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ABSTRACT
~ : )

The development of secondary cartilage on the quadrat%jugal of
SL&§G.35 t0 stage 38 embryo chicks, in both normally developing embryos

2

. ) . )
and in embifos,which had been paralyvzed, was surveyed bilochemically. The :

)
Y

¥ . £

activity of the'cartilage specific enzymes UDPG-dehydrogenase and

UDPG~4~epimerase, the concentration of UIP, the relative amounts of

[y

intermediates In the synthetic pathway of UDPNAGal,i::igé?p incorporq;ifn

S [3H]-gldcosamine and [39$]-sulphate have been exandndd. It has bien L

o=

shown that an i%a;sgse in the activity of the cartilage specific enzymes

preceeds the synthesis gi*the mijor glycosamlnoglﬁcan of cartilage and

-,

that the uptake of‘[3H]~glucosamine is initiated earlier in development

than is the uptake of {35S]—sulphate. Further, it has been demonstrated

that paraldsis of the embryo supresses both the activipy of the cartilage
specific enzymes and the incorporation of the radio}abélled Precursors as

well as inhibiting the histalagic$1 differentiation of secondary cartilage. °
These results are interp;eted as indicating that levels of dartilage

specific qnzymes are not”stabilized in differentiating chondroblasts and

that a #hondrogenic bias is acquired by germinal cells around the hook of the;}

quadratojugal at a stage of development priox to the staas at which

secondary cdrtilage is induced. ‘

’
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. . ABBREVIATIONS AND CONVENTIONS®

. . . . -

1 -
L]

Stage "n" paralysed embrvos: embryos examined at stage "n",

24 hours

following injection of pavalysing agent

at approximately stage "n-i",
' s *

AB: stained with Alcian Blue and Mavers Haemalum

ABCR: stained with the Aleion Blue-Chlorantine Red techniqo®

1]

GN=-0=P:  glucosamine~6-phosphate T
NAD: nicotinamide adeuine dinucleptide

14
NADP: ndcot inamide adenine dinucleotide phosphate’

NAG~-1-T: N—acotylglﬁcnéam1ne-l~phosphate

-
.

NAG-6-P? N-acetylglucosgmine-6-phosphate .

UDP:  uridine diphosphate ©

¢ ' .
'

,UDPG: uridine diphosphoglucose
" UDPGNAc: uridine diphospho-N-acetylglucos iﬁe-\%z/>

v UDPNAGal: uridine diphnspho«N-acétylgala~ osamine

‘ °
UTP: wuridine triphosphate - ‘
l‘
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INTRODUCTION {“ .

-
Y o

The cardinal aim of modern developmentalists is the elucidation of .

the cellular control mechanisms ifwvolved in the series of gequential

A

inductions which give rise 1o the development of a multicellular organism
{rom a singlescelled zygete.' This tdsk is somewhat frustrated during the

early stages of development by Lthe virtual tgg}petenay,ef all cells of

the embryo. Howevex; anvestigations conducted during the differentiation
of both morphologically and biochemically defined tissues, a stage of

development when any given:cell of the embryo has a more limited range of

Py
respunse to an inductive stimulus, have greatly increased our knowledge of

hd W .

these control mechanisms. The formation of secondary cartilage on the
guadratojugal of the embryo chick fi one such system in which the geiminal
cells have a limited developmental potential and in which the differentiated

tissue has been well characterized. While factors involved in the inductioq\\\ '

’

~
©f this tassue have been’examined (See page 2), the biochemical aspects of
* e

Jthe response of germinal cells to these stimuli (i.e. cellular synthetic

control mechanisms) have not been well documented. This investipation was

V3
conducted in order te discover possible control mechanismg involved in the

/ .
evocation of secondary cartilage on the quadratojugal of the embryo chick.

o ’
_A. SECONDARY CARTILAGE: ITS NATURE AND FACTORS CONTROLLING IT;\EBQURENCE
1]

Secondary cartilage appears later in development than does the primary

»

cartilagenous skeleton and is that cartilage which is assoeiated with
‘ &

membranous bones (De Beer, 1937). Secondary cartalage has been -
demonstrated to form along the cranial and facial sutures of mampals

’

{(Pratchard et al., 1956; Moss, 1958), on the mandibular cgndyle in mammals

. -



{Darkin et ale, 1973 and on avian membrane boneé‘%ﬁurray, 1963; Murray

Jnd Smiles, 19653 nHall, lQb?&,lQﬁSa). Secondary cartilage, unlike
I ® & . !
articular cartilage, grows by division of undifferentiated cells

°

(Petrovic, 1972) and is capable of adaptive and remodelling responses .

N ~
t

{Durkin et al., 1973). Hoﬁever, the biochemical nature of mhommalian

l ~

secondary cartilage has been shown to be’similar to that of articular .
+

v

cartilage (Heeley ‘et auX 1970) and Hall (1968b, 1968c) has shown that
- . -

mammalian and avian secondary cartilage are hlstochemically\iimilar.

-

Hencee, studies conducted on avian secondary cartilage would provide a

useful model for the elucadation of factors controlling the development

v ~

- 4

- 3

of articular cartilage in géneral. *

Considerable information is availdble concerning both the time of .
9 Ny 4 3
appeararice of secondary cartilage on the embryonic chick quadratojugal

(] 4

(é-meﬁbrane boue in the upper jaw of the bird) and environmeptal factors
favolved 1n the evocation of this cartilage. Murray and éqllé& (19%53

and Hall (i§68a) ha&e shown that secondary caxpilage is induced on the

hook of Ehé quadratojugal of.the embryo chick between thg 9th and 10th day:‘,
of incubation. These authors have shown that the‘cavtil;ge arises from a R
pool of germinal cells ééound the tip ef‘the hook, %qcated at the * .
posterisr end of‘the ﬁhne, and that this germinal pool gives rise

The switch of

exclusively to osteoblasts prior to 9 days of in ation.

a

@

Furthe;, these authors have shown that the secondary cartilage
+ ! L -
around the bony hook, that it is hypertrophic in nature nearest to the .

bony‘shaft,’and that the cartilage matrix subsequently calcifies.

