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ABSTRACT
PART T

Rlb cartilage slices from a litter of dogs killed at
various sges were homogenized successively with water, 3%
KCl, 0.05 N HC1 and 1,25 N KOH and the extracts analysed for
calcium, phosphate and chondroitinsulfate (C8) glucuronate,
The ribs were divided into 3 groups (uncalcified, beginning
calcification and advanced calcification) by the use of
arbitrary limits for the inorganic phosphate dissolved by
aclid extraction and then a statistical analysis of the diffe-
rences between the results for the three groups was carried
out, The results showed that during the initial stages and
later in the advanced stages of calcification there was a
slgnificent 1ncrease in CS in the fractions not extractable
with water and this was nearly all accounted for by increases
in the amount of CS solubilized in the alkali extract,

These changes were accompanied by an initial rise and a later
fall in the total CS glucuronate in the cartilage and also

by an initial rise and a later large fall in the smount of CS
solublilized in the water extracts,

There was & gradual decline in the water content of the
ribs as they passed through the various stages of calcifica-
tion,

Upon incorporation of Na235804 by the rib cartilage the
speciflic activity in all the rib cartilage extracts decreased

slowly with Increasing age of the puppy and also as the ribs
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progressed from the uncalcifled state to the advanced
stages of calcification, The water-extractable CS was

metabolized at a faster rate than that extracted with alkali,

PART IT

Rib cartilage powder was homogenized successively with
0,05 M EDTA, water, CaCls and water and then incubated with
proteolytic enzymes after which the pellet was homogenized
further with solutions of 3% KC1l, 0,05 N HCl and 1.25 N KOH
respectively and the extracts analysed for calclium, protein
and CS glucuronate,

During incubatlon of the pellet with papain it was
found that nearly all the calcium, between 75-85% of the
non-collagenous protein and 50-75% of the CS was extracted
while solubilization of collagen was much less complete
(15-30%). Most of the remaining calcium, non-collagenous
protein and CS was then dissolved by KCl, During the i
incubation period the pH of the medium changed from 6.,2-6,3 to 4.1~f‘1l
Lk,6 (unbuffered) and from 5.4 to 4.9 (buffered with 0,02 M :
sodlum acetate-acetic acid). The more acid the pPH the greater
would be the tendency of CS to form insoluble salts with pro-
teln, thus raising the possibility that a portion of the CS
formed new insoluble complexes during digestion.

Rib cartilage powder was homogenized with solutions of
0,05 M EDTA, water, CaCls, water, 3% KCl (dissolved in a
0.2 M NapHPOy~0,1 M citric acid (pH 7.0) instead of KC1l



dissolved in distilled water), 0,05 N HCl and 1.25 N KOH
respectively, It was found that there was no change in the
total amount of CS extracted by the 3% KC1 (0.4 M) under the
highly buffered conditions. The finding that neither 0.4 N
KCl nor a combination of this with buffer will remove the
last portion of the CS (that which is dissolved by KOH)
Indicates that this fraction of the CS must be bound to
protein in vivo by non-salt linkages,

In another series of experiments rib cartilsge powder
was homogenized with solutions of 0,05 M EDTA, water, CaClsp,
water, 3% KCl, 0,05 N HCl and 1.25 N KOH respectively and
analysed for protein and CS, The removal of so0lid mineral
matter with EDTA did not alter greatly the amount of CS which
was not extracted with water or KCl and could only be removed
by alkali, This indicates that the insolubility of the alksli-
extracted CS 1s not due to physical binding to the solid mine-

ral matter,




PREFACE

To set the background to this work a brief description

of bone and cartilage is given below,

CARTILAGE

Cartilage consists of cells, chondrocytes, embedded
in & matrix, This matrix, in turn, 1s composed of an organ-
lzed fiber meshwork, chiefly collagen, and of an amorphous
ground substance especially rich in sulfated mucopolysaccha-
rides., The chief component of the ground substance is
chondromucoprotein, which is a compound containing the polymer
chondroitinsulfate linked through a sugar and O-serine
to a protein, It may represent up to 44% of the dry weight
of hyalilne cartilage,

There are 3 generally recognized varieties of adult
human cartilage: hyaline, fibrous and elastic, Hyaline car-

tilage is found covering the articular surfaces of most

joints, in the costal cartilages, etec,

BONE

Bone 1s a calcified connective tissue, Bone tissue 1s
cellular, with the bone cells, osteocytes, enclosed within
compartments called lacunae, The organic matrix, which
accounts for approximately 38% of the dry welght of the tissue,
lg almost entirely composed of collagen fibres, There is an
additional amorphous ground substance, which contains 2 small

but functionally significant amount of sulfated mucopoly-

saccharides, The inorganic phase consists almost exclusively
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of calcium phosphate salts, All bone is formed by functional
Osteoblasts. Osteogenesis 1s a two-phased process; the
calciflable organic matrix, consisting of collagen fibres
and ground substance, is formed first, followed by mineral-

ization,

ORGANIZATION OF THE THESIS

The thesis is divided into 2 sections: Part I and Part II,
Each part has its own introduction, materials and methods,
results and discussion, A final discussion embracing the
results of both sections 1s given at the end of Part II.
This 1s followed by some comments concerning the future

expansion of the present work,




ABBREVIATIONS

The following abbreviations were used in this thesis:

chondroitinsulfate CS
inorganic phosphate inorganic P or Pi
total phosphate Pt

week wk
weight wt

gram g or gm
minute min
hour hr
chondromucoprotein CMP
proteinpolysaccharide PP
non-collagenous protein NCP
acid mucopolysaccharides AMPS
optical density 0.D.
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PART I

CALCIUM, PHOSPHATE AND CHONDROITINSULFATE LEVELS
AT VARIOUS STAGES OF RIB CALCIFICATION



INTRODUCTION

Neuman and Neuman (1) considered the mechanism of
calcification to involve the formstion of crystal nuclei upon
which epitactic growth of the solid mineral matter takes
blace. Although the exact nature of the agent or agents res-
ponsible for the inductlion of the crystal nuclei is still
unknown, proposals have been made about the nature of the
mineralizing site. It has often been suggested that chondroiti-
nsulfate is a necessary factor in calcification but the exact
role proposed has varied greatly. For instance, Sobel (2)
proposed that it was responsible, together with collagen, for
initiating the process of crystal formation whereas Glimcher
(3) proposed inhibition of calcification as the main function
of CS,

Because of the simpler histological organization and
the fact that a transition from an uncalcified to a caleified
state can be observed within the same tissue, the relation
between CS and calcification can be more easily studied in
cartilage than in bone. The results obtained with calcified
cartilage, however, may not necessarily apply to bone,

Boyd and Neumen (4) have shown that CS is a principal
cation binding constituent of cartilage, Their in vitro
experiments showed that cartilage slices bind no phosphate
unless the cartilage contains appreciable amounts of calcium,
in which case phosphate is taken up by the cartlilage untill
the Ca:P ratio 1s approximately that of hydroxyapatite.



Eichelberger and Roma (5) showed that during the growth of
pupples there 1is an increase in the calcium content of the
rib cartilage even before there 1s accumulation of phosphate
and deposition of solid mineral matter. They found that
during the inltial 12 weeks of the puppies' life there was

a constant amount of calcium and phosphate in the rib carti-
lage, but from 13-16 weeks of age there was over a 2-fold
‘increase in the calcium content of the ribs while the phos-
phate content remained fairly constant, They suggested that
the excess calcium was assoclated with the CS of the cartilage,
but not with the collagen,

The CS of rib cartilage has been shown to consist of at
least two metabolically distincet fractions (6,7,32)., The
fraction which, with collagen,is not dissolved by homogeniza-
tion with water or 3% KCl has a lower turnover rate than the
soluble CS and has been shown to have the greatest affinity
for calcium, being able to retain the major part of the non-
precipltated calcium in cartilage even in the presence of a
much greater quantity of the soluble CS fraction (8).

The present work was undertaken with the following
objectives: 1) to find out which CS fraction, if any, binds
the calcium which accumulated in Elchelberger's and Roma's
experiment prior to calcification and to see if the calcium
1s bound to the same material during and after calcification,

(2) to find out if there are any changes in the amount and




state of chondroitinsulfates in puppy rib cartilage during

calcification,



Chart 1

Flow Chart for the Extraction of Rib Cartilage Slices

ri: cartilage slices
a) homogenize at 4°C with 10 ml distilled H,0 for 40 mins.
b) centrifuge at 27,000 x g and 4°C for 30 mins.,

P =

—. repeat twice more

supernatant (81;55’\\\ pellet .

a) homogenize at 4°C with 10 ml 3% KCl for 40 mins.
b) centrifuge at 27,000 x g and 4°C for 30 mins.

———

repeat once more

~
84_5/ pellet

a) homogenize at 4°C with 10 ml 0,05 N HC1
for 40 mins., (0.5 N HC1 with ribs ia advanced
stages of calcification)

b) centrifuge at 27,000 x g and 4°C for 30 mins.

/;I;\fepeat once more
S¢_7 pellet

a) homogenize at 4°C with 10 ml
1.25°'N KOH for 40 mins.

b) centrifuge at 27,000 x g and 4°C

for 30 mins,
PN

Sg . pellet




MATERIALS AND METHODS

EXTRACTION PROCEDURE

Puppies from the same litter (4-7 animals) were killed
with chloroform at various ages up to 27 weeks. The ribs
were removed and cleaned of adhering tissue, Thin slices
of the cartilage were cut with a scalpel., The ribs were
stored in a freezer and utilized as soon as possible after
death of the puppy.

