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ABSTRACT

PARI I

R1b cartllage sllces from a lltter of dogs klrled at
r¡arlous ages were honaogenlzed, successlvely wlth water , 3/,

Kcl, 0.05 N HCI and !.25 N KoH and the extracts analysed. for
carclum, phosphate and chondrolùlnsulfate (cs) glucuronaüe.

The rlbs r{ere divld"ed. lnto J groups (uncalclfl_ed, beglnnlng
calclflcatLon and advanced calctflcatlon) by the use of
arbltrary 1lmlts for the lnorganlc phosphate dlssolved by

acld. extraction and then a statlstical anarysls of the dlffe-
r"ences between the results for the three groups vras caruied
out. The results showed that during the lnltlar stages and

la.ter lrr the advanced stages of calcLfl_catlon there was a

signlflcant lncrease ln cs ln the fracvlons not extractable
v¡ith nater and this wa.s nearly all accounted for by increases
in the amount of cs solublLlzed in the al-ka.Il extract.
[hese cha-nges were accompanied by an ln]_tlal rlse and. a later
fal-r in the totar cs glucuronaüe ln the cartlla.ge anil al-so

by an lnltlal rlse ancl a later large farr ln the amount of cs

solublLlzed 1n the water extracts 
"

There was a graduar oecline in the water content of the
rlbs as they passed through the varlous stages of calclflca-
tlon.

upon incorporatlon of l,taz35s04 by the rlb cartlla.ge the
speciflc actlvlty ln all the r1b cartllage extracts decreased

slolly wlth lncreaslng age of the puppy and a.rso as the rlbs
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progressed from the uncalclfled" state to the adva.nced

stages of calclficatlon. The water-extractable cs was

meùabollzed at a faster rate tha,n that extracted wlüh alkarl,

PANT IÏ

Elb cartllage powd,er was homogenlzed. sLlccessj-vely wlth
0,05 FI EDTA, waüer, cac!2 and water and then lncubated w1üh

proteolytlc enzyües after whlch the pellet was honiogeni.zed

further with sorutlons of 3% xcl., 0"05 N HCI and !.25 N KoH

respectively and the extracts a:ralysed for calclum, proteln
and CS glucuronate.

Durlrrg lncubatlon of the petlet wlth papaln 1t was

found that nearl.y all the calclum, between ?5-85% of the

non-collagenou.s proteln and 5o-?5/" of the cs was extracted
while solublrlzation of collagen was muctr l-ess complete

(15-30%). I'lost of the re¡oalnlng ca1clum, non-cor]-agenous

proteln and CS was then dissolved by KCl. Durlng the
lncubatlon perlod the pH of the medlun changed from 6.2-6,j to 4.1-
4.6 (unbuffered) and from 5.4 to Lt.g (buffered r¡¡1üh o.oz M

sodlum acetate-acetlc acld). The more acld the pH the greater
wouLd. be the tendency of cs to form lnsoluble sarts wlth pro-
teln, thus raislng the posslblrlty t at a portlon of the cs

formed new insoluble compJ-exes durlng dlgestlon.
Rlb cartllage powder was homogeni-zed v¡1th solu.tlons of

0"05 ¡,1 EDTA, water, CaCl2, water, 3/" KCl- (dlssoLved ln a

0.2 14 Na2HP04-0,1 I{ cltrt-c aold (pH 2"0) lnstea.d. of KCl
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d-J.ssolved 1n dlstlIled water), 0.05 N i{CI and l.ZS N KOII

respectlvely. rt was found tha.t there was no change ln the

total amount of cs extracted- by the 3/" KCr (0.4 ri¡ under the
hlghly buffered. condltlons. The f ind"lng that nelther 0.4 M

KCL nor a comblnatlon of thls with buffer wirl remove the

last portion of the CS (that vlhlch ls dissol-ved by KOH)

lndlcates that thls fractlon of the cs must be bound to
proteln ln vlilo by non-salt 1lnkages.

rn another serles of experlments rlb cartlla.ge powder

was homogenlzed wltil solutlons of 0.05 t{ EDTÀ, u¡ater, CaC!2,

wa.ter, 3fi KCI, 0,05 N HCl a,nd l-.25 I'tr KOH respectlvely and.

analysed for proteln and cs. The removal of so1ld" mlneral

matter nith EDTA d.ld not a]üer greatry the amount of cs whlch

was not extracted wlth v¡ater or KcI amd could only be removed

by alkall, Thls lndlcates that the lnsolublllty of the alka.Il-
extra.cted. cs ls not due to physlcal blndlng to the solld mlne-

ra1 matter,



PTiEFACE

To set the background. to thls work a brlef d.escrlptlon
of bone and cartllage 1s glven belowo

CÀRTILfiGE

cartllage conslsts of cerls, chondrocytes, embedded

ln a matrlx, Thls maür'lx, ln turn, 1Ê composed of an organ-
lzed flber meshwork, chrefry colraggn, and of an amorphous

ground substance especlally rlch Ln sulfated mucopolysaccha-

rldes. [he chlef component of the ground substar¡ce ls
ch.ondromucoproteln, which 1s a compound contalnlng the polymer

chondroltlnsulfate 1lnked. through a sugar and. 0-serlne
Ëo a protef.n" Tt may represent up t o 4ufu oî the d.ry welght
of hyallne cartllage.

Ther=e are 3 generally recogntzed varletles of adult
human cartllage: hryallne, fS.brous arrd elastlc. HyaIlne car.-

tllage is found coverlng the artlcular surfaces of most

jolnts, ln the cosüa1 carüllages, etc"

BONE

Bone ls a calclfied connectlve tlssue. Bone tissue ls
cellu-Iar, wlth the bone celrs, osteocytes, enclosed wlthln
compa.rtments called l-acunae. The organl_c matrlx, whlch

accounts for a.pproxlmately 38fr of the dry welght of the tlssue,
ls almost entlrely conposed of colla_gen flbres. There 1s al1

additlonal amorphous ground su.bstance, whlch contalns a smaI1

but f unct1ona.lly s lgn1f lcant amounË of sulfated. raucopoly-

saccharideFn The lnorganlc pha.se conslsts almost exclusively
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of ca]clum phosphate salts, All bone 1s formed by functlonal
osteoblasts. osteogenesls is a two-phased process; the
calclflable organlc matrlx, consistlng of collagen flbres
and ground substance, ls fornred flrst, followed by mlneral-
l,zatlono

ORGå.NTZATION OF THE THÞ'SIS

The thesls ls dlvld-ed rnto z sectlons: part r and part rr.
trach part has 1ts omi lntroduotlon, naterlals and method_s,

results and dlscusslon. A flnar dlscusslon embraclng the
results of both sectlons ls glven at the end of part rr.
Thls ls followed by some comments coneernlng the future
expa.nslon of the presenü work.



ABBREVIATTONS

The follov¡lng abbrevlatlons were

chondroltlnsulfate

lnorganlc phosphate

üotal phosphate

wee.k

wetght

gram

mlnute

hour

chon.dromucoproteln

prot e lnpo1y saccharl de

non-colla.genous proteln

acld. nucopolysaccharld,es

optlcal denslty

used ln thls thesls:

cs

lnorganlc

Pt

wk

wt

gorgn
n1n

hr

CiIÏP

PP

Næ

Ai[PS

o.Ð.

PorPl

vl1 1
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PART ]

oAI,CIIIM, PHOSPHATE AND CHONTDROITINSULFATE LBVELS

AT VI\R]OUS STAGES OF ETB CIå,LCTFTCATTO}I



TNTRODUCTTON

Neuman and Neuman (1) considered the mechanlsm of
ca-lcLflcatlon üo invorve the fornatlon of crystal nucleL upon

whlch epltactlc growth of the sol1d mineral matter takes
prace. Arthough the exact nature of the agent or agents res-
ponslble for the lnductlon of the crystal nuclel Ls stll1
unknonr:r, proposals have been made about the nature of the
rnlnerallzlng s1te. ft has often been suggested that chcndrofti-
nsulfate 1s a necessary factor ln calclflcatlon but the exact
roLe proposed has varled" greatly. For lnstance, sobel e)
proposed that lt was responslble, together wlth co11a.gen, for
lnltiatlng the process of crystal formatlon whereas Gllmcher

ß) proposed lnhlbltlon of calclfJ-catlon as the maln functton
of CS.

Because of the sfuopler hlstologlcal organrzatlon and_

the fact that a transltlon from an uncalclfled to a calclfled
state can be observed wlthln the same tlssue, the rela.tlon
between cs and. calclflcation can be more easlly studled ln
cartlla.ge than ln bone. The results obtalned. wlth cal_clfled
cartllage, however, may not necessarlry appry to bone,

Boyd and Neuman (ll) have shoun that cs ls a prlncipal
catlon blndlng constltuent of cartllage. Thelr ln vltJ'o
experlments showed that cartllage sl-lces blnd no phosphate

unl-ess the oartilage conbalns appreclable anounts of calclum,
ln whlch case phosphate is taken up by the cartllage untll
the CazP ra.tlo 1s approxLmately that of hydroxyapatlte.
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Elchelberger and Roma (5) showed t]nat durlng the growth of
pupples there 1s an l-ncrease ln the cal-clun content of the

rlb cartllage even before there ls accunulatlon of phosphate

and. deposltion of soll-d mlnerar matter. They found that
during the lnltlal 12 weeks of the pupplesr llfe there was

a constant amount of calcium and phosphaüe ln the rlb cartl-

.lage, but from 13-J.6 weeks of age there was over a 2-fold
lncrease ln the calclum content of the rlbs v¡hlle the phos-

phate content remalned falrry constant. They suggested that
the excess calclum was assoclated wlth the CS of the cartllage,
but not with ùhe colla.gen"

The CS of rlb cartllage has been shown to conslst of at
least two metabollcally dlstinct fra.ctlons (6 r? ,32) . The

fraction i,rhlch, wlth collagenrls not dlssolved by homogenlza-

tlon wlth water or 3/" l<ct has a lower turnover rate than the

solubre cs and has been shown to have the greatest affinlty
for calclum, belng able to retai-n the maJor part of the non-

preclpltated calcLum in cartllage even ln the presence of a

much greater quantlty of the soluble CS fractlon (8).
The present work was undertaken wlth the followlng

objectlves: 1) to flnd out whtch CS fractlon, lf any, blnds

the calelum whlch accunuLated ln Elchelbergerts and. Romats

experlment prlor to carclflcatLon and, to see lf the calclum

ls bound to the same materlal durlng and after calclflcatlon,
(,2) to flnd out lf there are any changes 1n the amount and
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state of chondroltl-nsulfates ln puppy rlb cartllage durlng

caIc1flcat1on,
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carlilage slices
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I{ATtrBIALS AND I'ETHODS

EXTRACTTON PROCEDUBE

Pupples from ühe same lltter (4-7 anlmals ) were kllled
wlth chloroform at varlous ages up to zl weeks. The rlbs
were removed and cleaned of adherlrrg tlssue. Thln sllces
of the cartllage were cut v'ilth a scalpel. The rlbs were

stored ln a freezer and utlllzed as soon as poeslbre after
death of the puppy.

fn order to renove al_l water-soluble Ca, lnorganlc p

and. cs 0,5 g portioas of rib cartllage were hornogenlzed

(Ln a fluted contalner rising a vlrtls t,Zjtt homogenlzer runn-

1ng at top speed.) v,rlth 10 ml dlstl11ed water aE 4oC for
40 rnlns. The hornogenate was centrifuged at ZZOOO x g and

4oc for Jo rnlns, and the supernatant extract poured" off and.

reüalned for analysls" The precipltate was then hornogentzed

v'¡ith a fuirther 10 mr water and the procedure repeated. to
y1eld a total of three water extracts (St-3),

At üh1s stage a water-lnso1uble resldue a.nd_ 3 water

extracts (sr-3) had been obtalned. To remove the materlal
thaü rnlght be ì¡ound by sart llnkages the preclpltate r{as

homogenized rvith 10 m] 3/" Kc]- (0.4 M) and centrifuged as

already descril¡ed. The supernatant hras poured off and

retalned. for analysls and. the homogenlzation and centrlfugation
process vras repeated once more to yleId a total of two KCl

extracts (S4_5) 
"

At thls stage most of the lnsolubl-e calclum salts from

calclfied ribs remained. ln the resld,ue. To solublllze thls
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lnorganic materlal the preclpltate was homogenlzed r^rith
10 mL 0.05 N HCl (0.5 N HCl wlth rlbs ln advanced stages
of calciflcatlon) ana centrifuged as descrlbed prevÍously.
The supernatant v¡as poured. off and retained. for analyst s

and the hornogenlzation and centrlfugatlon repeated once

more to yleld. a total of two acld extracts (56_7).