4
»

0

¢
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Paralysis of the embryo prior to 10 days of incbation Inhibits the
formation of sccondary cartilage while parvalysis after 10 days of

incubation switches the chondrogenic germinal *cells back to a purely

{

' osteogenic pool (Murray, 1957; Hall, 19?29). Immobilization of the

v

" lower jaw has similarily been found to inhibit growth of mammalian

L]

- condylar cartidage while hyperpropulsion stimulated growth of this

5

cartilage (Petrovic, 1972). )

-

Several attempts to isolate boilh the mcq§ of action of tLhe mechanical
stimuli and possible gechanisms‘controlllhg the differentiation af avian
secondary cartilagey have been undertaken. Hall (1969) has shown that low

. oxygen tensions allow the formation of secondary cartfiage from 9 day
embryo chick quadratojugals in culture and that the switch {rom bone
differentiation to cartilage differentiation involves a change in Lhe rate
of both collagen and glycosaminoglycan synthesis (Hall, 1968c). Generally,

. increased oxygen tensidn, blood supp;y and rate of collagen synthesis

+  favors the differentiation of bone while increased rate of glycosaminoglycan

synthesis, mechanical stress and decreased oxygen tension favors sccondary

o ‘

¢ cartilage formation on the quadratojugal of the embryoniec chick {(Hall, 1970a,
1970b). It has also been shown that following immobilization of the”

~
qgadratojdgal ain organ culture, the cartilage matrix shows a loss of

3

hexoSamines (Hal}. 1972a) while chemrcal inhlblﬁbrs of either the sulphation

L3

of chondroitin or the synthedis of mature, insoluble collagen reduce

= hexosamine synthesis, without affectipg total collagen synthesis, and

ihibit secondary chondriﬁenesis (Hall, 1970c¢, 1972b).
These and other investigations have shed considerable laght on the

histological and histochemical aspects of secondary cartilage differen~

tiation as well a® on the alterations in these aspects caused by various

?

o

p—
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e

v

+

aQ

e
inhibitors of this cartilageg llowover, no information I8 availablo.. -
J e O

regarding the bilosynthetic pathway o cartilage matriz synthesis in cells

+

vndergoing secondary chondrogenesis. While histeochonieal studies have

provided indarect evidence on the functioning of this vathway, it is

-
necessary to examine the activiiy of the varicus syathetic eroymes.in

order to further isolate the contvol wechanisms involved in the evocation

o i

of secondary cartilage.

B. BIOSYNTHESIS OF cmm@éé’b
Cartilage is a mesodéfmally derived connective tissue whose structure
is determined by the composition of the hon-living, exiracellular mALT LK.
This matriz may be divided inlto two general components: 1) amorphous
component in which i1s embedded 2) the fibrous component. The main
constituents of the amorphous component are glycosaminoglycans and proteo—

glycans. The main fibrous component is collagen.

The structure and biosynthesis of glycosaminoglycans and proteoglycans

°

have been extensively investigated and several recent reviews of this topic

are available (Muir, 1964; Barrett, 1968; Roden, 19703 Levitt and Dorfman,

a

1974). In general, glycosaminoglycans are long chain heteropolysaccharides

composed of repeating disaccharide units. The disaccharide unit consists
of a hexosamine (which may or may not be sulphated) and a non-nitrogenous
sugar linked by a glycosidic bond. Examples of sulphated glycosamino-
glycans are chbndroitin—hﬁgulphate, chondroitin-6~sulphate, and keratan
sulphate,‘;hile hyaluronie acid is a nst-sulphated glycosaminoglycan.

The disaceharide unit of the chondroitin sulphates is composed of N-acetyl-~
gelactosamine and glucuronic acid; that of keratan sulphate is composed

of N—acetylélucosamlne and galactose} that of hyaluromic acid is composed

o -

I

o

-



-

Of Heacetylglyeosanine and glueurcaie ocid. The glycosamineglveans
corprise about 105 of the dry welpht of adult carrllage with the
chondratia sulpbates constitutung the major portion of the glyeosamino—
glycans, but small amounts of keratan sulphate and hyaluronic acid are
also present (Andersoa et al., 19643 Levitt and Dorfpan, 1974).
Glycosaminoglycans are usually covaleatly linked Lo protein and this
conplex is known as a gr@Leoglycan~&Rodem, 1970).
' The chondrotin sulphate glveosaminoglycan is linked to the protein
core through a triasaccharide link composed of one wolecule xylose and
two moleciles galactose (Liﬁdahl and Roden, 1966; Roden and Smith, 196§).
The xylose us bound through a covaleni glveesidic bond, to the hydro%yl !
ouﬁ of a serine residue in the core protein and approximately ome-half .
of the available serine residues bear carbohydrate substituents (Muir, -
1958; B;ker et al., 1975; Kao et al., 1972; Hopwood and Robinson, 1973).
While synthesi% of the core protein no doubt normailv precedes glycosanino-
glycan chain initiation during the oyniliesis of proteoglycans (de la Haba
and Holtzer, 1965; Telser et al., 1965; Jeffrey and Rienits, 1972),
recent evidence indicates that chondroitin suiﬁhute polymerization can be
initiated in the absence of protein acceptor (Okayama et al., 1973;
Schwartz et al., 1974; Robinson et al,, 1975).

Perlman et al. (iQG&) and Silbert (1964) have shown the requisite
precursors of chondroitin sulphate synthesis to be the UDP derivatives of
N-acetylgalactosamine and glucuronic acid., It has also been shown that
uridine nucleotide sugars are the precursors of all glycosaminoglycan
synthesis (Roden, 1970). The biosynthetic pathway of uridine nucleotide

precursors is shown in Figure I. The initiationr and polymerization of

the chondroitin sulphate chain 1s carried oul on Lhe membranes of the

v

e
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SYNIHETTC PATHWAYS OF THE UDP-IIONOSACCHIARIDE

- . PRECURSORS OF THE GLYCOSAMINOGLYCANS
Fructose-b-Phosphate Fme— > Glucose-6~Phosphate
T (2)  Glucosamine . Tl {7
v )
Glucosanine~-6-Phosphate Glucose-L-Phosphate
T (3 UTP-i({B)
¥ -
N~acetviglucosanine~6-Phosphate UDP=Glucose o
) la&
v
N-acetylglucosamine~1-Phosphate UDP-Glucuronic Aeid
tre-| (5) , l(m)
e 1
UDP-N-acetylglucosamine ¢ UDP-Xylose .
~ (6) '“' (6)
UDP~-N-acetylgalactosamine
(1) Hexokinase x
(2) L-Glutamine-D-fructose~b~Phosphate Amidotransferase.
» 3 Phosyﬁdglucos&miﬁe Lransacetylasg,
(4) Acetylslucosamine phosphomutase
/
(5) UDP-N-acetylglucdosamine pyrophosphorylase
! ,(6) UDP—N-»’acetyl%lucosamme-lv-ep:unerase
(7) Phosphoglucomutase -
(8) Glucose-l-phosphate uridylyltransferase
(9) UDP-glucose dehydrogenase
’ (10) UDP-glucuronate decarboxylase

FIGURE 1
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endoplasmic reticulum, initiotion occurring an Lhe rough endoplasme
roliculun and chasn elongation proceeﬁlng ag the molecule pagses fuem .
the rough into the smooth endoplasmic Yetsculun and Golgi appaza&ns

(Horwxts and Dorfman, 1968), Sulphation of the eh@ndfaitin has beon

shown to occur ﬁuring chain elongation and to take place to a larpge

extent Jdn Lhe srooth endoplasmic reticulun (Horwits and Dorimam, 19683

Deluca et al., 19733 Richmond ot al., 1973). Olsson (1972) has ’

2
Qe

]
demonstirated that hyaluronic acid synthesis ia myeloid cells of rabbit

bone marrow alse ocdéurs in the—égéoplasmic reticulun.