In order to remove all water-soluble Ca, inorganic P
and CS 0,5 g portions of rib cartilage were homogenized
(in a fluted contalner using a Virtis "23" homogenizer rumn-
ing at top speed) with 10 ml distilled water at 4°C for
40 mins. The homogenate was centrifuged at 27000 x g and
4°¢c for 30 mins, and the supernatant extract poured off and
retained for analysis, The precipitate was then homogenized
with a further 10 ml water and the procedure repeated to
yield a total of three water extracts (S7.3),

At this stage a water-ingoluble residue and 3 water
extracts (S).3) had been obtained. To remove the material
that might be bound by salt linkages the precipitate was
homogenized with 10 ml 3% KCl1 (0.4 M) and centrifuged as
already described. The supernatant was poured off and
retained for analysis and the homogenization and centrifugation
process was repeated once more to yield a total of two KC1l
extracts (84_5).

At this stage most of the insoluble calcium salts from

calcified ribs remained in the residue, To solubilize this



inorganic material the precipitate was homogenized with
10 ml 0,05 N HCL (0.5 N HCL with ribs in advanced stages
of calcification) and centrifuged as described previously.
The supernatant was poured off ang retained for analysis
and the homogenization and centrifugation repeated once
more to yield a total of two acid extracts (86_7).

Finally to remove nearly all the remaining CS the
brecipitate was homogenized with 10 ml 1,25 N KOH and centri-
fuged as above, The supernatant was poured off and retained
for analysis (Sg). 4n insoluble residue remained after the

KOH extraction, (See Flow Chart 1, page 5).

UPTAKE OF RADIOCACTIVE SULFATE

Puppiés, at different ages and from different litters
and at various stages of calcification, were injected intra-

perltoneally with Na235

50y in isotonic saline (Atomic Energy
of Canada) using 0.25 mC/kg body weight. They were killed
with chloroform 25 hours after injection, The rib carti-
lage was extracted as already described.

The KOH extract was neutralized with HCl and then all
the extracts were dialysed against running tap water for
2 hours and subsequently placed in a 20 liter tank of dis~
tllled water for 16 hours. Afterwards 0.1 ml of each
extract was pipetted onto a separate planchet and spread
evenly with the pipette such that each extract covered the

same surface area on each planchet, The planchets were

Placed under an Infra Rediator (Fisher Scientific Co,) until




the extracts had evaporated to dryness, The radioactivity

of the extracts was then counted in a Nuclear Chicago 1814 scaler,
gas flow counter and 111B printing timer. The uronic acid con-
tent of all extracts was estimated and the specific activity

calculated (counts/min/pmole CS glucuronate),

ANALYTICAL PROCEDURES

The extracts were analysed by standard methods for
inorgenic phosphate (10), total phosphate (1l), uronic
acid (12) and calcium (see below). Standard curves were

prepared for all the tests (see appendix).

CALCIUM DETERMINATION

Three different methods were tried for calcium, In
the first method by Bachra et al (13), Cal-red served as
the indicator solution. This method was found to have a
major weakness in that the readings had to be taken very
qulickly as the colour tended to fade rapidly and therefore
readings depended entirely on the ability of the investiga-
tor to detect the rapid change in colour, The glyoxal bis
(2~hydroxyanil) estimatlon procedure (GBHA) of Mager and
Farese (14) also exhibited a major weakness in that the test
was only accurate for calcium concentrations which were no
higher than 40 mg/100ml of solution, High phosphate concen-
trations also interfered with the test, The calcein esti-

mation procedure of Eastoe (15) was found to be the best
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and was subsequently used in all the tests because there was
no detectable interference by CS and/or inorganic P. The
least amount of calcium which could be detected was 0,025 pgm
atoms/ml and 3,767 pg atoms/ml could be estimated with an
accuracy of 2.1%.

The Calcein estimation procedure of Eastoe (15) was
'slightly modified in that all titrations with Calcein were
carried out using a fluorometer as the "end-point gulde",
The fluorometer was zeroed using a water blank to which all
reagents were added including Calcein, The individual un-
known samples were then read on the fluorometer and EDTA
was added to each until each unknown/or standard sample
read zero on the fluorometer., Results using this method of
assay were found to have satisfactory reproducibility (Table

I) and did not depend on the colour sensitivity of the observer,

MAINTENANCE OF THE PUPPIES

The pupplies were fed Pablum and milk twice daily for
the initial 12 weeks and then fed a mixture of Dr, Ballard's

canned dog food and Gravy Train once daily,
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REESULTS

FIEST SERIES

A litter of 4 dogs was used in the first series of
experiments, A rib was chosen at random from each of the
L dogs and homogenized as previously described. The results
are shown in Table II, Two thifds of the CS glucuronate was
extracted with water as was previously found by Bowness (8).
Calcification of the rib cartilage was found to begin bet-
ween the initial 13% weeks (dog II) and 16 1/7 weeks (dog III)
of the puppies' life and was accompanied by a rapid increase

of both calclum and inorganic P in all extracts (Sy_g).

SECOND SERIES

A litter of 7 dogs was used in this series of experi-
ments. Speclfic ribs were homogenized from each dog, In
dog III (Table III) all the ribs were homogenized separately
and analysed. The results for dog III are given in Table III,
Photomicrographs were also taken of each of these ribs and
are shown 1n Filgures 1-9 (see appendix), These pilctures
clearly show the gradual changes in the ribs as they become
progressively more calcified,

Not all the ribs from the other dogs were analysed.

In dog I (9-9% wks) the ribs were all very small and were
found to be uncalcified. To obtain sufficient material for
repeated analyses all the ribs were pooled in this dog,

In dog IV, ribs 1 and 2 were analysed together and also ribs

3 and 4, In dog VI, ribs 1 and 2 and ribs 2 and 3 were
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TABLE II

EXTRACTION OF RIB CARTILAGE
First Serles of Experiments

Dog I Dog II gggwigl gigwig
9 1/3 wks 133 wks 1 day 5 days
Ca, S1.3 18,6 13.5 L6, 4 61.9
Ca,Sy_s 16.6 15,2 89.3 110.5
Ca, S0 2.4 0.8 400.0 1269.6
Inorganic P,Sy_3 6.8 6.5 59.9 3k.2
Inorganic P,Sq_5 0.4 0.2 21,5 10,4
Inorganic P,36_7 0.9 0.2 228,0 511.,0
Ca/Pl, Sg.7 2,69 19,0 1,76 2,48
Pi/Pt, S5;.8 0.42 0.36 0.98 0.64
CS glucuronate,Sq_g 142,6 149,7 196 .4 166.4
CS glucuronate,Sy.g 56,0 52.8 62 .4 624
% CS glucuronate,S;._3 61 65 68 63

Note: Figures are in ug atoms/g wet welght for Ca and

P: pmoles/g wet weight for CS glucuronate,
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analysed together., 1In all other cases ribs were analysed
separately., Those analysed are listed below (rib number-

ing is anatomical (18), see Figure 1-59),

Dog II - ribs 1-3,6,9

Dog IIT - all the ribs

Dog IV - ribs 1+2,3+4,6,9
Dog V - ribs 1,3,4,6,9
Dog VI - ribs 1+2,2+3,6,9
Dog VII - ribs 8,9

The results for each of these dogs, except dog VII, will
be found in the appendix (Tables VII-X),

Table IV shows the results for rib 9 from each of
the 7 dogs,

Results for all ribs which were assayed individually,
not in palrs or groups, were put together for a statistical
analysls of the difference between calcified and uncalci-
fled ribs In their total CS content and distribution of CS
into water extractable and non-extractable fractions (Table
V). The ribs were divided into 3 groups (uncalcified (4),
begimning calcification (B), and advanced calcification (C))
by the use of arbitrary limits for the inorganic P dissolved
by acid extraction (86_7), which 1s presumably indicative
of the solid mineral matter present, Calcification was
considered to have begun if the inorganic P 56-7 was) 2 ug
atoms/g fresh tissue while the ribs were considered to be in

the advanced stages of calcification if the inorganic P




62 Chapter 1. THE SKELETAL SYSTEM : 16

(from "snatomy of a Dog" by M,.E, Miller)

B Second sternebra
\\

- -Costal carti Iage

S\ - -Costochondral junction

)~ —~Body of rib
)

Costal arch

False ribs

Fic. 1-59. Ribs and sternum, ventral aspect.
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56—7 was ) 800 pg atoms/g fresh tissue., An examination of
histological sections from the ribsbstained with von Kossa
(33,34) and eosin was also carried out (see appendix,
Figs, 1-10). This provided a clear confirmation of the
division of the ribs into uncalcified and beginning calci-
fication groups from the phosphate analyses. However,
nelther the phosphate analyses nor the histological sections
provide evidence for any clear break between ribs beginning
calcification and those in an advanced stage of calcifica-
tion, From the point of view of these parameters, the distin-
ctlon between these two groups is purely arbitrary, but as
willl be seen the total chondroitinsulfate content of the ribs
does suggest that a distinction can be made,

Table VI shows the results of the uptake of radioactive
sulfate by one rib from each of the three groups of ribs
(uncalcified, beginning calcification and advanced stages

of calcification),



TABLE VI
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SPECIFIC ACTIVITY (COUNTS/MIN/UMOLES CS GLUCURONATE)
IN RIB CARTILAGE EXTRACTS OF PUPPIES
KILLED 2% HOUES AFTEE INJECTION WITH
S

Na,3350y (0,25 mC/kg body wt)
RIBS
s Beginning ., Advanced

Treatment Uncalcified” Calcification Calcification¥*#
Water (S3.3) 2990 1735 1336  1254F
3% KCl

(Sp.5) 2230 1220 1048  1069*%
1.25N KOH

(Sg) 985 700 k30 b3
Sg/81 -3 0.329 0.403 0.322 0,379

* water was replaced by 0,05 M EDTA (di-sodium)
which was then followed by the latter two

treatments.