Finally to remove nearly alr the renalnrng cs the
preclpltate was honogenlzed with 10 mI !.25 N KoH and centrl-
fuged" as above, The supernatant ¡¡as poured off and retalned
for analysls (s6) " An lnsol-uble resldue remaLned after the
KOH extraction. (See Flolv Chart l, page S).

Pupples, àt dlfferent ages and from dlfferent lltters
and at various stages of calelflcatJ_on, were lnJected intra_
perltoneally wlth xu235so4ln lsotonic sallne (atomlc Energy
of canada) usrng o.z5 nc/kg body werght. They were kllr_ed
wlth chloroform 25 hours after lnjectlon. The rib cartl-
lage was extracted. as already descrlbed,

The KoH extract vuas neutrarlzed wlth HCI and then arl
the extracts r¡rere dialysed agalnst runnlng tap water for
2 hours and subsequently placed in a zo l1ter tank of dls-
tll]ed water for 16 hours. Afterwards 0.1 ml of each

extract was plpetted. onto a separate planchet and spread
evenry v¡ith the plpette such ùhat each extract covered the
same surface ar.ea on each planchet. The planchets were

placed under an rnfra Bedlator (nisher sclentlflc co. ) untll



I

the extracts had evaporated to drynesso The radloactlvlty
of the extracts r¡as then counted ln a Nuclear Chlcago 1814 scaler,
gas flow counter and 1118 prlntlng timer. The ur:onlc acld coll-
tent of all extracts üras esülmated and the speclflc activity
calculated" (countslmln/¡rmole CS glucuronate).

ANALYTI CrlI, PRO CEDUBEå

The extracts were analysed by standard methods for
lnorganic phosphate (fO¡, total phosphate (lI), uronlc
acrd. (tz¡ and calcium (see below), standard curves were

prepared f or al-l the tests ( see appendlx) .

CAL CT UI{ DETEIiili T IVAT] O N

Three dlfferent methods were tried for calclum" In
the flrst method. by Bachra et aI (L3), Cal-red served, as

the lndlcator solution. lhls method was found to have a

maJor wealcress ln that the readf-ngs had to be taken very

qulckly as the eolour tended to fade rapldly and. therefore
readlngs depended entlrely on the ablIlty of the lnvestlga-
tor to detect the rapld- change ln colour. the glyoxal bls
(Z-hydroxyanll) estlnatlon procedure (GBHA) of Mager and

Farese (14) also exhlbl-ted a naJor wealcress ln that the test
was only accurate for calclum concentratl-ons whlch were no

hlgher than 40 mgrl100mI of solution. Hlgh phosphate concen-

trations also lnterfered wlth the test. The calceln esti-
nation procedure of Eastoe (J.5) was found to be the best
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and was subsequently used. ln all the tests because there was

11o detectable lnterferellce by cs .and/or lnorganlc po The

Least amount of calclum whlch courd be detected was o "azJ ¡tgn

atoms/mr and 3.?6? Fg atons/ml could be estlma.ted with an

accuracy of 2.!:ft 
"

The ealceln estlmatlon procedure of Eastoe (15) was

sllghtly modlfled. 1n ühat all tltratlons wlth ealceln were

carrled out uslng a fruoroneter as the rrend.-polnt guldett.

The fluororneter was zeroed. uslng a water blank to whlch all
reagents were added Lncrud,lng oarceln. The lndlvlduar un-
lorown samples were then read on the fluorometer anc EDTA

was add.ed to each untll each unknolvn/or standard sample

read zero on the fluorometer, ßesults uslng this method of
assay were found to have satlsfactory reproduclbllLty (rante

I) and, d"ld not depend on the colour sensltlvlty of the observer.

I'tAII\üTENfàNCE OF fHE PUPPIFS

The pupples were fed Pablum and mlrk twlce dally for
the lnltial 12 weeks and then fed a mlxture of Ðr" Ballardrs
canned. dog food and Gravy Traln once dall¡r.
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TiESULTS

FIRST SEÊIES

A lltter of 4 dogs was used. ln the flrst serles of
experiments o A rlb was chosen at random from each of the

4 dogs and homogenlzed as previously descrlbed. The resurts
aîe shoum in Tabre rf. Two thlrds of the cs glucuronate was

extracted wlth water as was prevlousry found by Bowness (B).

ca1clf1catlon of the rlb cartLlage was found to begln bet-
ween bhe initlal 13å weeks (dog rr) and t6 r/? weeks (dog rrr)
of the pupplesr l-Lfe egld was accompanled by a rapld lncrease
of both calclum and lnorganlc p ln all extracts (s1_6).

SECOI\ID SERTES

A lltter of f dogs was used in thls serles of experl-
ments. speclflc ribs i^rere homogenj-zed from each dog. rn
dog rrr (fabIe rrr) arr the ri-bs were homogenlzed separately

and. analysed.. îhe resulüs for dog rrr are glven ln Table rrr.
Photomlcrographs were afso taken of each of ühese ribs anil

are shown 1n Flgures l--9 (see appendlx). These plctures
clearly show the gradual changes in the rlbs âs they become

progresslvely more calclf j_ed.

Not all the rlbs from the other d.ogs were analysed.

fn dog I (9-9È wks) the ribs were all very smal_l and were

found to be uncalcified-. To obtaln sufflclent rnaterlal for
repeated a:ralyses all the rlbs were pooled 1n this dog.

ïn dog rv, ribs 1 and 2 were analysed together and also rlbs

) anð,4. In dog Vf , ribs 1 and 2 anð, rlbs 2 and, I were



l2
TABLE II

EXTBACrIOI{ OF TJIB CATiTTLAGE
Flrst Serles of Experfunents

Dog I
9 l/3 wlcs

Dog
13Ë-

T]
wks

Dog ffI
16 wks
1 day

Dog IV
21 wks
J days

Ca, Sf-3

Ca r54_5

Ca rS6_7

fnorganlc PrSI-3

Inorganlc PrS4_5

Inorganlc P, Sø_7

Ç,a/PI, 56-?

PI/Pt, SI-B

CS glucuronaterSl_B

CS glucuronaüerS4-B

/, CS glucuronatersf -3

18.6

t6.6
2 

"l+

6.8

0.4

0,9

2.69

o "4?
r42 "6

56 "0

6t

L3 "5
!5.2
0.8

6.5

o,2

0"2

19.0

0.36

r4g "7

52"B

65

46 "4
Bg.3

4oo. o

59.g

2r.5

228,0

r,76

0 ,98

tg6.+

62 "4
6B

6l.g
110.5

t269.6

34.2

10.4

511.0

2,48

0.64

L66 
"t+

62.4

o)

Note: Flgures are

P 3 ¡rmoles/g

ln ¡rg atoms/g wet

wet welght for CS

welght for Ca and

glucuronate o
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analysed together. rn ar] other cases rlbs were analysed

separately. Those anarysed are llsted beJow (r1b number-

lng ls anatomlcal (18), see Figure I-59) .

Dog II - rlbs l-3,6,9
Ðog Iff - all the rlbs

- rlbs !+2rJ+l+ r6r)
- rlbs l 13 ,4 16 ,g

- rlbs l+2 r7+J ,6 19

Dog VfI - rlbs Br9

The results for each of these dogs, except dog Vff, wlII
be found ln the appendlx (Tables VII-X),

Table IV shows the results for rib g fron each of
the 7 dogs.

Besurts for all rlbs whlch were assayed lndlvldually,
noü 1n palrs or groups, were put together for a statlstlcal
analysls of the dlfference between carclfled and uncaLcl-

fled rlbs ln thelr total cs content and d.lstrlbutlon of cs

lnto water extractable and non-extractable fra,ctions (Tabre

v). The rlbs Ì/üere dlvlded Lnto j groups (uncalclfled (A),

beglnnlng calclflcatÍon (B), and advanced calcJ-ficaþ1on (c) )

by the use of arbltrary llmlts for the lnorganlc p dlssolved.

by acld extractlon (S5_7), v¡h1ch 1s presumably lndlcatLve
of the sol1d mineral- matter present, calciflcatlon was

consldered to have begun lf the lnorganlc p 56_7 was ) Z ltg
atoms/g fresh tlssue whll-e the rlbs were consldered to be ln
the advanced stages of carclflcatlon lf the lnorganic p

Dog IV

Dog V

Dog VI
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True rî bs

Folse ribs

Chapter 1.

(fron 'rÀn¿:tomy of

T¡rs SxpLnrAL Sysrpu

a DogÛ by I'1.E" I'Í111er)

ú

Manubrium of sfernum

- - lnfersternebrol cartiloge
-- Second sfernebro

- - Cosfo c ho n d ra I j uncti on

- --Bodg of rih

¡-Seventh sternebra

-tii- =Xiphoid process

-E i g hth i ntercostal spoce

'- lnfrosfernal anole)

- -Xi phoid corl iloge

-- -Thirteenlh rib

Frc. I-59, Ribs and sternum, ventral aspect.