)

The synthesis of the protein-glvecosaninoglycan link vegson and the

sequential alternate transfer of nonosaccharides Lrom Lheir UDP -

-

4

derivatives to the ends of growing chains is catalyzed by a deries of six
glycosyl transferases which usually occur as a multiencyme complex bound
to the merbranes of the endoplasmic reticulum {(Robainsen et al., 1966;
Telser et él., 1966; Helting and Rodemn, 19é3§ St661MLl%Fr et 91., 1972).,
The sulphation of chongr01tinisulphate is accomplished by specific
splfotransferases which transier the sulphate ester gro&%g from the
activated intermediate 3'-phosphadenosine-5'-phosphosulphate,(PAPS)
(Roden et al., 1972; Deluca et al., 1973). Several factors controlling

chondroitin sulphate synthesis have been studied.

An obviocus potential point of control of t?ﬁ synthesis of cartilage
matrix 1s at the level of the glycosyl transferases involved in the
synthesis of chondroitin sulphate. Caplan and Stoolmiller (1973) have
shown that the synthesis of Xyleosylirdnsferase and N-acetylgalactosaminyl-

transferase may be separately regulated. It has been suggested that the

interaction between Xylosyltrensferase and the first galactosyltransferase

may act Lo position the multienzyme complex on the enoplasmic reticulum

3
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(Selwarts, 19743 Schwarto, Roden and Doviwan, 1974). It has also been
shown that the interaciion between these two ensymes may be sclective and

7 »

that choddroitin sulphate syathesis rmay be regulated by the asseclation i
and dissoclation of Xylosyltransierase with the multicnoyme conplex
(Stoolmiller et al., 19723 Speclale et al., 1974). However, Levitt and
Dorimain (1973) foﬁ%& only acslight roeductdon an the actlivaity of Xylesyl-
traasferase and N-acerrvigalactosonunylivansfcerase followang bropodec— /
zyuridine\inhibrtion of chondrogenesis in embryonic chick limb bud cell
cultutes, Jdad N?vo and Dorfnaﬁ 619?3§ found no change in these two
gnzymes under conditioms of stimulated glycosaminoglycan synthesis :inn
cmbryo epiphyseal cariilage cell cultures,

A Control of cartilage synthesis may also be mediated through control
of Synthesxé of Lhe uridine nucleotide sugar procursors.  Abbott and
Holtzer (1968), have shown that bromodeoxyuridine inhlbiggpn of chondro=
genésis 1n cultured chondrocytes reduced the incorporalion of [1é83~glucose
into chondroitin sulphate. TInhibition of chondrogenesis, with this agent,

LY

in cultured chick limb bud cells and in chick embryo chondrocytes has aléo
been shown to supress the activity of UDPG-dehydrogenase and of
UDéGNAc«&—eplmerase (Marzullo, 1972; Levitt and Dorfman, 1973). Incréasing
activity of these two enzymes has been shown Lo accompany both cargilage
developnent. (Medoff. 1967; Marzulle and Desmderig, 1972) and the post
partum surge in chondrogenesis in achondroplastic mice (Johnson and Hunty
1974). A general instabality dn the syggﬁetic pathway of uradine
nucleotide sugars in young chondrocytes but not in mature cells has been .
demonstrated during embryonic cartilage differentiataon (Lash, 1968;
Ellison and Lash, 19??; Levitt and Doxfman, 1972: Marzullo, 1972),

Regulation of some of these precursor synthetic enzymes has been

» o - .
shown to occur via feedback inhibition of uridine nucleotide sugars
o .

~

) ‘ .
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therselves. Kornfeld (1967) has shown that I-glutamine-D-fiuctoge-tb-

phosphate amidotransferase, the first encyme in the syathesis of uridine
[
nucleotide sugars (see Figure 1) is inhibited by UDPGNAe. This enmymo
. |

is also inhibited by 5'-adenylate, a reguldgting factor of glveolysis,
' d

(Ariambide et al., 1968) and by slutamylaqinoacet@nitrile, 4 eompetitive

inhibitor of glutdmine for the ensyme (Mtpallum and Arbuthnotl, 1969,

N 2

i El
It has also been shown that UDPGNAc can yegulate the activity of the
/
glururonylivansferase encyme (Vessey et jal., 1973). The allosterie ‘
/

anhibitzon of UDPG-dehydrogemase by UDP-xylose has been demenstrated in
/

a variply of systems (Gainey and Phelp#, 19723 Balduini et al., 1973Y.
, :

Y

LY ! 3 »
There 1s evidence io suggest thaL control ‘of matrix synthesis is
influenced by envirommental £actors in the immediate vicinity of the
]

. , .
chondrocyte., Conflicting evidence exists supporting theories of both
¥

negative and positive feedback ccuﬁrol Ey matrix macromolecules. Loss of

matrix, macromolecules following hyaluronidase digestion o lysosomal

activity im orgdm cultures has been shown to stimulate synthesis of
chondroitin sulphate (Fitton-Jackson, 19703 Hardingham et al,, 19723
Deshmukh and Hemrick, 1976). Conversely chondroitin sulphate added to

chondrocyte cultures also stimulated chondroitin sulphate synthesis

“

{(Nevo and Dorfman, 1972; Kosher et al., 1973; Schwartz and Dorfman,‘lg?S)u

.

while the accumulation of matyix macromolecules has been shown to both

stiwulate further synthdsis and to be tﬁe\critical factor in tissues
wateh imduce chondrogenesis during embryonic development (0'Hare, 1972a,
1972by Covdon and Lash, 1974y Sq}ursh and Meier,1974; Kosher and Lash,
1975; Solursh and Karp, 1975). In addition, exogenoug D—%}ucosamine has

been found to stimulate chondroitin sulphate synthesis and to increase

cellular pools of UDP-N~acetylhexosamines (Kim and Conrad, 1974). Other

¢
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Avioeacontal racters puch as vitanins (Solursh and Meler, 19733 Vasan

o e L3 1 - .
a1 Ty iﬂ;b),@ﬂd sritderl “lon concentrations (Lash ot al., 19?3;‘ -
4

b )
v

Prues vb aley 1976 have also deen shown to affect the syathesis of .
chumdrail in Sulphate. It has been postulated that controel in general of

cart ilame gynthesis may be mediated through recoptors on the chondroeyte

; v

coll sitrfnee (Chacko et al., 19693 Nevo and Dorfman, 197y, -

J

7 p .
¢.  RATIONAL OF THE APPROACH OF THTS INVESTIGATION } °

Knouledge of the leve;fs) at which metabolic control is exerted on

) 4 3

the, synthecis of chondroatin sulphate is essential to an understanding oi

x g 1

the wechinism of induction gnd oytedifferentiation of secondary cartilage

‘

on Lhe guadyatojugal of the ewbryoe chick. The existence of a unigue,’
cartilage speeific type of cpllagen molecule (milier and Matukas, 1969;
~Starvich and Nirni, 19713 Trelstad et al., 1872} and the loss of the
ability to produce this molecule lo dedifferentiated chondrocytes in vitio
(Schilts ot.al., 1973) would supgest that the control of cartilage .
difforentaation is exerted at the level of gene regulation. Similarily,

gonetic regulati%n is sugpested by the presence in cartilagenous tissue

of a cartilage specgfic protevchondroitin éulphate (Goetinck et al., 1974)

and by the suppression of thisjmolecule in namomelic chicks and un
bromodeozyuridine inhibited chondroxytes in vitro (Palmoski and Goetinck,

.