336

ribs are from a 17 week 0ld dog (one rib of
each type was analysed),

ribs are from a 30 week 0ld dog (one rib was

extracted by each method).




DISCUSSION

CHONDROITINSULFATES IN RIB CARTILAGE
(Second series of experiments)

Tables III and IV, VII-X show that the water extracts
from uncalcified rib cartilage (31_3) contain the major
portion of the total CS glucuronate extracted from the
tissue., More than half of the remaining CS glucuronate
was subsequently removed by treatment with 3% KCl1 while the
rest was removed upon treatment with 1,25 N KOH, These
water extracts (S;.3) were found to contain about 7-9%
of the total calcium content of this tissue and nearly
all the inorganic P, These results are similar to those
found by Bowness (8).

During the initial stages of calcification a number of
changes were detectable in the amounts of the analysed
components of cartilage extracted by the solutlons used.
The increase in calcium and phosphate in the HCl extracts
(86_7) which 1s presumably due to deposits of solid mine-
ral, is accompanied by increases in calcium and phosphate
in the KCl extracts and to a iesser extent in the water
extracts, The ratlos obtained for calcifying rib carti-
lage are compared below with those for uncalcifiled
cartilage (Tables III and IV, VII-X in appendix):

Uncalcified ribs (n)¥ Calcifled ribs (n)”

Ca 87_.3/CS glu-
curbndte Sy.3=  0.083-0.171 (8) 0.211-0,459 (21)

Ca Sh-5/CS glu-
curonate Sj_g= 0,276-0.510 (8) 0.880-1,963 (21)

n = number of analyses,
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Uncalcified ribs (n)* Calcified ribs (n)*

Pi 57.3/C38 gluco-
ronate 31-2= 0,020-0,065 (8) 0,142-0,312 (21)

Pi Sy_=/CS gluco-

ronate Sy g= 0.005-0,038 (8) 0.119-0.454 (21)
These ratios are similar to those reported by Bowness
and Lee (16).

It was found that the tables of individual results
(Tables III and IV, VII-X) were insufficient alone to develop
sound basic conclusions and therefore a statistlical snaly-
sis of grouped results had to be done, The results from
the statistical analysis (Table V) allow some definite con-
clusions to be drawn with respect to some of the original
objectives but not all,

After dividing the ribs into 3 groups (uncalcified,
begimning calcification and advanced calcification) on the
basls of the acld soluble Pi content, it was found that the
mean figure for total CS glucuronate (Sj.g) was 9% higher
for the group beginning calcification than for the uncalci-
fied group, The P value for the difference was {0.10) 0,05,
A large portion of this increase in total CS glucuronate
took place in the water-insoluble CS fractions (S).g). The
mean figure for the sum of the CS glucuronate in the 5y_g
fractions in the group beginning calcification was 19%
higher than for the uncalcified group and the P value was
{0,01) 0.005, The major portion of this increase took

place in the KOH fraction (Sg) where the P value was
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(0.0l) 0,005 as compared to the small increase in CS in
the KC1 fractions (84_5) where the P value was { 0,45) 0,40,
Although the major portion of the increase in total CS
glucuronate (Sj_g) took place in the water-soluble CS
fractions (51_3) the mean figure for the sum of CS glucuron-
ate in the S;.3 fractions in the group beginning calcifica-
tion was only 6% higher than for the uncalcified group and
the P value was (0,20) 0,15, During this same period there
were large lincreases in calcium and inorganic P, mostly in
the HCl extracts, in which the solid mineral matter is
dissolved,

In the advanced stages of calcification the mean figure
for total CS glucuronate extracted from the ribs (S1.8)
was 16% lower than the mean for the group beginning calci-
fication, The P value for the difference was{0.0025) 0.0005,
This drop in total CS glucuronate was due entirely to a
decrease in the amount of CS solubilized by water extrac-
tion (81_3) where the mean figure for the ribs beginning
calcification was 38% higher than for the ribs in the
advanced stages of calcification and the P value was {0,0005,
This decrease in total C3S glucuronate was accompanied by a
large net increase In CS solubilized in the water-insoluble
CS fractions (Sy.g). The mean figure for the sum of the
CSLgiucuronate in the Sy_g fractions in the group in the
advanced stages of calcification was 56% higher than for

the group beginning calcification and the P value was

{0,0005, Nearly all of this increase took place in the
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KCH fraction (88) where the P value was {0,0005 as com-
pared to the small increase in CS in the KCl fractions
(54_5) where the P value was {0,10) 0,05,

The results, to this point, show that during the
initial stages =nd later in the advanced stages of calcl-
fication there is a definite and significant increase in
CS in the non-water fractions (SU-S) and this is nearly
all accounted for by increases in the amount of CS solu-
bilized in the alkall extract (Sg). These changes are
accompanied by an initial rise and a later fall in the
total CS glucuronate in the cartilage. This particular
change though not the change in the extractability of the
CS, has been noted by other workers previously (ho-42),
Similarly these changes are accompanied by an initial rise
and a later large fall in the amount of CS solubllized in
the water extracts, These changes are preceded, accom-
panied or followed by large increases in calcium and phos-

phate in these same extracts (Sy_g).

SPECIFIC
ACTIVITY OF CHONDROITINSULFATES IN THE THREE STAGES OF

CALCIFICATION

Table VI shows that the specific activity in all the
rib cartilage extracts decreased slowly with lincreasing
age of the puppy and also as the rib progressed from the

uncalcified state to the advanced stages of calcification,
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The specific activity of CS in the alkali exttact was much
lower than that found in the water extracts, Even when the
rib in the advanced stages of cglcification was extracted
firstly with 0,05 M EDTA (di-sodium) instead of water,
the specific activity of all the extracts remained more or
less unchanged, Previous results show that there are at least
2 metabolically distinet CS fractiomns (6,7,32); although
the KCl fractions might be another metabolic entity it is
guite conceilvable that the KCl fractions arise from contri-
butions from the other fractions, Bowness found that water-
extractable CS of the epliphyseal plate of young puppies (70)
and of guinea-pig rib cartilage (7) was metabolized at a
Taster rate than that extracted with alkali, Gross, Mathews
and Dorfman (6), using rat rib cartilage, found that the
turnover of CS in the alkall extract was mﬁoh slower than
that found in the water extract. These findings further sub-
stantiate the concept that the CS of cartilage is not meta-
bolically homogeneous,

Since the imcorporation of Na,’2S0y by the rib certi-
lage took place over a short time interval (25 hours) it
appears likely that the difference in specific activity thus
noted at various stages of calcification (Table VI) is
probably due to a change in the rate of biosynthesis of CS
rather than a breakdown of ¢S, Previous work on the turnover
of CS in rib cartilage (6,7) showed that only & small proportion
of labelled CS was broken down in a period of 25 hours. The
difference in specific activity of CS fractions from the first

two ribs in Table VI could not be due to a difference in size
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or specific activity of the inorganic sulfate pool in the

blood as both ribs were taken from the same animal, However, 1t
ig still possible that the rate of diffusion of sulfate into the
calcifying rib is lower than into the uncalcified rib.

CALCIUM AND PHOSPHATE IN RIB CARTILAGE: COMPARISON WITH
PEEVIOUS WORK

Eichelberger and Roma (5)found that there was an
increase in calcium in the rib cartilage of pupples before
there is an accumulation of phosphate and deposition of solid
mineral matter, Thelr results were obtalned by pooling the
previougly dried, powdered ribs from one puppy for analysis and
then grouping the results obtained with a number of animals
by the age of the pupples, The work described in this thesis
was done using the wet-weight of individual ribs of a dog
at a certain age. Eilchelberger and Roma (5) calculated the
total water content of the pooled dried and powdered ribs
of each dog, and then by grouping the results obtained with
a number of animals by the age of the pupples they were able
to obtain a mean water value for the age period under investi-
gation, From thelr data it was slmple mathematics to con-
vert thelr mean dry weight results to a wet welght basgis,
The comparison of Eichelberger'!s and Roma's grouped results
with the results from individual ribs (second series of experi-
ments) 1s shown in Table VIa and is made on a wet-weight basis,
Four very noteworthy differences were found: 1) Eichelberger
and RBoma found that there was an increase in calcium before
there was an accumulation of phosphate while in our experi-

ments both appeared to increase at the same time although
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the initisl increase in calcium was greater than phosphate,
2) Eichelberger and Roma found that the total GS of the rib
cartilage continued to increase with the age of the puppy
while our experiments showed that when the rib cartilage
had reached the stage of advanced calcification the total
CS content of the cartilage had decreased, 3) Eichelberger
and RBoma found that the Ca/P ratio of their older puppies
was 1,16/1 while our experiments showed that the Ca/P ratio
approached 1,70/1., It has been found by many investigators
that the molar ratios of Ca™ to Pi in deposits of calcium
phosphate in various parts of the body range from 1 to 1,67
in bone or cartilage and 1.8 in mitochondria (4,17,26), 4)
Eichelberger and Roma obtained their results by pooling
ribs while our results were obtained using individual ribs,
another factor is that different breeds of dogs and diffe-
rent diets were used in the two sefs of experiments, Our
dogs were a cross between a German shepherd and collie and
were fed a diet (see Materials and Methods) different from
that described by Eichelberger and Roma (5).