Costol arch
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56-Z was ) 800 ¡rg atons/g fresh tissue. An examlnatlon of

histologlcal sectlons from the rfbs stained wlth von Kossa

ß3r34) and eosln was also carrled. out (see appendlx,

Flgs. 1-I0). [hls provlded a clear conflrmatlon of the

d,lvlsion of the rlbs i.nto uncalclfled and beglnnlng calcl-
flcatlon groups from the phosphate analyses. However,

neither the phosphate analyses nor the hlstoroglcal sectlons
provlde evldence for any cl-ear break between ribs beglnnlng

calclflcatlon and those ln an advanced. stage of calclfica-
tlonn From the polnt of vlew of these parameters, the d1st1n-

cülon between these two groups j_s purely arbl_trâr,vr but as

v'rlLl be seen the total chondroltinsul-fate content of the ribs
does suggest tlnat a dlstlnctlon can be made"

Table vr shows the resul-ts of the uptake of radioactlve
sulfate by one rlb from each of the three groups of rlbs
(uncalclfled, beglnnlng calclflcatlon a.nd advanced stages

of cal-c If Lcat lon) .
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TABLE VI

SIECIFIC AcTIVITY ( CoUtitS,iI,lIxí4Jt{0LES cS GLUCUB"oNATE )
ïN RIB C;lrrTfLAGE EXTB.ACTS OF PUPPIES
I{fLLED ?5 ITOURS A1ITER INJECTIOI{ IIITH

NarJ'So4 (O'25 nC/*g bodY wt)

RTBS

rrearmenü uncar.cir1ed''i* c'r:iFiäätTå*". ."1å1iiä!!f o,,,*,.,*

ldater (Sr-3 ) zggo

3% Kct
( S¿+.-¡ ) zz3o

l_.25¡ü KOH
(se)

)B/ ù1_3

l-735

l-220

700985

0 "329

1336 1254;(

1o4B 1069r'

430 1t73"

0,403 0.322 O.)79

** water was replaced. by 0.05 t{ EDTA (dl-sodlum)
whlch was then followed by the latter tvüo
treatment s.

r+r,+ rlbs are from a 17 weelc oId dog (one r1b of
each type was analysed).

',"1''\?¿t ribs are from a 30 week o1d dog (one 11þ was
extracted by eacln method).



DISCUSSTON

CHOI{DiiOITIi'ISUL¡.ATES IIl BIB C¡TRTILAGE

Tables IlI and. IV, VII-X show that the v¡ater extracts

from uncalclfled rib cartllage (Sf-3) contaln the najor

portion of the total CS glucuronate extracted from the

ti-ssue. Ii[ore than half of the remalnlng CS g]ucuronate

was subsequently removed. by treatment wlth 3% KC1. whlle the

rest was removed upoll treatment wlth !,25 N KOH. These

water extracts (Sf-3) were found to contaln about ?-91'!

of the total calct-um content of this tissue and nearly

all- the lnorganlc P. These result's are slm1lar to those

found. by Bovlness (B) 
"

During the j-nltia1 stages of ealclflcatlon a number of

changes were detecüable ln the amounÙs of the analysed.

components of cartilage extracted by the solutlons used.

The increase ln calclum and phosphate ln the HCl extracts

{S¿-?) whlch ls presumab}y due to deposlts of solld mlne-

ral, 1s accompanled. by lncreases ln cal-clum and phosphate

ln the KCI- extracts and to a lesser extent ln the water

extracts. The ratlos obtalned- for calclfylng rlb cartl-
lage are compared. below wlth those for uncalclfled

cartllage (Tables III and TV, VII-X ln appendlx):

uncalclfled ribs (n)'* Calclfled- rlbs (n)o

Ca Sr -q/CS glu-
curönáte SL-3= 0.083-0 "L7! (B)

Ca SL+-5/CS glu-
curonáte S4-B= 0,276-0"51-Q (B)

0.211-0 .459 (2t)

o.BBo-1.963 (21)

n = number of analyseg"



Pi Sr _?/cS gluco-
roñaÉe S1-2=

P1 SU-\/CS gluco-
ronaÉe S4-B=

These ratlos are

and Lee (16).

Uncalclfled rlbs (n)o

o.o2o-0 "065 (B)

o,oo5-0.038 (B)

23

Calcified rlbs (n)*

0 "!42-o "3t2 (2r)

o .11g-o "454 ( 21)

simllar to those reported by Bov,iness

ft was found ETøt the tables of lndlvldual results
(fables fff and IV, VII-X) vrere lnsufflclent alone to d"evelop

sound baslc concluslons and therefore a statlstlcal a.naly-

sls of grouped resul-ts had to be done, The resul-ts from

the statistlcal analysf.s (Table V) allow some deflnLte con-

clusions to be drawn wlth respect to some of the orlginal
obJectlves but not all"

After divld-ing the rlbs lnto 3 groups (uncal-clfied.,

beginnlng calclflcatlon and advanced calciflcatlon) on the

basls of the acl"d- soluble Pl content, lt was fou-nd that the

aean flgure for total CS glucuronate (Sf-g) was 9ft ]nig]ner

for the group beginnlng calclflcatlon than for the uncalcl-
fled group" The P value for the d"lfference was ( 0.10) 0.05"

A large portlon of thls lncrease ln total CS glucuronate

took place 1n the water-lnsoluble CS fractlons (S4-g). fhe

mean fJ.gure for the sum of the ÇS glucuronate ln the S4-g

fra.ctlons in. the group beglnnlng calcl-ficatlon was J-9,%

hlgher than for the uncaIclfled group and. the P value ü/as

(0"01) O.OO5. The maJor portlon of thls lncrease took

place ln the KOH fractlon (Sg) where the P value wa.s
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(O,OI) O.OO5 as compared to the small lncrease ln CS ln
the KCI fractlonr (S4-5) where the P vaLue was ( 0"45) 0"40,

Although the major portlon of the lncrease 1n total CS

glucuronate (Sf-g) took place ln the water-soluble CS

fractlons (Sf-3) tne mean flgure for the sum of CS glucuron-

ate in the Sf-3 fractlons ln the group beginnlng ca1olflca-
tlon was only 6% ntgner than for the uncal-clfled group and

the P value was ( 0"2A) 0.15. Durlng thls same peri.od there

r^rere large lncreases 1n cal-cium and lnorganlc P, mostly ln
the HCI extracts, lri whlch the solld mlneral matter ls
dlssol-ved..

ïn the advanced stages of cal-clficatlon the mean flgure
for total CS glucuronate extracted from the rlbs (Sf-A)

was L6i4 louer than the mean for the group beglnnlng calcl-
flcatlon. The P value for the dlfference was(0,0025> 0.0005"

Thls drop 1n total CS glucuronate was d.ue entlrely to a

decrease ln the amount of CS solublllzed by water extrac-
tlon (Sf-3) where the mean flgure for the rlbs beglnnLng

calclflcaülon was 38/" ntgner than for the rlbs ln the

advanced stages of cal-clf lcatlon and the P value was (0"0005u

Thls decrease ln total CS glucuronate was accompanled by a

large net lncrease ln CS solubll_lzed in the water-lnsolub1e

CS fractlons (S4-g). The mearr flgure for the sum of the

CS, glucuronate ln the S4_g fractions ln the group ln the

advanced. stages of calelflcatlon was 56"1" nþner than for
the group beglnnlng calciflcatlon and the P value was

(o"ooo5, Nearly arl of thls lncrease took place ln the
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KOH fraction (Sg) where the P value was (0.0005 as com-

pared to the snall lncrease in CS 1n the KCI fractlons

( S¿l_¡) where the P value was (0.L0 ) 0.05.

The results, to thls polnt, show that durlng the

1n1t,1a1 süages a.nd later ln the advanced stages of caLcl-

ftcatlon there Ls a deflnlte a.nd slgniflcant lncrease ln

CS ln the non-water lractlons (S¿+-A) and thls ls nearly

aIJ accounted for by lncreases ln the amount of CS solu-

billzed 1n the alkaLl extract (Sg). These changes are

accompanled by an lnltlal rlse and a later faI1 ln the

total CS glucuronate ln the cartllage. ThLs partlcular

change though not the change ln the extractablllty of ühe

CS, has been noted by other workers prevlously (40-42) '
Simllarly these ckr,anges are accompanled by an lnltlal rlse

and a later large fall ln the amount of CS so1ublllzed ln

the water extracts. These changes are precededr accom-

panled. or followed" by large lncreases ln calclum and phos-

phate ln these same extrasts (S1-g).

SPECIFIC
ACfLVTTY oF CFIONDROITIISULFAIES IJ THE ThlìEE STAGES oF
CALC]1,'ICATTON

Table VI shows that the speciflc actlvi-ty in all the

rlb cartllage extracts decreased s1ow1y wlth lncreaslng

age of the puppy and. also as the rlb progressed from the

uncalclfled state to the advanced. stages of calclflcatlonn
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The specific activlty of cs 1n'bire al-kari extbact was much

lower t'nan tnat founcl- in the waüer extracts, Even when the
rib ln the advanced. stages of calcification was extracted.

firsily i¡¡ith 0.05 i{ IIDTA (di-sod.lurn) ins.bead. of waüer,

the specific actlvlty of al-I the extracts rema"lned. more or
less ur:.changed. Previous resuLts show tirat there are at leasü

2 metabollcally d-istlnct cs fractions (6rTr3z); although

the KCl fractions might be another metaloolic enùl-ty lt is
quiüe concelvable tkøt the KC] fractions arise from contri-
butions fron the oiher fractions. Bov'rness found. t]nat water-

extrac'babl-e CS of the epiphyseal plate of young pupples (20)

and. of guinea-plg rib cartilage (7, was raetabo]lzed at e

faster rate icinar: that exiracted. with a1kal1. Gross, I'Iatirel,¡s

anrd- Dorfnan (6), using raü riio cartllage, found. thtat the

turnover of CS in the alkali exiract was much sl-or,rer tlnan

fhat found in ühe water exiract. These flnd.ings further sub-

stantiate ühe concept that the cs of cartllage is not neta-

bolicafly homogeneous !

Since the incorporaüion of NaZ35SO4 by the rilr carti-
J.age üook ;olace over a short time interval (25 hours) it
appears like1y that the d.ifference in specific activity thus

aoted at various stages of calcificatlon (laUte Vl) is
proba.bly d.ue to a change in the rate of biosynthesis of CS

rather tlrræt a "breakdovna of cS" Previous r¡ork on the turnover

of CS in rlb cartilage (617) showed. trnat only a small proportion

of labe}led. CS was broken d.ovüt in a perlod. of 25 hours o The

dlfference in specific activi-ty of CS fractions from the first
üwo rlbs in Taþle VI could. noù be d.ue to a d.ifference in size
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or speciflc activlty of the inorganic sulfa.te pool in the

bl-ood. as both ribs were talr'en from the same animal. Holvever, lt

is still possible that the rate of d.iffusion of sulfate into the

calcifying rib is lower tha.n inio the uncalcif 1ed. rib.

ií0sPäAllE colviPAßf sol[ w]TTi
ïO-tiS lltrORK

Eichel-berger and- Roma (5)for¡nd. t"]nat there was an"

lncrease 1n calcium in the rib cartilage of puppies before

there is an accumulation of phoslrhate ancl d-eposition of sol-id.

mineral- matter" Their. results vüere obtalned. by poollng the

previously dried-, polvd.ered- rlbs from one puppy for arralysls and

then grouplng the resul-ts obtained witln a number of animals

by the age of the puppleso The work d-escribed in this thesis

i¡ias d.one using the wet-weighb of ind.ividual ribs of a d.og

a.t a certaln age. Eichelberger and B.orna (5) cal-cuIated. Ëhe

totaL vsater content of the pooled. d.ried and potrid-ered. ribs

of each d.og, and. then by grouçIng the results orotained- with

a number of anlmaLs by the age of the pupples they were able

to obtain a nearl water value for the age period under investl-
gatlon. From thelr data 1t was sinple mathenatlcs to corL-

vert thelr mean d-ry wei-ght results to a wet welghi basis.

The comparison of Eichelbergerrs anÖ Romars grouped. results

vrith the resul-ts from indlvlduaL ribs (second serles of e>peri-

ments) ls shor¡nr in Table Vfa avid. is made on a wet-welght basis.