1972; Pennypacker and Goetinck, 1976). However, the cells giving rise to

.

the sccondary eartilage on the chick qugdratojugal initially were giving

rise to bone,’and small amounts of ch&héroitin sulphate are nﬂ;mally
‘found 1n bone matrix. IiL has also been showﬁfthat the ability to
gynthesicze glycosaminoglycans 1s almost universal amongst‘the tissues of
the ecarly chick embryo (Lash, lQﬁé; Mayne et al., 19713 Manasek et al.,

1973). Thus, while the induction of secondary cartilage no doubt involves
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tho tuzn}ng on of at least one new gene (collagen), the synthesis of
cartilage matrix glveosaminoglveans may represent no more than the
amplification of an enzyme pathway alreadypresent in the undiffeventiated
@ellszf However, this gomplifiecation is also subject to control and may be

turned up or down, . .

»

Pogsible ?oints of control in a synthetic pathway, as well as the
nature of the eontrol mechanism, are indigated by several parameters.
Feedback inhibition of an enzyme is often found when the cell has but a
single use for the product of the reaction catalyzed by that enzyme.
These feedback ?gg;mols frequently act via allosteric mechanismsy in

particular allosteric Km modifying mechanisms., Non-equilibrium type®

redctions are also indicative of likely points of control. The enzymes

UDPG-dehydrogenase and UDPGNAc-4-epimerase, two enzymes in: the synthetic

-

pathway of uridine nucleotide sugars, are suggested by these eriteria as

v

N
possible points of control in the synthesis of chondroitin sulphate.
Another possible control of this synthesis is the availability of UTP, an

essential coenzyme in the synthesis of UDPGNAc.
r

The kinetic parameters of the enzyme UDEG—dehydrogenaseqfrom various

.

tissues have been described (Gainev and Phelps, 1972; Balduini &t al., 1973).
The suitability of this ecnzyme as a synthetic control point is indicated
by its strong feedback inhibition by UDP-xylose, by the fact that this

inhibition oceurs via allosteric mechanisms, and by the fagt that,-although
d -4

the product of this reaction, UDP-glucuronic ackd, has restricted direct
-,

metabolic usefulness, the reaction catalyzed by UDP-glucose dehydrogenase

is an irreversible reaction (Ridley et al., 1975). The kinetic
paramiters ol UDPGNAc-4-epimerase have also been demonstrated (Glaser,

19593 Jacobson and Davidson, 1963). Although it has been suggested that

o
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Lhis enoevme is not rate Limiting during chondroitin sulphate synthesis .
(Hxndtéy,and Phelps, 1972) it is noted that the normal equilibrvium of
this onoyme reaction favors UDPGRAc. Alteratiaﬁ of this equilibrium to
favor UDPNAGal might be expected to stimulate chondroiting sulphate
gsynthesis. .

That these two enzvmatic steps are potential points of control in
the vvoeation of secondary cartilage is further emphasized by the findings
of Marzullo and Desaderio (1972) and Marqulo {1572) that the activities .
ui UDPG=-dehwdrogonase and UDPé—&-epimerase were higher in ??rtilage than
in any other "trssue capable of synthesizing glycosaminoglycans, Since
cartilage contains vgry little keratan sulphate, 1t has been suggested
(Marzully and Desiderio, 1972) that the UDPGNAc-4-epimerase enzyme has 3
broad substrate specificity and that the suitability of UDPGal as a substrate
for this ecnzyme resulted in the large apparent rise in UDPG-4-epimerase ’
neasured in vitro in homogenates of developing cartilage. The significance
of UIP as a potentlal regulating’factor in chohdrogenesis is indicated by
the fiu?ings of Lash (1968) ;hat tissues of the early embryo capable of
synthesizing only small amounts of glycosaminoglycaﬁs tended to accumulate
NAG-1-P (sea Figure 1). 2

The identification of points of metabolic control is facilitated by
studies of the metabuvlic pathway under conditions of inhibition as well as
during normal differentiation. However, if points ¢f control functional
during normal development are to be recognized, direct chemical inter-
vention into the metabolic pathway is undesirable. Ideally, removal of an
inductive stimulus would be expected to greatly aid the search for normal
points of control of tissue differentiation. The development of secondary

cartilage on embryo chick quadratojugals is a system in which removal



)

of the inductive stimulus is possible. Paralysis of the embryo inhibits
secondary ecartilage by inhabiting mechanical stimulation, the normal

inductive stimulus of this Lissue.

>

In order to gain an insight into the mechanism of action of the

known inducers of secondary cartilage differentiation, on the quadratojugal

of the embiyo chick, this investigation has examined the biosynthetic

pathway of chondroitin éulphate precursor synthesis in the tissue, both in

normally Jeveloping and«in paralysed embryes. The enzymes UDPG-dehvdrogenase
]

and UDPE-&«epimerase were studied directly while other cnzymes in the

<

pathway were studied indirectly via chromatographie and autoradiographic

-

techniques. The paralyzing agent used 1n this study is Decamethonlum

“

iodide. Drachman (1963) has shown that this agent works' at the motor end

‘

plates in skeletal muscle. Hall (1975) has shown that single injections

3

of this agent into the air space of developing chick eggs produces long

term paralysis in the embryo, and that paralyzing doses of this drug
produce no changes in body weight or normal mortality ra£es over short
perrods of development following administration of the drug. Thus,
Decamethonium iodide constitutes a useful tool ain the search for levels of
control of\the development of secondary cartilage on the quadratojugal of
embryo chicks, as changes in the synthetic pathways of differentioting

chondrocytes observed following administration of this drug are expected

to result solely from the absence of the tissues normal inductive stimuli,

¢



W

(/a\* METHODS AND MATERTALY
. i.k. GENERA‘I&&

Imbryos of the common foul (Gallus domesticus) were used. Epgo,

obtained from a commercial hatchery, were Incubated without rotation in a
forced=-draft incubator, at 37 % 1°C and 57 t 27 relative humidity. The
quadratojugal of stage 35 to stage 38 embyos (Hamburger and Hamilton, .

1951; Appendix I) was used for all experiments. This bone is a membrane

[}
LY

{dermal) bone and comprises the most posterior component of the upper jaw.

4 It is located just beneath the skin and can be found passing posteriorly,
from just below the eye, to a}ticulaLe with the guadrate which constitutes
. the most posterior portion of the hinge of the jaw (Figure 2). Bones used

for routine histological examination were fixed in absolute ethanol,

cleared in xylene, embedded in paraffin (M.P. 53-35°C), serially sectioned °

and stained with a techmique employing alefhn blue and chlorantine fast

r

apted from Lison, 1954; Appendix II). Protein determinations were

?erfcrmed according to the method of Lowry et al. (1951), crystallized
ovalbumin in concentrations ranging from 0.03 mg/ml to 0.25 mg/ml acting

as the standard. A single standard Beer-Lambert line was used for all
'determlnationsqgnd the accuracy of the ‘line checked at each #Ea‘ﬁfgé two
concentrations of crystallized ovalbumin. When these check points failed
to fall within T 1% of the standard line, a new Beer-Lambert line was
prepared. Homogenization was carried out, in a hand operated ground glass
homogenizer with a ground glass pestle, in a 3 ml volume of the appropriate

extraction medium (see below).
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Figure & Right 1nggrnl'biew of an embrye chick head; about slage 38,

7 _— -
hg},///’shnwing the position of the quadratojugal bone. Diagrammatic.

