi cal l y, and by

i mpl i cat i on, f unct i onal l y i nt act at t he ul t r ast r uct ur al l evel

i mpl y, by anal ogy t o t he bone mi ner al i zat i on pr ocess, t hat

mi ner al i zat i on and vascul ar i nvasi on ar e cont r ol l ed not by

haphazar d changes i n l ocal envi r onment al condi t i ons but , at

l east i n par t , by t he chondr ocyt es t hemsel ves .
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