Four very noteinrortþy differ-ences were found.: 1) Eichelberger

and- Roma found tlnat there was an lncrease in calcium before

there wa-s arì accumulation of phosphate t¡¡hile in our erperi-

nents both appeared. to increase at the same tlme alihough
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the initla.l increase 1n carcium was greaier t]nan phosphate,

?) Eichelberger and Roma for,¡nd. t]nat the total cs of' the rib
carÈilage continued. to increase vrith the a.ge of the puppy

while our experlments showed. Ehat wirsr the rib carüilage
lnað, ceached- the stage of advanced calcificatfon the total
cs conterrt of the cartllage had- decreased_, il Eichelberger
and. Rona. found. that the ca/y ratlo of their old-er. puppies

vüas r.L6/r vrhile our e)q)eriments showed. that the ca/p ralio
ap-proached 1.70/L, ft has been found. by many investlgators
tha'E ihe norar raüios of ca+* io pl in d.eposlts of cal-cium

phosphate in various parts of the bod.y range from l to !,6?
in bone or cartilage a^nd. I.8 in mitochond.rla (UrL?126) " U)

Eicherberger and Roma obtalned. their resurts by pooring
. i-riþs vühile our results i{ere obi;ained. using ind"lvidual ribs.

I¡;nother facüor is t]hat differenù breed-s of d.ogs and d.iffe-
rent diets $¡ere used in ühe tr¡uo sets of experlments, our

dogs were a cross þetween a German shepherd a^:ed. corl_ie and.

were fed a diet (see }faüerials and. lÍethod.s) d.lfferent from

that d.escrlbed by Elchelberger and Roma (5).
The signif lcance of Eichelbergerts a:ad Romats results

are ln d.ouÌ:t d,ue to the faet tvtp"E such large standard_ d.evia-

tions iirere observed 1n thelr carcul-ationso Because of these

large d-eviations it is har"d. to say whether calclum actuarly
accumul-aüed- before phosphate and, rryhether the increase in cS

which they observed. wlth the age of the puppies is really
significarrt. The most puzzling resul-t of thelr eqreriments

is that they found. ihe ca/p ratlo of their oId-er d-ogs to be

lJ6/L whil-e in rapld.Iy calcifying cartllage this ratlo
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should. aporoach 1,67/l as indicated by previous work (l+rL7126).

HïSTOtr,OGICAJ, EXAI'IIiIATION OF B]B CABTILAGE

In d.og IIf (UaUle III) the Pl flgures for 56-7 show

bna-t the first 3 rlbs v¡ere uncalcified v¡hile caLciflcation
had begun in all the other ribs, and. appeared to be nost

ad.vanced. ln rib 6. The sizes of ühe 1nd-1vtd.ual- ribs lncrease

from rib 1to rib 9, so lt d.oes noü appear EtTat slze ls the

main factor ln ùhe degree of cal-clficatlon (18). Although

ribs 1-3 (Flgs.1-3, see append.ix) were consldered. to -oe un-

calcified. quantlt&tively, hlstologlcally ribs 2 and 3 (Figs,2

anrd. 3) were found" to eontaln very snall areas of calelfica-
üion (d.ark spots). The dark spots 1n Flgures 2 anð, 3 mlght

be d-ue to over-exposure when the negatlves or prlnts T¡Iere

taken because the exposure ùlmes were not closely controll-ed-.

Hovuever¡ hêither the phosphate analyses nor the histological

sections provide evldence for any cl-ear break between rlþs
ìcegin::ing calclficaüion and. those in the advanced" stage of

calclfication (¡'fgs.4-10, see appendlx). The ribs were

d-ivid.ed into 3 groups on the l¡as1s of the a-cid soluble Pi"

ïù therefore appears tlnat the histologlcal flndlngs correlate

only approxirnately, but not completelyr with the arbitrary
llmtt.: placed. on the 3 grollpso



PART ÏI

SoLuBILïZÀTION OF CHONDBOITIITSULFATES, CI\LCIU{ AND

COLLAGEN BY ENUYIVIES AND EDTA



INTROÐUCTION

ft had been found- ln the previous serles of experl-
nents tlne.t durlng the early stages of calciflc;atlon there

is an lncrease ln the total CS glucuronate in rlb carti-
la.ge and a large portion of thls increa.se takes place ln
the water lnsoluble CS fra-cblons (S4_5rSg)" The r¡¡ork descrlbed

ln thls section was deslgned. to obtaLn informatlon on the

nature of the CS 1n the water-lnsolu.ble fractlon, the

rea.sons for the lnablllty to extract lt with wa.ter and the

posslble relatlonshlp between thls materlal and calclflca-
t ion.

ft has Ì:een shown the.t lntravenously injected papaln

has a very ra.pld and strong effect on eplphyseal cartlle.ge

resultlng ln the release of CS or chonclromucoproteln (Clæ¡

froni the matrix (30r3l-r59160167). Thls effect ts looked.

upon as a, proteolytlc action on the CIIIP 1n the cartilage.
Accordlng to determlnatlons of hydroxyprollne there does

not seem to be any effect on the collagen (,ZZ). It ls also

known that tesÈicular hyaluronldase causes the depolymerlza-

tion of CS and hyaluronate.

Hulth and. l¡iesterborn (63r61+) have demonstra.ted that
endochondral bone formation was affected by papaln admlni-

stratlorì. The slgnlflcant changes ln the compositlonal

analysls of this tlssue produced by alterations in mucopoly-

saccharides is conslstent wlth ùhe speculaùion that mucopoly-

saccharid-es may be dlrectly invol-ved in calclflcatlon pro-

cesses. In add1tlon, endogenous proteases of lysosomal

orlgin have been iniplica.ted in the chanp;es observed ln
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dlseased cartllage and ln the processes lnvolved ln endo-

chondral bone formatlon and growth (6I,62) 
"

Eecently lt has been shovm by Seraflrrl-Fracasslnl and

Abatangelo (23) that durlng EDTA decalclfloatlon of purlfled
rnlnerallzecl aortlc elastlc mernbranes at pH / there ls slmul-

taneous extractlon of a mucoproteln and that the amount of
mucoproteln extracted ls dlrectly related to the amount of
calclum salt ln the tlssue, thus lndlcatlng an lntlmate

connection between the two.

The next serles of experlments were undertaken wlth

Ëhe follol,llng lmmedlate obJ ectlves:

1) to conpare the release ra.tes of calclum, CS glucuronabe

anil proüeln fron rlb cartllage by treatmenü wLth testl-
cular hya.luronidase, papaln and collagenasee

2) to see lf the CS glucuronate not extractable wlüh water

ls assoclated only wlth the CltP or 1f collagen also forms

an inülnate relatlonshlp wlüh lt.



MATtrRIAÍ,S AND IVIETHODS

EXTIìACTION PRO CEDURES

Rlbs whlch were ln the stage of advanced cal-clflcatlon
(from pupples 2f weeks old) were cleaned" of adherlng tlssue,

cuü up lnto smaLl pleces, ground to powder wlth a mortar

and pestle and then drled to constent welght under a 1amp.

The powd.er v'¡as stored ln a freezer untll needed.

PROCEDUtrE A

fn order to remove al] the lnorganlc materlal and to

see 1f thls woulcl alter the amount of CS solublllzed" by the

other treatnents 0.25 g portlons of the powd.er vÍere homogen-

lzed (|n a fluted contalner uslng a Vlrtls u23u honogenlzer

runnlng at top speeè)wlth 10 mI of 0.05 14 EDTA (dt-sodlum)

at [oC for 20 mlns. The homogenate was centrlfuged at

2?OOO x g and 4oC for 20 mlns and the supernatant poureci

off and. retalned. for analysls. The preclpltate was then

homogenlzecl rtrlth a further 10 ml of 0.05 M EDÎA and the pro-

cedure repeated to yle}cl a total of three 0,05 M EDÎA extracts

( 561-3 ) .

To renove any EDIA whlch mlght have been left ln the

peIlet, the preclpltate was then mlxed wlth 10 mI d.lstllled

water and centrlfuged as alread"y descrlbed. The supernatant

vIaS poured off and retalned for analysls and the mlxlng and

centrifugatlon process waS repeated twLce more to yle]d

a total of 3 water extracts (Sg1-3),

At thls stage a cal-clum-free lnsoLuble resldue contaln-
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lng colla.gerL, non-collagenous proteln and CS haa been

obtained". In order to determine the effect of enzyme

ireatments on calclum bound to thls rnaterlal the precipl-
tate was mlxed v¡lth 15 m1 CaCI2 (1 mgrlm1) and Èhe pH of
the mlxture was brought up to about 6.0. The nlxture i{aÉt

left for 10 mlns wl-th occaslonal sülrrlng and then cenüri-
fuged as above. The supernatant was retalned for analysLs

(ss).

To remove any CaCl2not tlghtly bound to the pellet
the preclpitate was then mlxed wlth 10 mI dlstllled water,

centrlfuged and ùhe supernatant was retalned for anal_ysls

(Sp).

The pellet contalnlng bound calclum was then lncubated

wlth elther hyaluronldase, papaln or colla.genase or comblna-

tlons of these under speclf led cond.l-t1ons (see Results). At

cerfaln tlme interval-s the lncubatlon mlxture was centrl-
fuged, ãfl allquot was removed and retalned. for analysls and

the renalnlng materlal re-lncubated under the same condltlons.
After the lncubatlon perlod the supernatant was removed

þy cenùrlf'ugatlon and the pellet was homogenlzed flrstly wlth
10 mI 3'ø KCl- for 20 mlns, secondly wlth l0 mI 0.05 Àt HCI and

l-ast1y with 10 mL !"25 t'l KOH. The pelIet was completely

solublllzed after the KOH ùreatment. After each homogenl-

za,tlon the mlxtu.re was centrlfuged and the supernatant

poured off and retalned for analysls (see Fl-ow Chart 2).

PROCEDUEE B

To check the effect of the EDTA extractlon and the



CHART 2

FI,01'I CiLiRT FOR THE EXTRIiCTION OF RIB C/iR?ILAGE POIIDEB

rib cartilage

35a

4oc with 10 mr o.o5 M EDTA

2?,oOA x g and 4oC for 20 mlns.

a)

b)

powder

homogenlze at
for 20 mLns.
centrlfuge at

sBpernatant
o¿r-3

pel1et
I a)mI u)"

.L
-.!_ r

repeat twlce more

lx wlth 10 mL distilled. water at rooa üemp.
entrlfuge at 2?,OOO x g and 4oC for 20 mlns.
epeat twice more

ser-3 --\
a)mlx v¡ith 15 ml CaCIz

to pH 6"0
b)cgntrifuge at 27,000

4oC for 2a mlnso

and adjust
xgand

pe1let
¡ a)mix with 10 ml distil]ed.

a"t roon temp,
b)centrifuge at 2?.OQO x g

4oC for 20 mlns.

u¡ater

and

IJÐ pe11et

'Þr.