. -

Figure 3 Dxpanded view of the hook of the quadratojugal showing the
positions of the secondary cartilage pads and the pool of

undifferentiated 'germinal®' cells, and .the point at which
wro - .

w A
the bone was cut pridr to collection of "the hooks.

¢ N

Diagrammatic.
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Figure 2
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B.  INJECTLION OF PQRALYZING AGENT

o

Embfyas vere paralyzegd by injection of decamgthonium lodude into the

ait gpace of the egg.’ The drug 'was dissolved in sterile saline (0.85%

\ - PR J
NaCl imndistilled water) and a volume of 0.2 ce/embryo imjected through a
sterile millipore/f;%&er*ﬁﬁlzz micron pore size) ‘using a pre-sterilized

Tuberculin syringe and a 21 gauge necdle. The pin-hole made im the shell

,

for injection was sealed with Scotch tape and incubation of the eggs

continued. Stage 35 and stage 36 embryos received doses of 1 mg/ enbryo
i

and gtage 37 embryos receivedld dose of 0.4 mg/embryo.

\

¢

@
[ )

Quadratojugals were removgd from treated embryos 24‘hours after
administration of the paralyzing drug and assayed as outlined below. A
i

L) ~ . s
foy specimens from each experiment were prepared for routine histological

examination. <

\

C.  ASSAYS OF ENZYME ACTIVITY AND ENERGY LEVELS ¢

q

. The quadratojugals from 50 to 60 embryos of the same Hamburger-

Hamilton stage were pooled for all assays. Examination of the degree ofi

development of the nictitating membrane and eyelids of 8 to 10 randomly

picked embryos ensured continuity of developmental stage in each pooled

¢

group of embryos. Quadratojugals were removed from the embryo, aféer

reflection of thHe skin, by grasping the shaft with watchmaker forceps and
pulling. The hooks of the quadratojugals were collected by-cutting, using
G ae

I
sharpe;gg watchmaker forceps, at the point where the bone flexes (ses

)

Figure 3). These hooks normally contain a small core of bone, the germinal

pool of cells, dlfférentlating chondroblasts and osteoblasts and, at
developmental stages later than. stage 36, the secondary carLiléhe pads.
Prior to extract preparation the quadratojugal hooks were collected and

washed in saline at 4°C. All subsequent steps in extract preparation were

.
»

ot
forY



also perfoxmed at 4°C. Speetrophotometrie mencurcnents were condueted, in

a 0.5 ml capacily guaris~iodine cuvette with o 1 em linht poth, using

either a Unicam SP1800 split beam cpectrophotoreter or a Hltach:r Pevkin-

¢ °

Elmer model 139 Spectrophotometar.

. -
1)  UDPG-DEHYDROGENASE ‘

Pooled quadratojugal hooks wore washed in 0.1 poLogsslun phosphate
buffer, pH 6.5, containiang 1@”2n noreaptoethanol and lO“SM EDTA, and
homogenized in 1 ml of th}s same buffer. The houogenate was spun for 15
minutes at 2,000 p and the supernatant then spun for 1 hour at 78,000 g.
The resulting supernatant was dialysed overnight in 0.02! potassium
phosphate buffer, pH 6.3, containing¢i0"gm mercaptoethancl and 10’§ﬁ\EDTA
(Medoff, 1967). The dialysate served as the cnoyme extract. An aliquote
of this extract was used for protein determinatiom. ‘

Enzyme activity was assayed in varying amounts of extract, using
UDPG as a substrate, by measurement of the increase in optiecal demsity at
340 nm due to the reduction Hf NAD (Medoff, 1967; Appendix IIL). The
Unicam SP1800 split beam spe?trophotometer, wi%ﬁ a full scale excursion
of 0.2 dptlcal density unitsl was used., Asgay mixture containing boiled

»
enzyme extract served as the reference standard. Enzyme amounts were

recorded as units/mg total protein of extract, .

1L} UDPé~4—EPIMERASE u /
Pooled quadgatojugal hooks were washed in 0.1} Tris buffer, pH 8.0,

and homogenized 1n 1 ml of the same buffer. The homogenate was spun for

15 minutes at 2,000 g and the supernatant used as the crude enzyme extract,

All assays we;e performed the same day as the extract was prepared. An 4

-

aliquote of the extract was used for protein delermination.

@

.
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Lasyne activity was neasurcd by éoll@wimg spectrophotometylcally, at
350 oo, the reduction of HAD on a substrate of UhlP-galactose with added
UDPG~dehydrogenase (Pontis and Leloir, 19623 Appendix IV). The reaction
was followed in the Hitachi Perkin-Elmer gpectrophotoncter, nodel 139,
and cacyme apounts recorded as units/mp total proteln of outract., Assay
mizture containing bolled enzyme extract served as the reference

standard, MNegatlve controls (i.e. assay mixnture containing enxyme

extract but minus UDP-galactose) produced no measurable reaction.

III) ESTIMATION OF URIDINE TRIPHOSPIATE

Crude extracts identical to that used in the UDPG-4-eplmerase agsay
were prepared. All estimates were performed on either freshly prepared
extracts or extracts stored for not more than 1 week at ~20°C.

The assay*}echnlque was adapted from lfills, Ondarza and Smith (195&)
and is based on the interconversion of ADP and UTP to ATP aﬁé UDP by
nucl;;side daiphosphokinase (Berg and Joklik, 1953). Reducﬁlun of NAD on
subsirates of ADP and glucose wath added nucleoside dlphoSph?kinase,
hexokinase and glucose~6~phosphate dehydrogenase was followed spectro-
photometrically at 340 nm in the IHitachi Perkin-Elmer spectrophotometer,
model 139, The total changé in absorbancy, produced by the reaction

running to completion, was used to estimate the UTP level in the extracts

(Appendix V). These levels were recorded as micromoles UTP/mg total

3
[y

protein of extract. The reaction was standardized by addition of known

amounts of UTP.

D. CHROMOTOGRAPHIC SEPARATION OF PHOSPHORYLATED AND UDP DERIVATIVES OF =

\

ACETYLHEXOSAMINES

Quadratojugal hooks pooled from 50 to 60 embryos £ the ame

Hamburger-Hamilton stage were used for each assay. The pooled hooks were




runsed in dastilled water then homogemiced in 2 Lo 2.5 nl éf diatllléd
water. The homogenate was spum at 2,000 2 for 15 mainutes and the
supernatant lyephalized‘t@ dryness on a Virtis lyophalyzer, The
lyophalyzate was stored at =20°C and redissolved in 0.2 ml destilled

.
wvater immediaicly before use.