The significance of Eichelberger's and Roma's results
are in doubt due to the fact that such large standard devia-
tions were observed in theilr calculations, Because of these
large deviations it is hard to say whether calcium actually
accumulated before phosphate and whether the increase in CS
which they observed with the age of the puppies is really
significant, The most puzzling result of their experiments

is that they found the Ca/P ratio of their olderydogs to be
1.,16/1 while in rapidly calcifying cartilage this ratio
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should approach 1,67/l as indicated by previous work (4,17,26),

HISTOLOGICAL EXAMINATION OF RTIB CABTITAGE

In dog III (Table III) the Pi figures for Sg-7 show
that the first 3 ribs were uncalcified while calcification
had begun in all the other ribs, and appeared to be most
advanced in rib 6., The sizes of the individual ribs increase
from rib 1 to rib 9, so it does not appear that size is the
main factor in the degree of calcification (18), Although
ribs 1-3 (Figs.l-B, see appendix) were considered to be un-
calcified quantitatively, histologically ribs 2 and 3 (Figs,Z
and 3) were found to contain very small areas of calcifica-
tion (dark spots). The dark spots in Figures 2 and 3 might
be due to over-exposure when the negatives or prints were
taken because the exposure times were not closely controlled,
However, neither the phosphate analyses nor the histological
sections provide evidence for any clear break between ribs
beginning calcification and those in the advanced stage of
calcification (Figs,4-10, see appendix), The ribs were
divided into 3 groups on the basis of the acid soluble Pi,
It.therefore appears that the histologilcal findings correlate
only approximately, but not completely, with the arbitrary

limit. placed on the 3 groups.




PART II
SOLUBILIZATION OF CHONDROITINSULFATES, CALCIUM AND
COLLAGEN BY ENZYMES AND EDTA



INTRODUCTION

It had been found in the previous serles of experi-
ments thet during the early stages of calcification there
ig an increase in the total CS glucuronate in rib carti-

lage and a large portion of this increase takes plsce in

the water insoluble CS fractions (Sy.s5,88). The work described

in this section was designed to obtain information on the
nature of the CS in the water-insoluble fraction, the
reasons for the inablility to extract it with water and the
possible relationship between this material and calcifica=-
tion,

It hes been shown thet intravenously injected papain
has a very rapld and strong effect on epiphyseal cartilsge
resulting in the release of CS or chondromucoprotein (CMP)
from the matrix (30,31,59,60,67). This effect is looked
upon as a proteolytic action on the CMP in the cartilage,
According to determinations of hydroxyproline there does
not seem to be any effect on the collagen (22), It is also
known that testicular hyaluronidase causes the depolymeriza-
tion of CS and hyaluronate,

Hulth and Westerborn (63,64) have demonstrated that
endochondral bone formation was affected by pepain admini-
stration, The significant changes in the compositional
analysis of this tlssue produced by alterations in mucopoly-
saccharides is conslstent with the speculation that mucopoly-
saccharides may be directly inmvolved in calcification pro-
cesses, In addition, endogenous proteases of lysosomal

origin have been implicsted in the changes observed in
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diseased cartilage and in the processes involved in endo=-

chondral bone formation and growth (61,62).

Hecently it has been shown by Serafini-Fracassini and
Abatangelo (23) that during EDTA decalcification of purified
mineralized aortic elastic membranes st pH 7 there is simul-
taneous extraction of a mucoprotein and that the amount of
mucoprotein extracted is directl& related to the amount of
calclum salt in the tissue, thus indicating an Intimate
connection between the two,

The next series of experlments were undertaken with
the following immediate objectives:

1) to compare the release rates of calcium, CS glucuronate
eand protein from rib cartilage by treatment with testi-
cular hysluronidase, papain and collagenase,

2) to see if the CS glucuronate not extractable with water
is associated only with the CMP or if collsasgen also forms

an intimate relationghip with it,




MATERIALS AND METHODS

EXTBACTION PEOCEDURES

Ribs which were in the stage of advanced calcificatlion
(from pupples 27 weeks 0ld) were cleaned of adhering tlssue,
cut up into small pieces, ground to powder with a mortar
and pestle and then dried to constant weight under a lamp.

The powder was stored in a freezer untll needed.

PROCEDUEE A

In order to remove all the inorganic material and to
see if this would alter the amount of CS solubilized by the
other treatments 0,25 g portions of the powder were homogen-
ized (in a fluted container using a Virtis "23" homogenlzer
running at top speed)with 10 ml of 0.05 M EDTA (dl=-sodium)
at 4°C for 20 mins, The homogenate was centrifuged at
27000 x g and 4°c for 20 mins and the supernatant poured
off and retained for anaslysis, The precipitate was then

homogenized with a further 10 ml of 0,05 M EDTA and the pro-

cedure repeated to yield a total of three 0,05 M EDTA extracts

(Sa1-3).

To remove any EDTA which might have been left in the
pellet, the precipitate was then mixed with 10 ml distilled
water and centrifuged as already described., The supernatant
was poured off and retained for analysis and the mixing and
centrifugation process was repeated twice more to yield
a total of 3 water extracts (Spj-3).

At this stage a calcium-free insoluble residue contain-
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ing collagen, non-collagenous protein and CS had been
obtained., In order to determine the effect of enzyme
treatments on calcium bound to this material the precipi-
tate was mixed with 15 ml CaClp (1 mg/ml) and the pH of
the mixture was brought up to about 6.0, The mixture was
left for 10 mins with occasional stirring and then centri-
fuged as above, The supernatant was retained for analysis
(s¢).

To remove any CaClp not tightly bound to the pellet
the precipitate was then mixed with 10 ml distilled water,
centrifuged and the supernatant was retained for analysis
(Sp).

The pellet containing bound calcium was then incubated
with either hyaluronidase, papalin or collsgenase or combina-
tions of these under specified conditions (see Kesults). At
certaln time intervals the incubation mixture was centri-

fuged, an aliquot was removed and retained for analysis and

the remaining material re-incubated under the same conditions.

After the incubation period the supernatant was removed
by centrifugation and the pellet was homogenized firstly with
10 ml 3% KC1 for 20 mins, secondly with 10 ml 0,05 N HCl and
lastly with 10 ml 1,25 N KOH. The pellet was completely
solubllized after the KOH treatment. After each homogeni-
zation the mixture was centrifuged and the supernatant

poured off and retained for analysis (see Flow Chart 2),

PROCEDUEE B

To check the effect of the EDTA extraction and the
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CHART 2

FLOW CHaRT FOR THE EXTRACTION OF RIB CARTILAGE POWDER

rib cartllage powder

a) homogenize at 4°C with 10 ml 0,05 M EDTA
for 20 mins,

b) centrifuge at 27,000 x g and 4°¢ for 20 mins.

—

repeat twice more

B ]

supernatant pellet
Al-3 a)mix with 10 ml distilled water at room temp,
b)centrifuge at 27,000 x g and 4°C for 20 mins.

—_ repeat twice more

Sp1-3 ~ pellet

a)mix with 15 ml CaCl, and adjust
to pH 6,0

b)centrifuge at 27,000 x g and
4OCc for 20 mins.,

Sc pellet

i a)mix with 10 ml distilled water
at room temp,

b)centrifuge at 27,000 x g and
4OC for 20 mins,

Sp ‘pellet
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CHART 2 CONTINUED

Procedure A Procedure B

a) incubate with enzyme under successive homo-
speciflied conditions genizations with

b) remove aliquots at various 3% KC1,0.05 N
time Iintervals HCl ané 1.25 N

¢c) after 25 hrs incubation KOH as in.
centrifuge at 27,000 x g and Procedure A
49C for 10 mins,. .

N
///\\ pellet
supernatant pellet

SE a) homogenize at 4°C with

10 ml1 3% KCl for 20
mins,

b) centrifuge at 27,000 x
g and 4°C for 20 mins,

supernatant: \\pellet

SF 2) homogenize at 4°C with
10 ml 0,05 N HC1l for
20 mins,

b) centrifuge at 27,000 x
g and 4°C for 20 mins,

supernatant prellet
SG a) homogenize at 4°C with 10
ml 1,25 N KOH for 20 mins,

b) centrifuge at 27,000 x g
and 4°C for 20 mins,

supernatant only
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treatment with CaCl, on the proportion of CS present in

the KOH extract the powder was put through the initial extrac-
tion snd calcium-binding procedures (SA-D)' Then the pellet
was homogenized with 10 ml 3% KCl for 20 mins at 4°C, The
homogenate was centrifuged at 27000 x g and 4°¢ for 20 mins
and the supernatant poured off and retailned for analysis,

The KCl extraction procedure was repeated (Sg).

The precipitate was homogenized with 10 ml 0,05 N HC1
for 20 mins and centrifuged as already described and then
the supernatant was poured off and retained for analysis
(Sp).

Finally the precipitate was homogenlzed with 10 ml
1.25 N KOH for 20 mins and centrifuged as described above
and then the supernatant poured of f and retained for
analysis (Sg)(see Flow Chart 2)., After these treatments,
in contrast to those where enzymes were also used, an

insoluble residue remalined after KOH extraction.

ENZYME PREPARATIONS

Ovine testicular hyaluronidase was obtained from Koch
Light and Co., Great Britain, DPapain was prepared by Sigma
Chemical Co., St, Louis, Missourl from Papaya Latex and
2X crystallised and suspended in 0.05 M sodium acetate buffer
at pH 4,5, Collagenase was prepared by Mann Laboratories,

New York from Clostridium histolyticum and 1X crystallised.

ANALYTICAIL PROCEDUERES

Glucuronic acild was estimated by the carbazole
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reaction (12)., Chemical estimation of calcium was by
titretion with EDTA using calcein as indlcator (15) (see
Section I). Protein was determined by the procedure of Lowry
et al (24) and hydroxyproline by the method of Leach (25)
after the collagen materials were hydrolysed in a sealed

tube with 6N HC1l for 16 hrs at 105°C.