^Ø
^tP,.y

pe11et



Frocedure A

CF,¿P,T 2 CO},ITINUT]D

homogenize at
10 ml 3'ió KCl-

Procedure B

pe1let

4oc wrth
for 20

35lo

successl-ve homo-
genlzations with
3% KCrrO.O5 N
HCl and. 1.25 N
KOH as 1n
Procedur€ Äo

a) lncubate v¡ith enzyme under
specifled conditlons

b) remove ali-auots at varioustlme lntervals
c) after 25 hrs incubationgçntrlfuge at 27 1000 x g and

4uC for 10 mins.

supernatant
SE

pellet

I ") tromI to:
I mtn
I ul cenI *"'

/\peI1ersupernatanf
SF

mlns n

centrifuge a.t 27 ,000 xfor 20 mlnsog and 4oC

homogenize at 4oC wlth
10 ml 0,05 N ilCl for
20 mlns.
centrlfuge at 21 1000 xg and 4uC for 20 mlnso

pel1et

supernatant

a) homogenlze at 4oc wlth lo
. mI ! "25 lrt KOH f or 20 mlns .b) centrifuge at Z?,OOO x g

and 4"C for 20 mlns,

only

supernatant
SG
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treatment wlth CaÇlZ on the proporülon of CS present ln

the KOH extract the powder was put through the lnltlal extrac-

tlon a.nd calclum-blndlng procedures (SO_O). Then the pelleü

was homogenlzed wlüh 10 m1 3"/" KC1 for 20 mlns at lo}. The

homogenate was centrlfuged at 2?OOO x g and 4oC for 20 mlns

and the supernatant poured off and retalned for analysls"

The KCI extractlon procedure was repeated (Sg).

The precipltate was honogenlzed wt-th 10 m1 0"05 N HCl

for 20 mlns and centrlfuged as already descrlbed and. then

the supernatant ü¡as poured. off and reùalned. for analysls

(Sp),

Flnally the preclpitate r¡Ias homogenlzed wlth 10 mI

L.25 N KOH for 20 mlns ancl centrifuged as descrlbed above

a-nd then the supernatant poured of f and retalned f or

a.nalysls (SC)(see Flov¡ Chart 2). After these treatments,

1n contrast to those where enzymes were also used, ãD

lnsoluble resldue remalned after KOH extractlon"

E}IZYME PREPí\P,ATI OIiS

Ovlne testlcular hyaluronidase was obtalned from Koch

Llght and Co., Great Brltaln. Papaln vùas prepared. by Slgna

Chemloa] Co¡r St. Louls, Mlssourl from Papaya Latex and.

2X crystalllsed and suspended ln 0.05 i\i sodlum acetate buffer
aÈ pH 4.5. Collagenase was prepared by liann Laboratorles,

iiüew Tork from glostridium h1s-!-g.lJl!_1-ggs and IX crystalllsed.

A},IALY[ICÁ], PEOCEDUEES

Glucuronlc acld, was estlnated by the carbazole
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reaction (12). Chemlcal estlmatlon of calcl-un was by

titra.tton wlth EDTA using calcein as lndlcator (15) (see

Section I). ProteLn was determlned by the procedure of Lowry

et aI (24) and hydroxyprollne by the method of Leach (25)

after the collagen rnaterlals were hydrolysed ln a sealed

tube wi-th 6N Hcl for 16 hrs at 1o5oc.

DETERMINATION OF NON-COLLAGENOUS PROTEIN

Standard C-urves

1) Slx mg of collagen (rat tall tendon) obtalned fron

f(och Llght Laboratorles Ltd., Great Brltaln, was rnlxed wlth

10 mI of O.O5 N HCl and" homogentzed for 20 mlns aE AoC.

The collagen was then completely solublllzed 1n the ac1d.

Altquots, ranglng from 0.10-1.00 ml, were prepared from

the mlrture and brought to a volume of 1 rnl wlth dlstlIled
water. These solutlons were then hydrolysed ln sealed

tubes wlth an equal volume of 12 N HCI for 16 hours at 105oC,

.å.fÈer thls lncubatlon perlod the solutlons were brought to

pH 6-8 wlth NaOH and to a volume of 4 nl wlth dlst11led

waber. One ml of each solutlon was used for the hydroxypro-

llne assay (25) and a standard curve for collagen hyd.roxy-

prollne was obtalned ln thls wayo

2) A 2 ng sample of the coLlagen materlal was mlxed

wlüh LO mI of 0,05 N HCl and homogenlzed for 20 mlns at

4oC, The collagen was then conpletely solubll-lzed ln the

actd. A1lquots, ranglng f rom 0.1,0-1.00 mI, were prepared

from the mlxture and brought to a volume of ] mI wLth ctLs-
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tll-]ed water. One ml of each soLutlon was used for the

Lowry proteln assay (24) and a standard curve f'or collagen

1n the Lowry procedure was obtalned.

Tes ts

The amount of collagen ln an unknown sample was estl-
mated from the standard. collagen hydroxyprollne curve

(f above) and then the Lowry readlng for thls amount of

collagen obtai.ned from the standard curve for collagen ln
the Lowry proced.ureo Thls readlng was used for subtractlon

frorn the observed Loviry readlng for the test solutlon.

The d,lfference between the two readlngs was used to estimate

the amount of non-collagenous proteln from the standard

curve obùalned with bovlne albumln Ln the Lovury procedure.



RESULTS

PROCBDUEE A

Flgure 11, Al-1 the ealcLum was found to have been removed

by enzyne hydrolysls but 5l-.BF" of the CS remalned. after enzyme

treatment. Much of this may be d.ue to the acldlc nature of
the dlgestlon medlum ln v¡hlch lnsoluble sarùs of cs wlth
colragen v¡ou1d probably forn (2?). Thls 1s supported by

the observatlon that l+6,2;6 of the cs (l.e. 90"/" of that left
after enzyme treatment) was solublllzed by KC1.

Flgure 12" 81 .r"f of the orlglnarly bound calcium was

found to have been removed by enzyme hydrolysls. Le,4fi of
ühe calclum was so1ublllzed by KCl whlle the rest was solu-
blllzed by HCI " 57.4j6 of t]ne cs remalned after enzyme

hydrolysts. 48.8"/6 (1.e " Bo% of that left after enzyme treat-
nent) was removed by KCl.

Fleure 13 " 82'Á of the orlglnaIly bound, calclum was

removed by enzyme hydrolysls wlth the renalnder removed by

KcI' 52.gft of the cs remalned after enzyme treatment. u6.0"/6

was removed by KCl . 63.?fr of the non-collagenouÊ proteln
was removed from the pellet by enzyme treatment wlth the remaln-
der renoved by KCl" 84.8/" of t]ne collagen remalned after
enzyme treatment. 63.2/, of the collagen (1.e. about gO/" of that
left after enzyme treatment) was soLublrlzed by HcI, whlIe
l-2.l"f was soLubilized by KCl.

Flgure 14" ?2.Zrt of the origlnally bound calclum i,,¡as



4o

removed by enzyme hydrolysls wlth 2l-.?/, belng renoved by

KCI and the renalnder extracted" by HCl" 36.3fr of the CS

remalned af[er enzyme hydrolysls. 28.3% was removed by KCI.

?9,5/" of the non-collagenous proteln was removed from the

peIlet by enzyme treatment wtth the majorlty of the remalnder

extracùed by KOH. 85.3% of the collagen remalned. after

enzyne treatment wlth 58.2ft belng solublllzed by KCI and

23 .4fr by HCI.

Flgure 15. ?6.L/o of tlne CS was removed by enzyme hydroly-

sls whlle ZlJr,Á was removed by KC1 . 87.I"l of the non-eollagen-

ous proteln was removed from the pe11et by enzyme treatment

i'ü1th the remaind,er removed. by KCI , 64.!"/o of the collagen

renained after enzyme treatment. 45,4% of the collagen (1.e,

?O/" o! that left after enzyme treatment) was renoved by

i{Cl vuhlle l!.9"ìé was renoved by KCl.

Figure 16. 25.2'/" of the CS remaj.ned after enzyme

hydrolysls. 2!,0fi was removed by KCl " ?5.0'f of tlne Ìl.ol1-

collagenous proteln was so[ubl}lzed from the pellet by enzyme

treatment with nearly all the renalnder belng solublllzed by

KC}. ?3.8'Í of the collagen remalned afüer enzyme treatment

wlth 50"6/" (1.e. ?O/" of that l-eft after enzyme treatment)

belng removed by HCL, ll-.5/o by KCI a.nd 11 "?% by KOH.



FIGURE 11. SolublllzatIon of calclun and chondroltlnsulfate
from rlb cartilage upon enzyne treatment. After
treatments S¿-o (page 34) the peIlet was rnlxed
with 10 ml uäbuffered dlstil,led water, adjusted to
p:l 6.2 and. then 2 mg of a testlcular hyaluronldase
tjgl was addeci and. tfre mixture tncubatéil ln a 3?oC
water bath wlth slow shaklng" A.t certaln tlme
lntervals the lncubatlon mlxt¡¡¡s wâs centrlfuged,
an allquot was removed and retalned for analysis
and the remalnlng riÐ.terla1 re-lncubated under the
same condltlons. After 25 ]nts of lncubatlon the
mlxture was centrlfuged and the supernatant removed
and. analysed. The pH was 4,5" The pellet was then
mlxecl wlth 10 m1 unbuffered dlstilled water, adJusted
to pH 6"2 anô, 0.10J mg of papaln \35) hras added
and the mlxture lncubáüed 1n a 37oC water bath wlth
slov¡ shaklng. The sane prooedures were then carrled
out as was done wlth hyaluronldase. After 25 hrs
of lncuþatlon the mlxture was centrlfuged and the
supernatant removed and analysed. The pH was 4.6.

ir{ote: At each time peri.od the points represent
the total amount of materlal extracteil up
to that tlme,

O- O 'fr totat bound Ca solublllzed upon enzyne
treaüment.

l-r /" totat CS solubllLzed upon enzyme treat-
¡nent.
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FTGUBE 12. So]'ublllzatlon of calclum and chondroltln_sulfate from rl b cartllage upon papaln treat_ment. After üreatments S¿,-o- (pãgè 3t+) thepellet was mlxed wl_th t0 fit"unUüflerãa'dlstllIed water, adjusted to pH 6"3 and. then0.105 mg of papaln was ailded ãnd the mlxturelncubated ln a 37oC water bath wlth slowshaklng" At certaln tlme lntervals the lncu_batlon mlxture was centrlfuted, an allquot
removed and retalned for anãlyåls and ttreremalnlng naterlal re-lncubated under the sameconditlons. After 25 lnrs of lncubatlon themlxture was centrlfugeit and ùhe supernatant
renoved and analysed, The pH was 4.6.
Note: A! each t lme perlod the polnùs representthe total_ anount of materlal extrãctedup to that tlme.
0-0 "fi totat bound Ca so1ublllzed upon enzymetreatment.

r-r % totat CS solublllzed upon enzyme treat-
ment.
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FIGURE 13, Þo1ublllzatlorr of calci-um, proteln and chondrolt-lnsulfate from r1b cartilage upoil papaln treatment.After treatments S¡_n (page j+) the þelIet was
nlxed. v¡lth 10 ml uäbüffered dlstllled water, adJus-
ted to pH 6.2 and then 0.10J mg of papaln wás
added and the mlxture lncubated ln a 3ToC water
bath wlth slow shaklng. At cerüaln tlme lntervals
the lncubatlon mixüure was centrlfuged, an all-
quot removed and retained for analysls and the
remalnlng materlal re-lncubated under the sameconditlons. After 25 lnrs of lncubatlon the
mixture v¡as centrifuged and the supernatant re-
noved and analysed. The pli vlas 4o1"

Note-: At each time perlod the polnts represent
the tota] a.mounü of r¡a.terlal extracted
up to that tlme.