Thain layer chromatography plates were preapred by hand; the layer
thickness being that of double thickness nasking tape. Slurries of 20 g
silica pel G and 40 ml distzlled water were mixed by hand in a beaker
and then spread with a glass rod on 20 x 20 cm glass plates. Toe plates
were then air dried for 10 minutes, placed in an oven at 100°C for 20

’

minutes and stored in a cabinel. Prepared ﬁlates were scraped to an 33°
ﬁedge, 2.5 cmoat the base. The solvent consisted of 52 parts n-propanol
and 48 parts concentrated ammonium hydroxide (V/V)’(Harzullo and Lash,
1867). Sample volumes of 0.1 ml reconstituted lyophalyzate were spotted
1.5 em from the base of scraped plates and the chromatogran developed at
room temperature until the solvent frent had advanced 13-14 em, A 2%
glucose solution was used as a reference @tandard. . .
Developed chromatoggams were dried for 10 minutes in an oven at 100°C.
‘
The seperated compounds were visualized by spryaing the plates with
‘benzidine reagent (Appendix VI) and heating to 100 to 110°C for 20 to 30
minutes. The plates were then scanned, using transmitted light, at 430 nm
on a Z?iss thin layer chromatogram scamner with rvecorder. Relative amounts

of the separated compounds were computed on the' basis of relative peak

height. Chromotograms were photographed immediately following scanning.
4]
?

. ' b
E.  AUTORADIOGRAPHY

-

Whole quatratojugal bones were used for incorporation studies. The

right quadratojugals from 3 or & embryos were cultured for 4 hours in

19
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. pre=steriliced, 35 wn dianmeter, Faleom plastic petri dishes. The culture
I3

medivm consisted of 1 ml sterile Dulbecco's modified Bagle medium, with
added glutamine and containing no antibiotico, Lo which was added either
10 rdcrocuries EEH}—gluecsamine @specific activity 10 Suries/wl) or
l*mlcrccurie sodlum»[Bsslasulphate {specifle activity 128 mCuries/m).
Following culture the bones were fixed in absolute ethanol for 2 hours
then cleared in xzylene (2 changes, 15 minutes each) and cmbedded in

paraffin (M.P. 33-55°C). Serioclly sectioned (9 muicrons) bones were
N N
stained with Meyers haematoxylin and aleion %‘Jtﬁa then air-dried.
p -

I3
Autoradiogroms were prepared by cc&ting dry sections with a thin layer of
f

|
Kodak N¥B3 Nuclear Tract enulsion, diluted 1:1l with double dustilled

i
b

delonized water, and exposing at &°g for either 8 days ([SH]»glucasamine)

3

or 16 days ([35S]—su1phate). Exposed autoradiograms were developed for
2 minutes in Kodak D19, fixed for 5 minutes in Ilofix acid fixer,-washed

in water for 5 minutes, dehydraded in graded ethanol, cleared in xylene

| .

and coverslipped. OGrains of incorporated precursor were counted at a
magnification of 800 diameters with the aid of a 10 x 10 squared micrometer
eyepiece. Ten randomly chosen areas of every thad seciion, through the

full thickness of the secondar§ cartilage pads, or presumptive cartilage

4

TegLOns, wére counted. TFuve randomly chosen areas of background immediately

adjacent to the section were also counted and incorporation calculated as
[y

average grain count per unit area over tissue less average grain count per
L]

unit area of background. Tissue sections with an adjacent backsround count
W

in excess of 2 grains per unit area of the micrometer eyepiece were rejected.

&

T, STATISTICAL ANALYSIS

Data obtained in this investigation was analysed using the Student's

¥

't' test. However, it 1s to be noted that whki: pooling of quadratojugal

a
)

e




hooks was emloved the cencentyaton of the ensymes and Intermodiates

AN * > °

under study romalned sall (total protein in the homegenates of pooled
guadratojusal hooks varying between 0.11 and 0.19 mg/ml).  Steel and

Torrie (1960) have noted that, unless large real differences oeccur,

statistical anolysis requirs 5% significancoe level may not detect

=
bx
2

£5

3

dafferonces b§ﬁween samples an spallesised experiments. These outhers
further state that the signiflcamce lovels of 50 and 1% are arbitrary and
sugnest that the choiece of a 107 significance level may be rore
appropriate for small experime?ts. Accordincly, since this study
consisted of essentially swall experimenis ag noted above, a 108
significance level has been chosen for the statistical analysis of data

obtained during this invesiigatiom.

G. CHLMICALS AND SUPPLIES °

Decamethonsum rodide, lot number WA4137, was purchased from Koch-

'

Light laboratories.

Nucleoside diphosphokinase and NADP were purchgsed from Boehringer

Monnheim Corporation. All otheé substrates, and standards were purchased
from Sigma Chemicals., Enzyme solutions were prepared every other day as
»

required and stored at 4°C until used. Solutioms of otbat%gssay ?ubstrates

° kY
were prepared weekly and stored in small aliquotes gt -20°C until{f used.

u

8iluca gel G was puréhased from Mondray Limited.

yIritiated glucosaminé was purcﬁased from New England Nuclear as .
D-glucosamine~6-SH(N) hydrochloride in ethanol water (7/3) solution
(catalogue number NET-190). .

Sodium~[378]~sulfate as the anhydrous salt was purchased from

“Amersham/Searle Corporation (catalogue number SJ-162).




¢
Dulbecco's Modified Eagle redaum, with added glutanine and
containing no antibiotles, was purchased from Grand Island Diological

Company* (catalopue number 138G).

Ca
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Injection of decuncthonaun fodide lato the aly soace of the e

A DARALYOING AGENT ¥

produced complete paralysis of the embryo, as assessed bﬁlthe lack of
novenent seen ln embryos vemoved from the shell, but.did not arrest gross
development of the’embryo as assessed by Hambubger-Hamilton determination
of development otage 24 hours after adm;nistraLiun of the drug. While

a dese of 1 mg per ewbryo was required to produce paralysist in stage’BS
and stage 38 embryos, paralysis was produced in stage 37 cmbryos with a
dese of 0.4 mg per embryo. Indeed, L mg per embryo doses of decamethonium
iodide administered to stage 37 embryos resulted in a mortality rate in

excess of 90%. The apparent increased semsitivity o6f stage 37 cmbryos

to the drug, as compared to stage 35 and stage 36 embryos, is not under-

n
¥

stood.

B, HISTOLOGICAL FINDINGS i , .

Quadratojugals from stage 35 embryos (Figure 4) showed no histological
evidence of cartila%e‘ The regions where secondary cartilage was-seen
akx later stages of development were occupied by closely associated
mes%Péﬁ?mal—like cells. Quadratojugals from sta%e 36 egbryos (Flg?re 5)

showed an iucreaée an the length of the bony hook as compared to stage 35

embryos. While secondary cartilage was nol normally seen in quadratojugals

:

from stage 36 embryos, very small quantities of cartilagemous malrix were
r

.,

occassionally noted surrounding a few cells in the region'where the
anterior cartilage pad later formed. Detection of cartilage in

quadratojhgals from stage 36 cmbryos was likely due to slaight ‘variations

«



Tigure & Cuadratojugal hook from a stage 35 control ombryo. Bone

matrix (B) Is present. ABCR. X 60,

2

&

Figure 5 Quadratojugal hook from a stage 36 control embryo. Bone

matrix (B) is prominent and cells around bony hook are

taghtly packed. ABCR. X 80.
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Floure 4

Figure 5
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Figure §

Tigure 7

t

Quadratojugal hook from a stage 37 control embryo. Non-
D
hypertrophic ecartilage (C) is prominent on the anterior

1

aspoct of the bone (B) Anmterior to the raght., ABCR. X 80.