DETEEMINATION OF NON-COLLAGENOUS PROTEIN

Standard Curves

1) Six mg of collagen (rat tail tendon) obtained from
Koch Light Laboratories Ltd., Great Britain, was mixed with
10 ml of 0.05 N HCL and homogenized for 20 mins at 4°C.
The collagen was then completely solubilized in the acid.
Aliquots, ranging from 0,10-1.,00 ml, were prepared from
the mixture and brought to a volume of 1 ml with distilled
water, These solutions were then hydrolysed in sealed
tubes with an equal volume of 12 N HCl for 16 hours at 105°C,
After this incubation period the solutions were brought to
pH 6-8 with NaOH and to a volume of 4 ml with distilled
water., One ml of each solution was used for the hydroxypro-
line assay (25) and a standard curve for collagen hydroxy-
proline was obtained in this way,

2) A 2 mg sample of the collagen material was mixed
with 10 ml of 0,05 N HCl and homogenized for 20 mins at
4°c, The collagen was then completely solubilized 1n the

acid, Aliquots, ranging from 0,10-1,00 ml, were prepared

from the mixture and brought to a volume of 1 ml with dis-
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tilled water, One ml of each solution was used for the
Lowry protein assay (24) and a standard curve for collagen

in the Lowry procedure was obtained,

Tests
The amount of collagen in an unknown sample was estl-

mated from the standard collagen hydroxyproline curve

(1 above) and then the Lowry readlng for this amount of

collagen obtained from the standard curve for collagen in

the Lowry procedure, This reading was used for subtraction

from the observed Lowry reading for the test solution,

The difference between the two readings was used to estimate

the amount of non-collagenous protein from the standard

curve obtained with bovine albumin in the Lowry procedure,



RESULTS3

PROCEDUEE A

Figure 11, All the calcium was found to have been removed
by enzyme hydrolysis but 51,8% of the CS remained after enzyme
treatment. Much of this may be due to the acidic nature of
the digestion medium in which insoluble salts of CS with
collagen would probably form (27). This is supported by
the observation that 46.2% of the CS (i.e. 90% of that left

after enzyme treatment) was solubilized by KC1.

Figure 12, 81.1% of the originally bound calecium was
found to have been removed by enzyme hydrolysis, 14.4% of
the calcium was solubilized by KCl while the rest was solu-
bilized by HCl, 57.4% of the CS remained after enzyme
hydrolysis, 48,8% (i.e. 80% of that left after enzyme treat-

ment) was removed by KC1.

Figure 13, 82% of the originally bound calcium was
removed by enzyme hydrolysis with the remainder removed by
KCl., 52,9% of the CS remained after enzyme treatment, 46 ,0%
was removed by KCl, 63.7% of the non-collagenous protein
was removed from the pellet by enzyme treatment with the remain-
der removed by KCl. 84,8% of the collagen remained after
enzyme treatment, 63,2% of the collagen (i.e, about 80% of that
left after enzyme treatment) was solubilized by HCl, while
12,1% was solubilized by KC1.

Figure 14, 72.7% of the originally bound calcium was
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removed by enzyme hydrolysis with 21,7% being removed by
KC1l and the remainder extracted by HCl, 36.3% of the CS
remained after enzyme hydrolysis. 28,3% was removed by KCl,
79,5% of the non-collagenous protein was removed from the
pellet by enzyme treatment with the majority of the remainder
extracted by KOH, 85.3% of the collagen remained after
enzyme treatment with 58,2% being solubilized by KCl and

23 4% by HCL,

Figure 15, 76.,1% of the CS was removed by enzyme hydroly-
sis while 21.3% was removed by KCl, 87.,1% of the non-collagen-
ous protein was removed from the pellet by enzyme treatment
with the remainder removed by KCl, 64.1% of the collagen
remained after enzyme treatment, 45,4% of the collagen (i.e,
70% of that left after enzyme treatment) was removed by

HCl while 11,9% was removed by KCl,

Pigure 16, 25.2% of the CS remained after enzyme

hydrolysis, 21,0% was removed by KCl. 75.0% of the non-
collagenous protein was solubilized from the pellet by enzyme
treatment with nearly all the remainder being solubilized by
KCl. 73.8% of the collagen remained after enzyme treatment
with 50.6% (i.e, 70% of that left after enzyme treatment)

being removed by HC1l, 11.5% by KCl and 11.7% by KOH,




FIGURE 11. Solubilization of calclum and chondroitinsulfate
from rib cartilage upon enzyme treatment, After
treatments S;_p (page 34) the pellet was mixed
with 10 ml unbuffered distilled water, adjusted to
pH 6.2 and then 2 mg of a testicular hyaluronidage
(38) was added and the mixture incubated in a 37°C
water bath with slow shaking. At certain tlme
intervals the incubatlon mixture was centrifuged,
an aliquot was removed and retained for analysis
and the remaining material re-incubated under the
same conditions., After 25 hrs of incubation the
mixture was centrifuged and the supernatant removed
and analysed, The pH was 4.5, The pellet was then
mixed with 10 ml unbuffered distilled water, adjusted
to pH 6.2 and 0,105 mg of papain (35) was added
and the mixture incubated in a 37°C water bath with
slow shaking., The same procedures were then carried
out as was done with hyaluronidase. After 25 hrs
of incubation the mixture was centrifuged and the
supernatant removed and analysed. The pH was L.,6,

Note: At each time period the points represent
the total amount of material extracted up
to that time,

O0—— 0 % total bound Ca solubilized upon enzyme
treatment,

m—m % total CS solubilized upon enzyme treat-
ment,
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FIGURE 12,

Solubilization of calcium and chondroitin-
sulfate from rib cartilage upon papain treat-
ment, After treatments S, p (page 34) the
pellet was mixed with 10 ml unbuffered
distilled water, adjusted to pH 6.3 and then
0.105 mg of papain was added and the mixture
incubated in a 37°C water bath with slow
shaking, At certain time intervals the incu-
bation mixture was centrifuged, an aliquot
removed and retained for analysis and the
remaining material re-incubated under the same
conditions, After 25 hrs of incubation the
mixture was centrifuged and the supernatant
removed and analysed, The pH was 4.6,

Note: At each time period the points represent
the total amount of material extracted
up to that time,

0—0 % total bound Ca solubilized upon engyme
treatnent,

m—m % total CS solubilized upon enzyme treat-
ment.,
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FIGURE 13,

Solubilization of calcium, protein and chondroit-

insulfate from rib cartilage upon papain treatment. L

After treatments SaD (page 34) the pellet was PR
mixed with 10 ml unbuffered distilled water, adjus-
ted to pH 6,2 and then 0,105 mg of papain was
added and the mixture incubated in a 37°C water
bath with slow shaking, At certain time intervals
the incubation mixture was centrifuged, an ali-
quot removed and retained for analysis and the
remaining material re-incubated under the same
conditions, After 25 hrs of incubation the
mixture was centrifuged and the supernatant re-
moved and enalysed, The pH was 4,1,

Note: At each time period the points represent
the total smount of material extracted
up to that time,

0——0 % total bound Ca solubilized upon enzyme
treatment,

B—® ¢ total CS solubilized upon enzyme treat-
ment ,

v—Vv % total collagen solubilized upon enzyme
treatment,

06— @ % total non-collagenous protein solubilized
upon enzyme treatment,
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FIGURE 14,

Solubilization of calcium, protein and chondroit-
insulfate from rib cartilage upon papain treat-
ment, After treatments S, D (page 34) the pellet
wes mixzed with 10 ml unbuffSred distilled water,
adjusted to pH 6,2 and then 0,105 mg of papain
was added and the mixture incubated in a 37°C
water bath with slow shaking. At certain time
intervals the incubation mixture was centrifuged,
an aliquot removed and retained for analysis and
the remaining material re-incubated under the
same conditions, After 25 hrs of incubation

the mixture was centrifuged and the supernatant
removed and analysed, The pH was 4.5,

Note: At each time period the points represent
the total amount of material extracted
up to that time,

0—0 % total bound Ca solubilized upon enzyme
treatment,

N—B® % total CS solubilized upon enzyme
treatment.

Y—V % total collagen solubilized upon enzyme
treatment,

®—® % total non-collagenous protein solubili-
zed upon enzyme treatment,
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FIGURE 15,

Solubilization of protein and chondroitin-
sulfate from rib cartilage upon papain treat-
ment, After treatments Sp_p (page 34) the
pellet was mixed with 10 ml 0,02M sodium
acetate (35,36) + 0,001 M EDTA + 0,005 M
cysteine (adjusted to pH 5.4) and then 0,105 mg
of papaln was added and the mixture incubated
in a 379C water bath with fairly fast shaking,
At certain time intervals the incubation mix-
ture was centrifuged, an aliquot removed and
retained for znalysis snd the remaining
materlal re-incubated under the same conditioms,
After 25 hrs of incubation the mixture was
centrifuged and the supernatant removed and
analysed. The pH was 4,9,

Note: &t each time period the points represent
the total amount of material extracted
up to that time,

B—m % total CS solubilized upon enzyme
treatment,

v—V % total collagen solubllized upon enzyme
treatment,

®—@® 7 total non-collagenous protein solubili-
zed upon engzyme treatment,
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FIGUKE 16.

Solubilization of protein and chondroitin-
sulfate from rib cartilage upon enzyme treat-
ment. After treatments S, _p (page 34) the
pellet was mixed with 10 ml of unbuffered
distilled water, adjusted to pH 6.0 and then
0.105 mg of papain and 2 mg of collagenase (37)
were added and the mixture incubated in a 37°C
water bath with fairly fast shaking, At certain
time intervals the incubation mixture was cen-
trifuged, an allquot removed and retained for
analysis and the remaining material re-incubated
under the same conditions, After 25 hrs of
incubation the mixture was centrifuged and the
gupernatant removed and analysed, The pH was
«2.