0-0 ft tota"t bound. Ca solublli-zed upon enzyme
treatnent.

r-l % total CS solu.bilized upon enzyme treat-
nent.

y-y % totai. collagen solublllzed upon enzyme
treatment.

O-O fr total non-collagenous proteln solubilized
uPOn enzJ¡me treatrnent,
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F]GUEE ].4. Sol-ubll7zatíon of calclunr protein a.nd. chozidrolt-lnsulfate fro¡:n rib carbllage upon papaln treat-ment. ¡.fter treatments S,r_n (Þage 34) the pellet
wes mlxed v¡ith 10 ml unbulféred dlstil}ed water,
adjusted to pH 6.2 and then 0.10J rng of papaln
rvas added. and the mix-ture lncubated in a 37oC
rn¡aüer bath with slov¡ shaklng. At certaln tlnelntervals the lncubaülon mlxture was centrlfuged,
an aliquot rernoved and retalned for analysls and.
the rernainlng materlal re-lncubated und-er the
same conditlons. After 25 lnrs of incuba.tlon
the mixture rras centrifuged and the supernatant
removed and analysed. The pH was l+.5.

0_0

t_I

Y_Y

a_o

At each time perlod the polnts represent
ühe total amount of materlal extracted
up to tha.t time.

fi totat bound Ca solublllzed upon enzyne
treatment.

/" total CS solubilized upon enzyne
treatment.

% totat collagen so1ublllzed upon enzyme
treatment.

"Ã total non-collagenous proteln solublll-
zed upon enzyne üreatment n
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FIGURE 15. SolubllIzatlon of proteln and. chondr,oltln-
sulfate from rlb cartllage upon papain treat-
ment" Afüer treatments S¿_O (page 34) thepeIlet was nixed v¡lth 10 ä1-O.O2l!Í sodlum
acetate (35136) + 0.001 I{ IìDTA + 0.005 Mcystelne (adJusted to pH 5.4) and. then 0.10J mgof papaln was added and the mlxture lncubated
1n a 37oC water bath vrlth falr1y fast shaklng"At certa.ln tlme lntervals tlre lncubatlon mLx-fure was centrlfuged, an âl-lquot rernoved and
retalned, for anelysls and. the remainlng
materlal re-lncubaùed under the same cõndltlons.After 25 lnrs of lncubatlon the mlxture was
centrlfuged and the supernatant removed and.
analysed" The pH was 4.9"

Note: /{t each ùlme period the points represent
the total amount of materlal extracted
up to that tlme.

l-l % totat CS solub11lzed upon enzyme
treatment,

v-y /" totat collagen solubll-lzed upon enzyne
treatment.

O-O fi totat non-coll-egenous proteJ.n sol_ublLl-
zed upon enzyme treatment 

"
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¡.IGURE 16" Sol-ubll-Izatl-on of protein and. chondroitln-
sulfate from rlb cartllage upon enzyme treat-
ment. After treatments S¿-n (page 3t+) the
peIIet vras mixed wlth lO äÏ"of unbuffered
ãistttled water, a.d.justed to pH 6"0 and then
0.105 mg of papaln anö. 2 mg of collagenase (37)
were added. and. the mixture lncubated ln a 37oC
water bath with falrly fast shaklng. At certa'ln
tlme lntervals the lncubatlon mi-xture was cen-
trlfuged, àa allquot removed and. retalned for
analysls 

- and the remalning materi-aL re-lncubated
under the same condltions. After 25 krts of
lncubatlon the mlxture was centrlfuged and- the
su.pernatant removed and analysed. The pH was
<c

Note: At each tlnne perlod" the polnts represenf
the total anount of materlal extracted
up to that tlme.

t-I

v-v

o-o

1l total CS solubllized upon onayme treat-
ment 

"

% total collagen solubll-ized upon enzyme
treatment.

fi totat non-collagenous protein solttbili-
zed upon enzyme treatment.
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PROCED_UBE B

Tables XI-XIII show the dtstrlbutlon of CS ln variotts

extracts ln the 3 stages of rlbs extracted by procedure B

and by the procedure used. ln Part I. Tab1e XIV ls slmllar

to Table XIII except tlnat only the percentage of CS sol-u-

blllzed in the KOH extract ls given. Tab1e XV gives the

dlsürtbution of CS, collagen and. non-collagenous proteln

in various exüracts ln two stages of ribs. Tab1e XVÏ

shov¡s the }oss of water ln rlb cartllage upon pol*derlng

and drylng to constant welght under a larnp,
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TABLE XIV

PERCENTå,GE OF CS GLUCURONÂTE IN KOH EXTBIICTS
U,SING VAB]OUS TREATi'IENTS OF R]BS TN ADVANCED

STÀGES OF Clùf,cIFTCArIoN

Treatmenü
Total CS glucuronate

1n all extracts
(urnoles,/e fresh v¡t)

% CS glucuronate
ln ï(OH extracf

l.Extraction of fresh rlbs
v¡iüh water (3),rcr (2),
äCI (2), and KoH (Results
from Table VrPart f).

Z.ExLractlon of d.rled. rlb pow-
der (A) wlrh EDTA(3) råzo(3),
ÇaCI2,HZO rKCJ-{z) , HCI and
i(OH (Results fron Table
XIII, Part II).

J,Extractlon of d.rled r1b pow-
der (B) wlth EDTA(3), Hzo(3),
CaCl2 rHZOrKCl(3 ), i{CI and
KOH ïResults from Table XIII)

4.Extracti.on of d-rled rlb pow-
d.er (c) wlth EDTA(3),Hzo(3),
CaClZ rHZ}, KCl ( 2 ) (phosphate-
cltrate buffer pä 7.0),HCI
anit KOH (proeed.ure BrPart II)

J.Extractlon of drled rlb pow-
d.er (C) wlth EDTA(3) rtt2o13¡,
CaCL2'HZ},KCI( 2),HCl and KOH
(procedure BrPart II)

6.Extractlon of fresh r1b 4
r,¡1th HrO (3),KCl( 2) rHCl and
i(OH (Pãrt I).

T.Exbractlon of fresh rib 4 wlth
EDTA( ?) ,ttZo (3 ) , Cacl z,Hz) ,
KCI( 2),HCI and KOH (proceilure
BrParü fI)

t56 .5

t6g.g

t76 "g

17?"5

166.7

r58.2

163.4

ZQ.Q

26.8

26 "l

?B.T

28 "8

32.2

?9.0

contlnued
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TABI,E XÏV CONTINUED

Ireatment
tal CS elucuronate
ln alL extracts

(umoles/e fresh wt)
ft CS glucuronate
ln KOH extract

B,.Extraction of fresh rib 7wlth waüer (3), KC]-(Z),
HCl and KOH (Part I).

9.Extractlon of fresh rlb 7wlth ED!A( 3),Hza (3) rCaCL2,
Hc} ,KCI( 2) ,HC! a.nd KOH
(ñrocedure BrPart II)

Wl+.2

t6g "5

26 
"B

27.6

Note: The brackets
extracts, 1f
treatment.

represenù the
more than one

number of 10 mI
d.one und.er each

TÀBLE XVT

DRY 'ÉJEIGHT/I'JET TdEIGHT RATIOS FOE RIBS
AT VA}TIOUS STAGES

Rlbs

1¡Jt of rlbs after
drylng under

consfant

powd.ering and
a lamp to

wt
fresh wt of rlb

Uncalclfied

Beglnnlng cal c1f lcatlon

Advanced. calc lf lcatlon

0.33

0.40

0 .50
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DISCUSSÏON

PROCEDURE A

cÁI,c IUT'Í Â,I,¡Ð cHoNDB O TTINSULFATE SOLUBILIU-q.ÎION

In Flgures 11-14 the curves shor.ilng percent of calclurn

solubll1zed from r1b cartllage after varlous lncubatlon tlmes

were very simllar ln shape to those for CS glucuronate but

the solubllizatlon of CS was less complete than calclum.

Nearly all the calclum and. about 50/" of the CS vras rernoved

by enzyme treatment. Praetlcally all the remalnlng CS and

calclum was removed, by KCl.

Durlng the Lncubatlon perlod the pH of the medlum changed

from 6.2-6"3 to 4.I-4.6 (unbuffered.), At lower pH condltlons

CS üend.s to form lnsoluble sal-ts vrlth proteLn (27,43 ) vrhereas

calclum could. be removed from bl-ndlng to CS (ZBr?9). Accord-

ing to Dunstone (29) blndlng of calctum takes place best

between pH 6 .B-7 .2. Thls mlght account for the f aet t]nai.

50,% of the CS stlIl remalned tn the pellet after enzyme

treatment whereas nearly all the calclum was solubllized.
toft would be expected, however, that CS bound/collagen only

by salt formation could be extracted wlth KCl. Thus, although

the evid.ence 1s not concluslve, the observatlons would f1t
ln v¡lth the hypothesls that the calclum added was bound to

CS.

CHOI\IDROITII{SULFÊ.TE AI\TD PROTEfN SOLUBILIZATION

The shape of the curves (¡'igs 
"l-3-1-6 ) for solubll lzatlon
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of CS, non-collagenous proteln and coJ.lagen are very slmilar

although at all times a much smaller proportlon of collagen

vüas solublllzed than of the other two. ?5-85/'of the noll-

collagenous protein was solubillzed upon 2J hr enzyme treat-
rnent (except ln Flg.lJ where only 64iÁ was solublllzed)

while at the same time 65-?5fr of the CS was belng so1ublllzed

(except ln Flg. ].J where only 41ft uas extracted.) The

solublllzatlon of collagen upol1 25 hr enzyme treatnent was

only l5-30"i", varying with the enzyme and tncubatlon pro-

cedure used.* The papaln-acetate buffer (pH 5.4) comblnatlon

was the most effectlve system ln causlng the solublllzatLon

of all three materlals from the pellets. In these experl-

ments the pH of the r':redlum changeil from 6"0-6.2 to 4.I-5.2
(unbuffered) and from 5.t+ to +.9 (buffered wlth 0.02 M

sodlum aceùate-acetlc acld).

Iviost of the remalnlng non-collagenous proteln and CS

was removed by KCl treatment. This, âs a-lread.y polnted out,

would be expected lf lnsoluble salts of CS had formed durlng

lncubatl on.

PBOCEDUBE B

Rlb carfllage

B except that the

extracted accord.lng to procedure

treated with KCI dlssolved" ln

i.TT'THOUN EI"IZYI'TE

powd.er was

pellet was

ON CHONDROÏT-

årSee note p 
" 57 .
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a 0.2 tI Na2HPO4-0.1 lti cltrlc actd buffer (pH 7.0) (39) lnstead

of KCl dissol-ved ln distllled water. There was no change 1n

the total amount of CS extracted by KCl under hlghly buffered

cond"itions. The pH of the EÐTA extracts was 4.8 whlch would

lncrease the tendency for CS to form lnsoluble salts wlth

proteln at the expense of calclum whlch solubillzes at thls
pH (2?r2B) " The fact that buffered 3/" Kcl- (0"4 II), whlch

would be expected to break up any salt llnkage, did not

remove the last portion of the CS (ttTat v¡hich ls dlssolved.

by i(OH) lnd.icates that the CS rnust be bound to proteln in
vlvo and that the CS-protein complex, ln the EDfA and CaCI2

lnsol-uble fractions of cartilage, is not à sal-t linkage

(30 ,3t,68 ) ,

COMPARISON OF WATEB AI.úD EDTA IN EXTITACTING CHONDBOITIN.
SULFA'IES

Tables XI-X]II show that the removal of solld mlneral

matter rvlth EDT¿i dld not alter greatly the amount of CS whlch

was not extracted I'rith water or KCI solutlon and could only

be removed wlth alkal-l. Table XIV shorcs tha.t regardless

of the extractLon procedure used, the percent CS whlch

could. only be extracted with a1kall, from rlbs ln the ad.vanced

stages of calclflcatlon, was approxlmately the same. ft was

further found that almost all the calclum had been removed by

the EDTA. It therefore appears that the CS remalnlng behlnd

and extracted only by KOH must he.ve been rend"ered lnsol-uble
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by vlrtue of the organlc matter, nanely collagen and non-

colla.genous proteln, ra-ther than lnsoLubl-e mlneral rratter

{see Tab1e XV).