#

T

Quadratojugal hook from a stage 38 control embroy. Hypertrophic
44

cartilage (HC) and non-hypertrophic cartilage (C) are present

on both “anterior and posterior aspects of the bone (B).

ABCR. X 60.
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. in the stagang of the embryo. The embryonic stage of developrent was
dotermined by observing the degrie of development of the nictitating
L}

membrane and subjective variatioms of * 1/4 stage, especially in the
assessment of stage 36 and stage 37 embryos, are not unexpecied.
Secondary cartilage was routinely observed histologically avound the
tip of the quadratojugals of stage 3% embryos (Figﬁre 6), the cartilage
pad op the anterior surface of the bone being larger and more mature
than that on the posterior surface. Hypertrophic chondrocytes were
seen in those areas of the anterior cartilage nearest the bony shaft
while the posterior pad was composed entirely of ovoid cells separated
by small amounts of matrix (i.e. differentiating chondrocytes). Both
éhterlor and posterior cartilage pads on quadratojugals in stage 38
embryos showed hypertrophie cells next to t%e bony shaft ané the
anterzor pad continued to be larger than the posterzor pad (Figure 7).

o
The outer margins of both pads contained differentialing chondrocytes
indicating that growth of this secondary cartilage was still continuing
1n stage 38 embryos. '

. Quadratojugals examined 24 hours after administration of the
paralyzing drug routinely displayed inhabiizon of secondary cargmlage
formation. Embryos pavalyzed at stage 35 developed a quadratojugal whose
bony hook, at stage 36, was longer and more slender than that of similar
stage controls (Figure 8). A few thin layers of closely associated
mesenchymal-like cells surrounded the bony hook of the guadratojugal in
these paralyzed embryos. Quadratojugals from stage 37 embryos, following
paralysis at stage 36, contained very little oxr no cartilage and the bony
hook was bulbous in shape (Figure 9). The expanded portion of the bony

F

hook in these quadratojugals was very cellular with small amounts of



Figure 8° Quaagascjugal hook from a stage 36 paralyzed embryo. Note
3

the elongated bony hook (B) and locsely packed eclls around -
D 1

the hock (cf. fag. 5). ABCR. X 60.

0y

Figure 9 Quadratojugal hook from a stage 37 paralyzed embryo. Bone has

formed ( P) where cartilage i1s normally found'(cf. fig. 6).
ABCR. X 80. '



&

Figure 8¢

‘e
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TFigure 10 Quadratojugal hook from a stage 38 paralyzed embryc. Bone
hawrmed (P) where cartilage is normally found {(cf. fig. 7).

ABCR. X 80.
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matein gseperatint the cells, guv.oag the inpression nere of calecified
cartilage thon of norm.l bone. Dulbous bony hooks were alse found
on quadratojugoals im stage 38 embryos following paralysis at stage 37
(Figure 10)., A small anount of very demsely stalning cartilage malris
was found oun thesé bones in the region correspondinc to the ouler cdgaz
“
of the cartilage pads seen in similar stdge conlrols (Faigure 7). The
histologrcal findings in paralyzed embryos ezamined al stage 37 and
stage 38 indicate a process of eithér erosion and replacement or
calecification of the secondary cartilage pads normally found on
quadratojugals in embryos at these developmental stages.

In all bones examined, both f{rom control embryos and fron paralyped
embryos, the éells at the very tip of the bone (i.e. regiom of the
germinal pool) appeared flattened and very demsely packed. It was not
possible to distinguish cytological differences 1n this region which, in

stage 37 or slage 38 embryos, would permit seperation of the chondrogenic

precursor pool from the ostcogenic precursor pool.

C.  UDPG~-DEHYDROGENASE

The specific activity of Lhis encyne in quadratoiggéi hooks of
normally‘developing embryvos, stage 35 through stage 38, and in hooks of
stage 36 through stage 38 embryos which had been phralyzed 24 hours prior
to examination, 1s showq in Taigure 11. Each point reprasents the mean
of four seperate determinations, in each of which the sample was subjected
to four assays in which different amounts of the*enzyme extract were used.
Statistical comparisons of these means ave shown in Table 1.

UDPG~dehydrogenase was found to accumuliate rapidly between stage 35
and stage 36‘aL which time a peak in activity was observed. No

significant change in enzyme activity was found between deVelopyental

\

S




o4

Y

Tigure 11l Specific actaivity of UDPG-dehydrogendse in quadratojugal hooks
of normally developing embryos (@@ ) and in quadratojugal
hooks of embry;s which had been paralyzed 24 hours prior to
the stage of assay ( 0 ). The activity in tibial epiphyseal
cartilage (M) and in leg muscle ( X ) %or stage 38 control
embryos is also indicatedﬁ The standard ervor of the mean

for each point is indicated by vertical bars.
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1

grages 36 and 37, but a flight deelime in activiiy wac noted betweon
divelopmental stages 37 and 38, While the significance of thls decline
s marginal (scoe Table 1), the real change in encyme activiiy botween
stage 37 and stage 38 may have been partially masked as the result of
slight variations (I 1/4 stage) in Lhé‘assessmemt of the developnental
stag: atiained by cembryos used Lo obtuin stape 3i*quadratojugaﬁk.
Sevefelf redeced levels of ensyme aclivyty as compared to sinilar
stage controls, were found in quadratojupal hook Lips of stage 36
paralyzed cmbryos (sce Abbreviations and Conventions)., enzyme levels im
these hooks being comparable to those found in leg muscle of stage 38
control embryes (Figure 11). Muscle is representative of the non-
cartilagenous embryonic tissues which have been shown to contain
ublquitoﬁs levels of this encyme (Marsullo and Desiderio, 1972). Hooks
in stage 37 paralyzed embryos shoved no saignificant differences in level
of enzyme activity as compared to similar stage controls (Table 1). A

T -

very significant reduction in level of encvme activity was again observed
!

in hooks From stage 38 paralyzed embryos (Figure 11, Table 1) as compared

to similar stage controls. Indeed, actitivy levels did not differ

signlflcintly from thoseyfound in hooks of stage 35 control embryos

(Table 1).