Note: At each time period the points represent
the total amount of material extracted
up to that time,

E—m % total CS solublilized upon engyme treat-
ment,

v—v % total collagen solubilized upon enzyme
treatment,

®—©® % total non-collagenous protein solubili-
zed upon enzyme treatment.
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PRCCEDUERE B

Tables XI-XIII show the distribution of CS in various
extracts in the 3 stages of ribs extrascted by procedure B
and by the procedure used in Part I, Table XIV is similar
to Table XIII except that only the percentage of CS solu-
bilized in the KOH extract is given, Table XV gives the
distribution of CS, collagen and non-collagenous proteln
in various extracts in two stages of ribs, Table XVI
shows the loss of water in rib cartilage upon powdering

and drying to constant weight under a lamp.




48

A 9Tq®l STsfTsue TeOT481381S WOJJ UdYed S3TNSod k4
*9480TTdnp UT 3N0 DPSTJIIBO 4

°QUSMWAB3I] YOEBD JOPUN SUOP £408I4Xd TW QT JO Jaqunu ayg jqusgaadad s3930BvJIq 3YJ 930N

700T 2°GHTC TGT 9°GEH:0"HGH T=30%
T°TL:4°8 T°OT ‘£°C€T #°8Y% +0°0% (TY HOMY N Ge' T
8°0 ‘0°1 T°T 'G°1 2°¢ ‘4 h (1)
T0H N 60°0
z2°zEriec o€ 47Ot $6°GH  0°OHT:9°ACT (2) TO¥ %€ %00T T T.T TB30%
- - - - - - (T) a23em 0°8 0°€T (T) HOY
N G2°T
, (2) 10H
8°0 ‘T1°¢ AR SERVALY 9'¢ fo°4T (T)%1D®D Z°0 0°T N 60°0
[ [4 [4 ANV
G°2 L°2 L°C 0°H 2°TT :0°2T (£) a93em G°€T 1°€2 09 %€
' < € o AMV
9°2G2°HS H°94 0°28 2°622:0°9%2 (£)VIAE W $0°0 €°gl 0°HET I998M
M saag AH
18302 M Y8SIJ am £ap IT 3aed (s3easae) Tel09 3/ seTourd 9Jaed)
WoJdJ PI330BIJXD Z/saToud (g aanpaooad) WOIJ] PO10BIQXD P210BIIXD U
8D Jo ¥ P91408I4X9 ) JO jJunowy #3UDWE BT, 80 JO 4 #x8D JO jqunomy =383J4]

SEHNTHADOHd NOILOVHILXHE LNIHHL4IA
OMI A4 SEIH @ETATIOTIVONA NI SO 40 NOILNIIHLSIA
IX JIdVD




b9

*A OTa®B] STsLTsUs TeOT43T483S WOJI UINBY SQTNSIT 44
°3920T7Tdnp UT qno patJaaeo %

*QUPWABSI] YOord J9pUN SUOP §408BIIX3 Tw QT JO Joqunu oyl jussdadad s49308IQ 3YL 930N

9%00T G BT -£°2GT 4L e2ZH-0°18¢ 12307,
H €19 0L L°22°1°91 8°9¢ ¢ 0 (T)HOY N G2°'T
8°0 +Z°0 G°T *L°T 8°¢C 8¢ (T)IOH N G0°0
9°¢L+8°0¢ 6°96:6°9f  2°2HT-L°4TT (2YTOX %¢ 00T £°98T1 Te307
(T) HOY
- :T°0 - 2% - 160 (1) a338M 7°0T 761 N G2'T
¢ (2) TOH
9°0 f0°¢ 6°0 ‘G°4 2z ettt (T)%10%®D ¢*0 £°0 N 60°0
¢ (2)
€€ ‘1°¢ L°G Lty Z2°#T ‘8°1T (€) x238M 4°2T 9°¢€z oM 9%¢€
¢ ¢ (<)
€°Qh LTS  8°T8 *8°84 G °H#02:0°L6T (€) VIAI W G0°0 7° 94 7 2ZHT asgep
M ysody (T
18203 M yssJag M Lap II a3Ja=d (93-ea2ar) 183109 3/ssTourd qaed)
WOIJ PO]OBIFXD 3/gaTomn (g sanpsooad) WoII PaqoBIlXd pa1o8Iqxd akvchint
8D 3O 9% pa3o.I3xad g9 JO junouy %JUBWIBIIL, S0 JO 9 #%S0 JO junouwy =989y

SHUINAID0Yd NOILDVHIXT LNHYAAITA
OMI Ad NOILVOIAIODTIVO ONINNIOHE SdIH NI SD A0 NOILLNHEIHLSIA

IIX J3TdVL



50

*A 2T4BL sTsfATeus T[B8074S1481S WOJIJ USYBY SATNSOI yy
*9180TTdNp UT 43N0 DPSTJIIBO 4

‘Jusmwgesa] YOS JSpUn SUOP 830BAGXS Tw 0T JO Jaqunu dyjq jqussaadsa 5949¥0eIq Sy SI0N

6°9LT-6"69T 6°€6€8°6CC Ted0p,
1°92-8°92 T1°9t G°¢ff 2°26 0" 16 (T)HOY N G2°T
6°0 +1°1 9°T .6°2 2°¢ <0°¢ (T)TIOH N 60°0
9°6T1+6°61 6°HE G°CE 8°69 <0°49 (2) 0¥ 4¢ 200T G*OGT Tel0J
(T)HOUA
- - - - - - (1)xe3em 9°92 9°Th N 62°1
(2)TI0H
ARARVAR 0 fn°¢ 0°8 ‘8°9 (T)210%D 9°0 0°T N G0°0
p (2)
8°0 ‘4°0 €°T G°T G2z ‘0°¢ (€) asgem ,°9T T1°92 TON %€
[ ' Amv
7706986 T1°68 ‘G°€8  2°QATI0°A9T (€) VIQE W §0°0 T°94 8°48 Jo9eMm
M USodj (T
182301 M Ysaag aMm Rap II 3aed (e3easar) TB30% 3/ssToun qIed)
WOJLI PO3OBILXD 3/8aToud (g @anpaooad) WOJLJ PO30BILXD p2108I3XD quawm
8D JO % pP230ovILX3 §) JO junouy % JUBWRBOL], 8D JO 9% %£SD JO JuUNoOWy =4ea.a]

SHINAID0Yd NOILOVHIXE LNTHIAATA OMI X9
NOILYOLAIDTYO A0 SIDVIS AIONVAAY FHL NI SO 40 NOIINGIUISIA

ITIX 9199YL




51
TABLE XIV
PERCENTAGE OF CS GLUCURONATE IN KOH EXTRACTS

USING VARIOUS TREATMENTS OF RIBS IN ADVANCED
STAGES OF CALCIFICATION

Total CS glucuronate
Trestment in all extracts % CS glucuronate
(umoles/g fresh wt) in KOH extract

1 .Extraction of fresh ribs
with water (3),KCl (2),
HC1 (2), and KOH (Results 156,.5 26.6
from Table V,Part I).

2,Extraction of dried rib pow-
der (A) with EDTA(3),Ho0(3),
CaClp,H50,KC1(2), HCl and 169.9 26.8
KOH (Results from Table
XII1I, Part II).

3.Extractlon of dried rib pow-
der (B) with EDTA(3), H20(3),
CaCl,,Hp0,KC1(3),HC1 and 176,9 26,1
"KOH (Results from Table XIII)

4 Extraction of dried rib pow-
der (C) with EDTA(3),H20(3),
CaClp,H,0,KC1(2) (phosphate- 172.5 28,1
citrate buffer pHd 7.0),HCL
and KOH (procedure B,Part II)

5.Extraction of dried rib pow-
der (C) with EDTA(3),H20(3),
CaClp,Hp0,KC1(2),HCL and KOH 166,7 28.8
(procedure B,Part II)

6 ,Extraction of fresh rib 4
with HZO(B),KC1(2),HC1 and 158,2 32.2
KOH (P2rt I).

7.Extraction of fresh rib 4 with
EDTA(3),H20(3),CaCl,,Ho0,
KC1(2),HC1l and KOH (procedure 163 .4 29,0
B,Part II) :

continued
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TABLE XIV CONTINUED

Total CS glucuronate
Treatment in all extracts % CS glucuronate
(umoles/g fresh wt) in KOH extract

8.,Extraction of fresh rib 7
with water (3), KCl(2),
HC1l and KOH (Part I). 174.,2 26,8

9.Extraction of fresh rib 7
with EDTA(3),H20(3),CaCl,, 169.5 27,6
HZO,KCI(Z),HCI and KOH
(procedure B,Part II)

Note: The brackets represent the numnber of 10 ml
extracts, if more than one, done under each
treatment.

TABLE XVI

DRY WEIGHT/WET WEIGHT RATIOS FOE RIBS
AT VARIOUS STAGES

Wt of ribs after powdering and
drying under a lamp to
Ribs constant wt
fresh wt of rib

Uncalcified 0.33
Beginning calcification 0,40

Advanced calcification 0.50
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DISCUSSION

PROCEDURE A

CALCIUN AND CHONDROITINSULFATE SOLUBILIZATION

In Figures 11-14 the curves showing percent of calcium
solubilized from rib cartilage after various incubation times
were very similar in shape to those for CS glucuronate but
the solubllization of CS was less complete than calcium,
Nearly all the calcium and about 50% of the CS was removed
by enzyme treatment., Practically all the remaining C3 and
calcium was removed by KC1l,

During the incubation period the pH of the medium changed
from 6,2-6,3 to 4,1-4,6 (unbuffered), At lower pH conditions
CS tends to form insoluble salts with protein (27,43) whereas
calcium could be removed from binding to CS (28,29). Accord-
ing to Dunstone (29) binding of calcium takes place best
between pH 6.8-7.2, This might account for the fact that
50% of the CS still remained in the pellet after enzyme
treatment whereas nearly all the calcium was solubilized.