I'ioùe: It should be rnentioned here that afþer papain
dlgestlon the colleg.en becones IlCl or KCI soluble.
Before treatment wlth enzyne lt ls not. Thls ls
the reason why the pelfet, after prlor incubatlon
u¡ith papain, becones completel¡r solttblllzed after
KOH treatment, This suggests that the papain has
broi<en certain llnkages in the collagen fibril- v¡hlch
alters it such that the collagen becomes acid sol-ubl-e.
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FI}{AL DTSCUSSION

(p¿nrs r AIID rr)

EE-DISTRIBUTIO}{ OIì' RIB CHCrNDiiOIlìItriSUL}'ATE : A FOIìE-RU}INER
Oil C_o,IËEQIlFjl{gE QF C;\LCI FIC¿ITIO}I- ?

fn Part I it ls shov¡n that during the initlal stages

and laier in the advanced stages of c¿rlcificatlon 1n puppy

riþs there ls a large lncrease ln the proportlon of the

tissue CS whlch ls not extracl,able wlth water; this is accon-

panled by an initlal rlse and a l-ater falI ln the üotal CS

in the cartilage" There are tvro possible explaneitions for
these changes. The first explanatlon is tha.t the changes

are a physlcal consequerlce of the depositlon of mineral

matter or removaL of water. The second explanatlon is
t]nat the redlstribution of the rlb CS fractlons ls a. con-

seo^uence of cYv.nges ln the rate of metabollsm of the CS

fractions of the rib or of changes in the bindlng of the CS

fyactlons to other organlc tlssue constituents. ff the

second. explane.tlon 1s correct thls redlstrlbution of CS

fractlons may be one of the causes of the development of

caLcifl-ed from uncaLclfled ribs.
Regardlng the flrst exp]anatlon there are three polnts:

1) The red.lstrlbutlon of the CS ln the tlssue might be due

to a portion of the water soluble CS belng rendered" l-nsoluble

by the solld mlneral mattero

2) There is a gra-ô.ual decllne ln the water contenü of the

ribs as they pass through the various stages of calclficatlon.

3) Accordlng to Elchelberger (Lt9) lt seems llke]y tlaat thls
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water is being replaced by deposited hydroxyapatlte.

Aocord.lng to the thlrd- po1nt, the solld. mlneral matter

would. lncrease the denslty of the tlssue by replacement of

water so that the concentratlon of the total- CS expressed

on a fresh vrelght basls t¡rould drop. Subtractlon of the

welght of calclum phosphate In the 26 week and older rlbs

and calcul-ation of the CS glucuronate concentratlon J-n the

mlneral f ree rl,b shows that thls can a.ccount for most, lf
,totalnot a]l, of the drop tn/CS concentratlon ln the older rlbs.

It cannot accounb for the lnltial increase in total CS con-

centraílon whlc?r occurs during the early Stages of calclflca-

tlon, but accord"lng to the second. polnt, a portlon of thls

could be due to a dec]lne 1n water content wlthout corres-

ponding depositlon of solld ¡nlneral. Tn the experlments

descrlbed in Part II (Taþles XI-XIlf) lt was found bl¡1at

removal of the solld lnorganlc materia.l wlth EDTA dld not

greatLy alter the anount of CS whi-ch wes not extra.cted t¡rlth

water or KCI soLutlon and could. only be removed by alka-ll.

Thls also eLlmlnates the possibllity tlnat the increase ln

the proportion of water-insolr-tble CS ln the ribs ls due to

bindlng to solld mlneral matter"

Thi.s leaves the second- explanatlon for the redlstrlbutlon

of tl,e rlb CS fractlons vihich is tha.t 1t ls due elther üo

cha.nges ln the rate of uietabollsm of the CS fractlons or

to a change ln the blnding of the CS fractions to organlc

constituents in the tlssues; elther one of these ls a possl-

þllity. The results from Table VI Lnd.lcate that there are
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at least two metabollcally dlstlnct CS fractlons, the

water-solub1e (Sf-3) fractions and the alka1l fractlon (Sg)

and that the speclflc actlvlty of these fxacblons decreased

slovlly as the r1b progressed from the uncalclfled state to

the advanced stages of calclficatlon. These results rnay

ire related to the change ln total CS concentratlon of the

rlbs (Table V). In regard to the redlstrlbutlon of the CS

amongst the fractlons, however, there ls llttle change ln

the ratlo
speclf lc actlvlty water' lnsoluble Cå (SBl-
specific activlty water soluble CS (S1-3)

as caloificatlon progresses ln the r1b whlch lndicates ühat

the rel-atlve rates of metabolisn of these fractions i-s

u.naLtered. Therefore t àfr alterati-on ln the bJ-ndlng of CS

to collagen or non-collagenou.s proÙe1n ls the most 1lke1y

explanatlon for the observed changes.

BINDIT,IG OF CHO}JDROI'TINSUL}'ATE

In the enzyme experlments descrlbed ln Part fI (Flgs"

11-16) lt lras found that the pH of the medlum changed from

6.?,-6.3 to 4.L-4.6 (unbuffered) and from 5.4 to 4,9 (buffered.).

Between 15-25"/" of the non-col-lagenous proteln, 25-50% of the

CS and 75-85/" of the collagen remalned in the peLleü after

enzyme treatment whlle nearly all the cal-clum had been sol-u-

blIlzed. Elnblnder and Schubert found that as hydrogen ions

comblned wlth the carboxylate anlons of colla,gen, the catlonlc
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groups of the collagen became free to blnd anlons of CS.

Blnd.lng was best for CS between pH 2.5 a:nd J"0 and' thls

tapered. off at pH 7.0. At lorver pH condltlons calclum ls

removed from blnding with cs (28129). Therefore, the more

acld the pH the gîeater would be the tendency of CS to form

lnsoluble salts wltb protelnrthus raislng the posslbillty that

a portlon of the C,S formed new lnso]uble complexes durlng

d.igest lon.

By using proced.ure B (Part II) to extract the rlb cartl-

lage lt was found that 0.4 i,i I{CI, whlch v¡ould be expected to

break up any salt llnkage, clld. not et(tract all the CS thus

indlcatli:g that some CS must be bound to proteln 1n vlvo and'

that the CS-proteln complex, irr the EDTÂ. and CaCl2 lnso1uble

îrac?lons of cartllage, ls not a salt llnkage (3O131168).

Accordlng to sever"al lnvestlgators (?]--74) the chondro-

muooproteln or protelnpolysaccharlde (pf) whlch can be

extracted by hlgh speed homogenlza-t1on of cartllage wlth

water can be separated lnto two fractlons: PP-L and PP-H by

centrlfugatlon and that the PP-H conslsts ln part of a mixture

and in part of a conblnatlon of PP and collagen" The PP-L

sediments as a single component and. has a sedlmentatlon

cons þan| at lnflnlte dll-utlon of 10.5 S while the PP-H sedl-

ments completely at l0rOOO x 8o Geyber et aI (71) found' that

the non-collagenous protel-n (NCP) /CS ratio of thelr PP-T. after

alka}l treatment was O "l?6 whlle the pToteIrL/CS ratlo of

the PP-H vras 1.000"
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The results thus far have ind.icated that the blndlng

of CS to proteln ln the lnso]uble residue after homogenlzi.ng

rlbs wlth EDTA, HZ} and KCI ls not a salt llnkage. Recently

1t has been found that the bond. between CS and proteln ln the

water-solubl-e chond.romucoproteln ls formed through the hydroxyl

group of seri-ne (75176) " The results ln Table XV suggest

tbatt lf there ls PP-H or PP-L ln the lnsoluble resldue after

ITDTA and- KCl extra.ctlon of uncalclfled rlbs then there ls noü

enough NCP present to blnd all the CS slnce the ratlo NCP/CS

ls only 0.102. However, the a1kall extract of one of the ribs

in the advanced stages of calclflcatlon contalns more than

enough NCP to blnd. all the CS solublllzed if PP-L was present

and just about enough 1f PP-H was present. The ratlo NCP/

CS 1s 0.930. The analyses on the pell-et remalnlng after KOH

extractlon of rlbs at the advanced stage lndlcate that only

collagen ls avalLabl-e to blnd. the remalnlng CS" Thls ls an

indlcation tha.t the insolublllty of at least a sma1l portlon

of the CS 1s due to associatlon with colla.gen.

It ls very unllkely that PP-L would be found ln the

lnsoluble resldue after extraction wlth EDTA, water and KCI

as 1ü ls known to be soluble ln water and not sedlmented af

271000 x g (68171 ,72). However, PP-H ls lnsoIuble ln water
, s ed lme-+ -(after eühanoI preclpltatlon) ana,/ät"ïorï'oï x g (68r7t) and

at least accordlng to Seraflnl-Fracasslnl and Smlth (73),

consists ln part of a mlxture and i-n part of à comblnatlon
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PP and collagen. Thus it ls qulte posslbl-e that the CS

the lnsoluble resldue exlsts ln a form related to the

yet 111-defi.ned. PP-H materlalo

r,''lATER. COi'iTEliT O-tT FiIBS

There is a gradual decllne 1n the water content of

the ribs as they pass through the various stages of calci-

flcatlon (Table XVI). Elchelberger (+9), uslng rlb carti-

lage of pupples, also found the same result. Accordlng

to Blchelberger lt seems llke1y that thts water ls belng

replaced by deposlted hydroxyapatlte"

Schubert (58), using bovine nasal cartllage, has found

that the PP-l seems to be responsible for the water hel-d by

the tlssue. He attribuled thls to the dlffuse nature of the

PP-L molecule and. its tend-ency to occupy a large domaln

because of the mutual repulsion of nearby CS chalns. Thls

tendency to occupy a large d"omaln ls lmagtned. to be exerted

agalnst the collagen flbrlls among whlch the PP-L Ls trapped.

The questlon flnally arlses as to the possible part

water plays ln thls protein--9S,gslatlonshlp?

There i.s no dlrect evldence on how the presence or

absence of acld. mucopolysaccha.rldes (¿ltpS)can regula.te the

ossifica.tlon process of cartllage 1n g!¡¡o-. Recent f lndlngs

{43r50-52) suggest the participatlon of end.ogenous proteo-

li¡tlc enzymes¡ €.8, cathepsln B, in the d.egra"datlon of cartllage



64

natT'lx. Tire controlled. removal of AivlPS proteln compLexes

(protelnpolysaccharld.e (PP) of Schubert' (58)) may also

cause a removal of water and make Space avallable fOr occu-

patlon by apatlte crystals slnce accord.lng to Schubert (58)

the PP seems to be responÊlble for the water held by the

tlssue. 'Ihe large atounts of AIIPS ln the restlng zone of

the cartllage may also act as lnhlbltors of cal-clflcatlon

because of thelr abl]lty to restrlct the movement of f1uld's

and lons needed for mlneta\IzatLon and/or because of thelr

ablIlty to mask reactlve groups on the collagen (43).