It would be expected, however, that CS bound/égalagen only
by salt formation could bhe extracted with KCl. Thus, although
the evidence 1s not conclusive, the observations would fit
in with the hypothesis that the calcium added was bound to

Cs,

CHONDROITINSULFATE AND PROTEIN SOLUBILIZATION

The shape of the curves (Figs,13-16) for solubilization
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of CS, non-collagenous protein and collagen are very similar
although at all times a much smaller proportion of collagen
was solubilized than of the other two, 75-85% of the non-
collagenous protein was solubilized upon 25 hr enzyme treat-
ment (except in Fig,l3 where only 64% was solubilized)
while at the same time 65-75% of the CS was being solubilized
(except in Fig. 13 where only 47% was extracted,) The
solubilization of collagen upon 25 hr enzyme treatment was
only 15-30%, varying with the enzyme and incubation pro-
cedure used.® The papain-acetate buffer (pH 5.4) combination
was the most effective system in causing the solublilization
of all three materials from the pellets, In these experi-
ments the pH of the medium changed from 6.0-6,2 to 4,1-5,2
(unbuffered) and from 5.4 to 4,9 (buffered with 0,02 M
sodium acetate-acetic acid),

Most of the remaining non-collagenous protein and CS
was removed by KCl treatment, This, as already pointed out,
would be expected if insoluble salts of CS had formed during

incubation,

PROCEDURE B

EFFECT OF KCl WITHOUT ENZYME TREATMENT ON CHONDROIT-
INSULFATE SOLUBILIZATION

Rib cartilage powder was extracted according to procedure

B except that the pellet was treated with KCl dlssolved in

#See note p.57.
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a 0,2 M NagHPO,-0.1 M citric acid buffer (pH 7.0) (39) instead
of KCl dissolved in distilled water, There was no change in
the total amount of CS extracted by KCl under highly buffered
conditions, The pH of the EDTA extracts was 4,8 which would
increase the tendency for CS to form insoluble salts with
protein at the expense of calcium which solubilizes at this
pH (27,28)., The fact that buffered 3% KCl (0.4 M), which
would be expected to break up any salt linkage, did not
remove the last portion of the CS (that which is dissolved

by KOH) indicates that the CS must be bound to protein in
vivo and that the CS-protein complex, in the EDTA and CaCl,
insoluble fractions of cartilage, is not a salt linkage
(30,31,68).

COMPARISON OF WATER AND EDTA IN EXTRACTING CHONDROITIN-
SULFATES

Tables XI-XIII show that the removal of solid mineral
matter with EDTA did not alter greatly the amount of CS which
was not extracted with water or KCl solution and could only
be removed with alkali., Table XIV shows that regardless
of the extraction procedure used, the percent CS which
could only be extracted with alkali, from ribs in the advanced
stages of calcification, was approximately the same, It was
further found that almost all the calcium had been removed by
the EDTA. It therefore appears that the CS remaining behind

and extracted only by KOH must heve been rendered insoluble
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by virtue of the organic matter, namely collagen and non-
collagenous protein, rather than insoluble mineral matter

(see Table XV).

Note: It should be mentioned here that after papain
digestion the collsgen becomes HCl or KCl soluble,
Before treztment with enzyme it is not, This is
the reason why the pellet, after prior incubation
with papain, becomes completely solubilized after
KOH treatment., This suggests that the papalin has
broken certain linkages in the collagen fibril which
alters it such that the collagen becomes acid soluble,
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FINAL DISCUSSION
(PARTS I AND II)

BE-DISTRIBUTION OF RIB CHONDHEOITINSULFATE:A FORE-EUNNER
OF CONSEQUENCE OF CALCIFICATION ?

In Part I it 1s shown that during the initial stages
and later in the advanced stages of calcification in puppy
ribs there 1s a large increzse In the proportion of the
tissue CS which is not extractable with water; this is accom-
panied by an initial rise and a later fall in the total CS
in the cartilage, There are two pogsible explanations for
these changes, The first explanation is that the changes
are a physical consequence of the deposition of mineral
matter or removal of water, The second explanation is
that the redistribution of the rib CS fractions is & con-
sequence of changes in the rate of metabolism of the CS
fractions of the rib or of changes in the binding of the CS
fractions to other organic tissue constituents, If the
second explanation is correct this redistribution of CS
fractions may be one of the causes of the development of
calcifled from uncalcified ribs,.

Regarding the first explanation there are three points:
1) The redistribution of the CS in the tissue might be due
to a portion of the water soluble CS being rendered insoluble
by the solld mineral matter,
2) There is a gradual decline in the water content of the
ribs as they pass through the various stages of calcification,

3) According to Eichelberger (49) it seems likely that this
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water is being replaced by deposited hydroxyapatite.

hocording to the third point, bhe solid mineral matter
would increase the density of the tissue by replacement of
water so that the concentration of the total CS expressed
on a fresh weight basis would drop., Subtraction of the
weight of calcium phosphate in the 26 week and older ribs
and calculation of the CS glucuronate concentration in the
mineral free rib shows that this can account for most, if
not all, of the drop in/ggtigncentration in the older ribs,
It cannot account for the initial increase in total CS5 con-
centration which occurs during the early stages of calcifica-
tion, but according to the second point, a portion of this
could be due to a decline in water content without corres-
ponding deposition of solid mineral, In the experiments
described in Part II (Tables XI-XIII) it was found that
removal of the solid inorganic material with EDTA did not
greatly alter the amount of CS which was not extracted with
water or KCl solution and could only be removed by alkall,
This also eliminates the possibility that the increase in
the proportion of water-insoluble CS in the ribs 1s due to
binding to solid mineral matter,

This leaves the second explanation for the redistribution
of the rib CS fractions which is that it is due elther to
changes in the rate of metabolism of the CS fractions or
to a change in the binding of the CS fractions to orgamic
- constituents in the tissues; either one of these 1is &a possi-

bility. The results from Table VI. indicate that there are
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at least two metabolically distinct CS fractions, the
water-soluble (S3.3) fractions and the alkali fraction (Sg)
and that the specific activity of these fractions decreased
glowly as the rid progressed from the uncalcified state to
the advanced stages of calcification., These results ﬁay

be related to the change in total CS concentration of the
ribs (Table V). In regard to the redistribution of the CS
amongst the fractions, however, there 1s little change in
the ratio

specific activity water insoluble CS (S8)
specific activity water soluble CS (S51-3)

as caleification progresses in the rib which indicates that
the relative rates of metabolism of these fractions 1s
unaltered., Therefore, an alteration in the binding of CS
to collagen or non-collagenous protein is the most likely

explanation for the observed changes,

BINDING OF CHONDROITINSULFATE

In the enzyme experiments described in Part II (Figs,
11-16) it was found that the pH of the medium changed from
6.2=6.3 to 4,1-4,6 (unbuffered) and from 5.4 to 4,9 (buffered).
Between 15=-25% of the non-collagenous protein, 25-50% of the
CS and 75-85% of the collagen remained in the pellet after
enzyme treatment while nearly all the calcium had been solu-
bilized., Einbinder and Schubert found that as hydrogen ions

combined with the carboxylate aniong of collagen, the cationic
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groups of the collagen became free to bind anions of CS3,
Binding was best for CS between pH 2,5 and 5.0 and this
tapered off at pH 7.0. At lower pH conditions calcium 1s
removed from binding with CS (28,29). Therefore, the more
acid the pH the greater would be the tendency of CS to form
insoluble salts with protein,thus raising the possibility that
a portion of the CS formed new insoluble complexes during
digestion,

By using procedure B (Part II) to extract the rib carti-
lage it was found that 0.4 M KCl, which would be expected to
break up any salt linkage, did not extract all the CS thus
indicating that some CS must be bound to protein in vivo and
that the CS-protein complex, in the EDTA and CaClp insoluble
fractions of cartilage, is not a salt linkage (30,31,68),

According to several investigators (71-74) the chondro-
mucoprotein or proteinpolysaccharide (PP) which can be
extracted by high speed homogenization of cartilage with
water can be separated into two fractions: PP-L and PP-H by
centrifugation and that the PP-H consists in part of a mixture
and in part of a combination of PP and collagen, The PP-L
sediments as a single component and has a sedimentation
constant at infinite dilution of 10,5 S while the PP-H sedi;
ments completely at 10,000 x g, Gerber et al (71) found that
the non-collagenous protein (NCP)/CS ratio of their PP-L after
alkali treatment was 0,176 while the protein/CS ratio of

the PP-H was 1,000,
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The results thus far have indicated that the binding
of CS to protein in the insoluble residue after homogenlizing
ribs with EDTA, Ho0 and KCl is not a salt linkage, Recently
it has been found that the bond between CS and protein in the
water-soluble chondromucoprotein is formed through the hydroxyl
group of serine (75,76). The results in Table XV suggest
that if there 1s PP-H or PP-L in the insoluble residue after
EDTA and KCl extraction of uncalcified ribs then there is not
enough NCP present to bind all the CS since the ratio NCP/CS
is only 0.102, However, the alkall extract of one of the ribs
in the advanced stages of calcification contains more than
enough NCP to bind all the CS solubilized if PP-L was present
and just about enough if PP-H was present. The ratio NCP/

CS is 0,930, The =nalyses on the pellet remaining after KOH
extraction of ribs at the advanced stage indicate that only

collagen is available to bind the remaining CS. This 1s an

indication thet the insolubility of at least a small portion
of the CS 1s due to association with collagen,

It is very unlikely that PP-L would be found in the
insoluble residue after extraction with EDTA, water and KCl
as it is known to be soluble in water and not sedimented at
27,000 x g (68,71,72). However, PP-H is insoluble in water
(after ethanol precipitation) andﬁgf%%ﬁ%%ﬁsx g (68,71) and
at least according to Serafini-Fracassini and Smith (73),

consists in part of & mixture and in part of a combinstion
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of PP and collagen, Thus it is quite possible that the CS
in the insoluble residue exists in a form related to the

as yet ill-defined PP-H material,

WATER CONTENT OF RIBS

There is & gradual decline in the water content of
the ribs as they pass through the various stages of calci-
fication (Table XVI)., Eichelberger (49), using rib carti-
lage of pupples, also found the same result, According
to Eichelberger it seems likely that this water is belng
replaced by deposited hydroxyapatite,

Schubert (58), using bovine nasal cartilage, has found
that the PP-L seems to be responsible for the watef held by
the tissue., He attributed this to the diffuse nature of the
PP-L molecule and its tendency to occupy a large domain
because of the mutual repulsion of nearby C3S chains. This
tendency to occupy a large domain is imagined to be exerted
against the collagen fibrils among which the PP-L 1s trapped.