Accordlng to Klotz (53) water may also act as an lnhl-

bltor of calclflcatlon. The ;oresence of proteln chalns

lncreases the tendency of the surroundlng water to form lce-

1lke structures (see followlng d.lagraq).
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Thle may resltlt in the effecilve 'rrnasklngrr of actlve groups

on the proteln since the dlffuslon of su.bstrates tov¡ards

the ectltre groups 1S restricted. The presence of water

surroundiilg hydrophlllc groups ln protelrrs causes the forma-

tion of I'hydrophll-ic bondsrt between such groups (54). As

calcification proceeds the water content (see previous

diagram) of the r1b cartila.ge decllneso Accordlng to

Tristram (55) there àTe a nurnber of unusual llnkages in

collagen and these may be affected by or depend upon local

dehydratlon. There is now evldence to Suggest that soluble

AIIPS are responslble for the water held by the cattilage

(56-58169). ft ls therefore possible tha.t a removal of

soluble CS (or chondromucoproteln) from cartlla.ge may

lnj.tlate changes ln the cross-llnkage of coll-agen and thus

of the binding of CS to collagen, through a change ln the

water content.

FUTURE I^¡ORI(

There are marty problems concerning calclflcatlon ln

rlb cartilage which nerit further lnvestlgation. A few

of those which arl-se from the present works are given þe1ow:

l) One problem ur-hich was attempted and could not be

sol-ved was whether or not calclu¡n actually accumula.ted

'oefore phosphate and, the deposltton of solld mlneral matter.

Perhaps other anlmals or other tlssues where calcificatlon

takes place ln, d,lscrete stages mlght be found and used to
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investigate this problem.

2) The radioactive work shoul-d" be exiended" to cover

measurements of speeific actlvlüy over mueh longer period s

of tine in an ef:íorË to determine more d-efinitely the

calises of the changes tn 35S uptake in the J groups of ribs.

3) ltn aötempt strould be made to clrtaracþerize tlne CS

fractions removed" by iïC1 and. KOIí treatments by means

of densiùy grao.ients, or other means, 1þ an efforü to

See lf the KCl fracíions, themselves, actual-ly represent a

sepa-rate tnetabollc entitY.

4) The binding of CS in the insoluble rib fractions t"rill

ha.ve to be furi;her investigated with ¡espect to the ty-pe

of bond. forma.ilon and a-lso the cnaracterizaLion of non-

colla,genou.s proteln( s) {,65 r66) "
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Flg"l-Rib cartilage section
33,31+

von Kossa.ls stai-n and

calcium deposit observed"

from rib I dog 3(thickness:7P,

eos in rmagnif ication: 30x )' No

Fig,z-Rib cartilage section from rib 2 dog^](lhicknesg:7¿¡¡
von Kossa rs stain"and eosinrmagnifÍcationl3Ox) "Very slight
calcium deposit observed(dark area),



voñ kossa 1s stain"and, eosinrmagnification: 3ox)'slight
calcium deposit observed"

Fig"l+-Rib cartilage section from rib 4, dog_J(th_i-ckness-:/¡r,
von Kossars stain-and eosinrmagnification:30x)'Many calcium
deposits observed,
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Fig.5-Rib cartilage section from rib 5 doe^3^(lft*"5l":s¡74r
von Kossa rs 

"iãltr".nd, 
eosinrmagnification:30x) .Ilany calcium

deposits observed'

Fig"ó-Rib eartiJage section from rib 6 ¿oS^2(thickness:f¡r,
voñ Kossals "tã1t"*ttd 

eosinrmagnification:30x)'l[ore
calcified than rib 5.



Fig,7-Rib cartilage section from ri-b 7 dog^](thickness:/¡ro
voñ Kossats stain and eosinrmagnification:30x)nNot as
strongly calcified as rib 6.

Fig.8-Rib cartilage section from rib I dog ](lhicknessiT] ,
voñ. Kossars stain and. eosinrmagnification:3Ox)'Areas of
calcification are not strongly defined'

f
1:



Fig"9-RiU cartilage seetion from rib 9 dog ](lhict<ness:J¡r,
voã i{ossars stain-and eosinrmagnification:30x)'Not as
strongly calcified as rib 7 "

Fig,lO-Rib cartilage section from rib 9 ¿oS^7(thickness:79,
von Kossars stain ãnd eosinrmagnification:30x)'Calcification
has proceeded to the advanced stagesn
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a) Cal-clum (15)

**rl"rEËiu

0,01

0.02

0,05

0,07

o.lo
0 "20
o.40

b) Uronic acld (].z¡

mg glucu.rono-
lactone used

ln test

ST¡it\iDAFlD CUBVES

titration v¡lth
O-OO5 i,i EDTÀ (mIs)

.023

.041

" 
f03

,]-42

"2l.3
.406

.804

0"Il. at 525 mp

0,01

0,02

0.03

0.04

0"05

0"06

0.07

0.08

V oV7

0,10

"078

.l.59

,221+

"304

"362

"430

" 504

"óoo
l-. (,LL

"730
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c) îota] P (11)

mg P used
ln tes! _

0"002

o,o04

O.OOB

0 .012

0"016

0.020

0.o21+

0,028

o.032

0.036

0.040

o.D. at 650 mu

"0 56

.0 90

.a67

çLt 4ap'¿

"325

.395

"4go

.560

.61t6

.729

"790

d-) Inorganlc P (10)

mg P usecl
in tesi;

0.0004

0 "0012
0 "002
0 "004
0,006

0 .008

0.010

^ ^l ^V,VL¿

rJ.D. ?t 650 rn&

,028

"078

.139

"270

.t1o 5

"5+5

.660

.BlB



e ) Colla,gen stanclard

¡rp;m cpll_?Æ

10

25

5o

75

100

]-25

150

t75

200

f) Bovlne albumin standard (Z+¡

uEm bovlvle albumln

10

25

5o

75

100

t25

].50

]-75

200

79

Proteln {Z+¡ llydroxyprollne (25)

O.D. at 65-0- mP O .D " e-t' 5\1 rnu

.02l-

.044

"076

.l.02

".r30

.184

"23 5

"032

.o67

.105

.138

.158

"208

O.D. at 6 50- rnu

.03 0

.06 5

,120

.200

.250

" 310

"370

"430

" 510
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T.{BLE VII

EXTBACIIO\I OI' RIB Cé"RTIL.\'GE

Second Serles of ExPeriments

Dog II.Age 13-1-3È Dog If Dog If Dog II Dog iI
¡f].Þ o

Dog ï1
wk R1 lb2 B1b

Çâ, Sf-3

Ca rS4-5

Ca 156-7

Inorganlc P'S1-3

inorganic P, S4-5

fnorganlc P, SO-?

ça/PI, s6-?

yr/pþ, st-B

C;l glucuronate, 51-8

CS glu.curonate, S4-8

Ca SI-3/CS glucuron-
ate Sf-3

Ca Sn-t,/CS glrtcuron-
ate S+-e

% cs glucuronate
sr-3

]5 "0
f 0.7

I "32
LL LL

0"2

0,25

5"3

Q,22

l-71, . B

38 "7

23.3

l-4.7

2 "00

6"9

o"5

a"5

4,0

0.30

l8l- 
" 

g

38.6

1t6.7

47 "6
ooo

26.6

8,3

5+ "l
1 .85

o "79

t87.3

45.2

0 "329

!,053

76

52 "0

55.3

2cLL 
^

2g,7

12,5

t63,9

1"7 5

O.86

180 .0

4o "4

35.6

Ltl.-.6

50 .0

25.0
f)o

23 "+
2.14

0. B9

184. 5

lr'6 
"L+

Q.t33

o "276

77

o "163

0.&00

79

o "372 0 .258

r.369 o "B98

78 75

Note: Fieu.res are
¡;mõles /g wet

1n l:g atons/g vret welght for Ca and
welght for CS glucuronate.



B}

TABLE

EXTF-¿rCTION OF

Second Series

VIfI

RIB C¿IRTILÂ.GE

of Experimerits

Dog IV: Âge l-3à-
t3 2/3 wks

Dog
Iilbs

rV
I+2

Dog IV
Ribs 3+4

Dog IV
Rlb ô

Dog ïV
Rib 9

Cà, tr_3

Ca, S+-5

CarS6_7

Inorganic P, Sf-3

Inorganlc PrS4-5

Inorganic P, SA-?

ca/pt,s6-?

Pr /Pt, sl_B

CS glucuronate, S1-B

CS glucuronaterS4-8

Ça S1-3/CS glucuron-
aTe Þ]_3

Ca 54- S/CS glucuron-
abe- S¿i.-g

'ft cs glucttronate,
sr-,q

12.3

r7 "3
2-r

) "J
0.2

0.1

2l "0
0.1-6

L34.4

t+t+,"3

Q.l-36

0 "390

67

41,0

4+ 
"l+

L01.0

23 "5
8"6

55 "t+

!.82

0 .80

!62.8

)8.3

0 "330

1 .l-60

?6

50 .0

58.7

503 "0

37.8

14 "¿l

268.9

f .87

0.85

r5g,5

38 "4

o,413

r,529

75

34,2

55.6

160"0

26,2

10,2

86.8

1" 84

0.87

16L .6

46.9

0.328

1.190

7t

i{ote: Flgures are
¡rrnole s /g weE

ln ¡,rg a.toms/g vret weighi for Ca and P;
wei[ht for CS glucuronâte.
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B4

TiiBLE X

EXTBACTIOi\I OF BTB C¿IBTILII-GE

Second Serles of ExPerlments

Ðog VI: ABe t? t/3 Dog VI Dog VI Dog VI Dog Vf
w]<s nr¡Ã 1+z nr¡È z+r Rru 6 nru q

Ca, 51-3

Car34-5

ca,s6-7

Inorganic . P, S1-3 7 "3

23 "3
26.6

7.32

1,2
'l ¿r¿c¡

5.2

0.47

59,3

56,6

184 "0

2g "6

9,2

B?,3

2.ll
0.72

tg[,5
45 "g

0,399

I "233

75

5B.O 54.6

68 .0 58 .7

598.6

33 "B

19 .3

168.9

42"5

20T.4

3r.3
12,5

L82 "1
40 "l

Inorganlc P,St+-5

Inorganlc P, Sg-?

ca/pt, 36-?

PL/Pþ, 51-B

32? .2 l-10,4

f"B3 1-"82

0,77 O "79

CS glucuronaüerSl-B 205"8

CS glucuronaters4-8 52,2

Ca Sr -c/CS glucuron-
aie-S1-3 0.152

Ca S:+-5/CS glucuron-
ate-S4-6 0 

" 510

rt cs glucuronate,sr-¡ ?5

o "L+59 o .386

I.60o t.963

75 7B

Note: Flgures
and P;

are ln ,ug atorns/g wet
¡rmoles/g weÞ rneight for

welght for Ça
CS glucuronate.