The gquestion finally arises as to the possible part

water plays in this protein-CS relationship?

There 1is no direct evidence on how the presence or
absence of acid mucopolysaccharides(AMPS)can regulate the
ossification process of cartilage in vivo, Recent findings
(43,50~-52) suggest the participation of endogenous proteo-

lytic enzymes, e.g. cathepsin B, in the degrsdation of cartilage

[ Rl ]
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matrix. The controlled removal of AMPS proteln complexes
(proteinpolysaccharide (PP) of Schubert (58)) may also
cause a removal of water and make space available for occu-
pation by apatite crystals since according to Schubert (58)
the PP seems t0o be respounsible for the waper held by the
tissue, The large amounts of AMPS in the resting zone of
the cartilage may also act as inhibitors of caleification
because of thelr ablllty to restrict the movement of flulds
and ions needed for mineralization and/or because of thelr
ability to mask reactive groups on the collagen (43).
According to Klotz (53) water may also aét as an inhi-
bitor of calcification, The presence of proteih chalins
increases the tendency of the surrounding water to form ice=-

like structures (see following diagram),

Scnematic diagram of ice-~like character of hydration
sheath around nonpolar groups in protein molecules,
Small circles represent water molecules,

© 1ice-like H20
0 free Hzo
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This may result in the effective "masking" of active groups
on the protein since the diffusion of substrates towards
the sctive groups is restricted., The presence of water
surrounding hydrophilic groups in proteins causes the forma-
tion of "hydrophilic bonds" between such groups (54). As
calcification proceeds the water content (see previous
diagram) of the rib cartilage declines, According to
Trigtram (55) there are a number of unusual linkages in
collagen and these may be affected by or depend upon local
dehydration, There is now evidence to suggest that soluble
AMPS are responsible for the water held by the cartilage
(56-58,69), It is therefore possible that a removal of
soluble CS (or chondromucoprotein) from cartilage may
initiate changes in the cross-linkage of collagen and thus
of the binding of CS to collagen, through a change in the

water content.,

FUTURE WORK

There are many problems concerning cglcification in
rib cartilage which merit further investigation, & few
of those which arise from the present works are given below:
1) One problem which was attempted and could not be
solved wag whether or not calcium actually accumulated
before phosphate and the deposition of solid mineral matter,
Perhaps other animals or other tissues where calcification

takes place in discrete stages might be found and used to
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investigate this problen.

2) The radioactive work should be extended to cover
measurements of specific activity over much longer periods
of time in an effort to determine more definitely the
causes of the changes in 353 uptake in the 3 groups of ribs,

3) An attempt should be made to characterize the CS
fractions removed by KCl and KOH treatments by means
of density gradients, or other means, in an effort to
see if the KCl fractions, themselves, actually represent a
separate metabolic entity.

L) The binding of C3S in the imnsoluble rib fractions will
nsve to be further investigated with respect to the type
of bond formation and also the characterization of non-

collagenous protein(s) (65,66).,
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READINGS FOR STANDARD CURVES

a) Calcium (15)

mg Ca used

titretion with

in test 0,005 M EDTA (mls)
0.01 .023
0.02 JO41
0,05 .103
0,07 142
0,10 2213
0,20 06
0,40 .80k
b) Uronic acid (12)
mg glucurono-
lactone used
in test 0.D, at 525 mp

0,01 .078
0,02 .159
0,03 o224
0.04 304
0,05 2362
0,06 430
0,07 . 50k
0.08 .600
0,09 J65H
0,10 . 730



¢c) Total P (11)

mg P used

in test

0,002
0,004
0,008
0,012
0.01€
0,020
0,024
0,028
0.032
0,036
0,040

d) Inorganic P (10)

mg P used

in test

0,0004
0,0012
0,002
0,004
0,006
0,008
0,010

0,012

O0.D,

78

at_650 mp

.056
.090
167
.2h5
325
395
2490
. 560
RIS
729
o 790

at 650 mu

.028
.078
.139
.270
105
o 5H5
660
.818




e) Collagen standard

pgm collagen

10
25
50
75
100
125
150
175
200

Protein (24)

0.D. at 650 mu

Hydroxyproline (25)

.021
oL
076
0102
130

.184

.235

f) Bovine slbumin standard (24)

pem bovine albumin

10
25
50
75
100
125
150
175
200

0.D., 2t 555 mp

.032
067
.105
138
158

.208

0.D, at 650 mu

.030
065
120
200
250
.310
2370
430
510




TABLE VII

EXTRACTION OF RIB CARTILAGE

Second Series of Experiments

80

bog Il.hge 13-135  Dog TT Do T RES Mes mbo
Ca, S51-3 15.0 23.3 hé,7 5240 35.6
Ca,SL-5 10,7 14,7 b7.6 55.3 41.6
Ca,86_7 1,32 2,00 99.9 294 ,6 50,0
Inorganic P,S81.3 b4 6,9 26,6 29,7 25,0
Inorganic P,Sy-5 0.2 0.5 8.3 12,5 7.9
Inorganic P,S8¢_n 0,25 0.5 54,1  163.9 23,4
Ca/P1,8¢.7 5.3 b,0 1.85 1.75 2.14
Pi/Pt,S1-8 0,22 0.30 0.79  0.86  0.89
CS glucuronate,Sq.8 171.8 181.9 187.3 180.0 184,5
CS glucuronate, Sy..8 38,7 38,6 45,2 Lo 4 Lé b
Ca S7.3/CS glucuron-

ate 51-3 0,133 0,163 0,329 0,372 0.258
Caaig“ ﬁfg gluouron= 0.276  0.400 1,053 1,369 0.898
% CS glucuronate Va4 79 76 78 75

51-3

Note:

Figures are in pg atoms/g wet weight for Ca and P;

pmoles/g wet weight for CS glucuronate,
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pymoles/g wet weight for CS glucuronate,

Dog IV: Age 13%- Dog IV Dog IV Dog IV Dog IV

13 2/3 wks Eibs 1+2 Ribs 3+4 Rib 6 Rib 9
Ca, S_g 12,3 41,0 50,0 34,2
Ca, Su-5 17.3 Ly b 58,7 55.6
Ca,86_7 2.1 101.0 503.0 160,0
Inorgenic P, Sy.3 3.3 23.5 37.8 26,2
Inorganic P,Sy_g 0.2 8.6 144 10,2
Inorganic P, Sg.y 0.1 55,4 268.,9 86,8
Ca/PL,S6.n 21.0 1.82 1.87 1.84
P1/Pt,S)_g 0.16 0.80 0.85 0.87
CS glucuronate,Sy.g 1344 162,8 159.5 161,.6
CS glucuronate,Sy.8 Ly, 3 38,3 38,4 Lé,9
Ca S _3/05 glucuron-

ate’s, s 0.136  0.330 0.413 0.328
Ca Suy-5/CS glucuron-

ate Sy_8 0.390 1,160 1.529 1.190
% CS glucuronate,

51-2 67 76 75 71

Note:  Figures are in pg atoms/g wet weight for Ca and Pj
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Dog VI: Age 17 1/3 Dog VI Dog VI Dog VI Dog VI
WK S Ribs_1+2 Eibs 2+3 Rib 6 Bib 9

Ca,81-3 23.3 59.3 58.0 5k .6
Ca,Sy_5 26.6 56.6 68,0 58.7
ce,S6-7 7.32 184,0 598 .6 201 b
Inorganic P,S5y.3 7.3 29.6 33,8 31.3
Inorganic P,Su_5 1,2 9.2 19,3 12,5
Inorganic P,Sg.p 1.4 87.3 327.2 110,4
Ca/PL, S6-7 5,2 2,11 1.83 1.82
Pi/Pt,Sq.8 0. 47 0.72 0.77 0.79
CS glucuronate,Sq.8 205,8 194,5 168,9 182,1
CS glucuronate,SL-8 52,2 45,9 42,5 Lo.1
Ca 81_3/0S glucuron-

ate” 513 0.152 0.399 0.459 0.386
Ca Si-5/C3 glucuron-

ate Sy..8 0,510 1.233 1.600 1,963
% CS glucuronate,

513 75 75 75 78

Note:

Figures are in pg atoms/g wet welght for Ca

and P; pmoles/g wet welght for CS glucuronate,