D.  UDPG-4-LEPIMERASE

The specific activity of this enzyme in quadralojugal hooks of
no%mally developing stage 35 through stage 38 embryos and in hooks taken
from stage 36 through stage 38 embryos which had been paralyzed 24 hours
prior to examinatzon, 1s shown in Fagure 12, fach point represents the
mean of three or four separate determinations, in each of which the sample

was subjected to four assays in which different amounts of the extract

@



Figure 12 Speesfic activity of UDPG-4-epimerase fn quadratojugal hooks
of normally de;elaping embryes ( @——@ ) and in quadratojugal
-
liooks of embryos whlch had been paralyzed 24 hours prior to

the stage of assay ( 0 ). The standard ervor of the mean for

each point Is indicated by vertiecal bars.
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were used. Stailsgical comparisons of these means aye shown in Table 2.
Inecreasing levels of enzyme actavaty were observed over the period
of normal development from stage 35 to stage 38, While variations in
staging of the cmbryos may have resulted in the 24 hour wvariatlioms not
being highly signiflecant, the accumulation of enzyme in hooks over a
48 hour period (1.e. stage 35 to stage 37, or stage 36 to stage 38) is
very signif{icant (Table 2), with the level in stage 38 fioocks beang
nearly double that in stage 35 hooks. The most rapid accumulation of
enzyme activity.appears to occur in hooks between stage 37 and stage 38 5
of development during which period a 257 increase in activity was :
observed (Table 2}.

Quadratojugal hooks from stage 36 paralyzed embryos exhibited a
447 reduction in the level of UDP&—A—epimerase as compared to similar
stage controls. This activity level in stage 36 paralyzed embryos also
likely represents a small decrease as compared to that of stage 35
controls (Table 2). While hooks from stage 37 paralyzed embryos
indicated a possible decrdase in actaivity as compared to sumilar stage
controls (Fagure 12), statistical comparison of ihe two means did not
verify this tr;nd (Table 2). Quadratojugal hooks from stage 38 paralyzed
embryos exhibited a very substantial and statistically significant
decline in enzyme activity as compared to samples from both stage 38 and

t

stage 37 control embryos (Table 2). Indeed, enzyme levels found in hooks

from stage 38 paralyzed embryos did not differ significantly from those

found in stage 36 paralyzed embryos (Table 2).

E. ESTIMATION OF URIDINE TRIPHOSPHATE y

The concentrations of this nucleotide in quadratojugal hook tips of

normally developing and paralyzed embryos, stage 35 to stage 38, are #



Figure 13 Levels of UTP in quadratojugal hooks of normally developing ‘

°

embryos ( @@ ) and in quadratojugal hooks of embryos which

had been paralyzed 24 hours prior to the stage of assay ( 0 ). .

v

The standard error of the mean for each point is indicated by

t - a
~

vertical bars.
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shovn wn Fagure 13, Each poini represents the mead of three separate

¢o

determinations, Ln cach of which the sample was subjeeted to four assays -

Vs . - . N
in which dafferent amountis of the extract weres used. Statistical
‘ . ~ 5 e
v omparigons of these means are shown in Table 3. . :

Pl

» Bstaumates obtained from the guadratojugal hooks of normal™®
developing stage 35 to stage 38 embryos indicated the presence of comstant

leviels of UTP over time (Figure 13). The apparent small increase in levels

t . i

of UTP noted between stage 37 and stage 38 in control embryos was [ound not to

e !

be significant (Table 3). - '
§
%llght increases In UTP levels in hooks of stage 36 to stage 38

pafaly%ed embryos are indicated by Fagure 13. However, these elevations
!
v «proved| to be of no significance when compared to levels in similar stage

»

cont®¥ol embryos (Table 3). Thus, 1t is found that quadratojugal hooks
fropl stage 35 to stage 38 embryos contained a constant quantity of UTP,

yrrespective of whether the embryos were parzlyzed or developing normally.

-

{

F.,  CHROMATQGRAPHIC SEPARATION OF PHOSPHORYLATED AND UDP DERIVATIVES

OF ACETYLHEXOSAMINES

Thezsynthetlc pathway leading to UDP-N-acetylgalaciosamine and thence
to chondroitin sulphate 1s outlinmed in Figure 1. The average relative
g amounts, of three separéte determinations, of synthetic intermediates
found in normally developing embrygs, stage 35 through stage 38, an& in
stage 36 through stage 38 paralyzed embryos, are shown in Figure 14 and
" Table ;. A deveioped chromatogram is ghown in Eigure 15 and a typacal
specErophotometr;c chromatogram gcan s shown in Figure 16. Photographic
records of developed chromatograms were difficult to obtain due to the low

e

concentration of separating compounds and consequent weak stainting of the

y

chromatograms, )



N -

gure 14 Histogrom showing average relatlve propoftions of the metabolic

e

wnternediates of chondroitin in cells of the quadratojugal
hock at various developmental secages. Tifty to sincy hooks
from similar stage embry@q:here poocled and homogenized.
Followinp centrifusation of the hcmogonate the supernatont
was lyophalyzed, then recomstltuted and subjected to thuin
layey chromatography on sillea gel G. See Abbrevlations and

. Conventions for explanation of abbreviations employed.

Legend 5% stage 35 controlf

o wy
PR

stage 36 controls B

stage 37 controls

stage 38 controls ‘
s

stage 38 dontrols tibial epiphyseal cartilage

stage» 36 paralyzed

stage 37 patalyzed

stage 38 paralyzed

LD S50 M 777 B8
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Figuye 15 A developed silica gel G chiln layer chromatogrom showlng

sgparation of the phosphorylated and UDP precursérs o
chondrozein, )
Lege%@ 1. Glucodamine~-6-phosphate
2. HN-acecylplucosamlne-I-phosphate
3. ‘Nuacetylglucosamine=ﬁnphmsphate ¢
4, UDP-N-acktylgalactosamine
. j

) 5. UDP=N=-acetylglucosanine

6, Glucose

g
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Typleal spectrophotemetric secan of a developed silica gel G
u

then laver chromatogram. Nete that peaks not readily visible
in the chromatogran are clearly indicated by the gean .
(cf, f£xg. 15).
Legend 1. Glucosamine-b-phosphate

2. N-acetylglucosaomine~l-phosphate

3. HN-acetylglucosamine~g-phosphate

4, UDP-N=-acetylgalactosamine

5. UDP-N-acetylglucosamine
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The Initeal brood pooak, entending from the origlan, in all eh&amAEOm
from ;EJQS (Pioure 16) ean be scen in Flgure 15 to be a darkly stalndng
area aceuss the eatiroe base of 1he plate and does not represent a true

2 ]

separation peak. The couse of thus baad of Jdense staln is not known.
Tha peals represeating the compounds of interest migrate beyond thas
den: e band however, and were thus readily indentifiable, Solutlons of
UDEGHAe were found to rugrale Lo approximately the same R value as that
neasured {ron tarcullo and Lash (1967). Since standards {or the
renalning eompounds n the synthetic pathway under comsideration were not
%eadily avallgble comparcially, Lhese compounds were located by comparison
ol Rf wvalues to those measured in torsullo and Lash (1967) and

t

sgandardized'throughcut the series of chromatograms by their Rglucose
values. '
Chromatograns 2£ quadratojugal hooks from stage 35 through stage 38
control embryos revealed a relative preponderance of the terminal
intermediates UDUGNAc and UDPNAGal. The GN-6-P proportion was variable,
inereaging fron 12.2% at stage 35 te 15.7% at stage 36 (§IZSE change),
decreasing to 11.7% at stage 37 (a 25% change) and again increasing to
13.8% at stage 38 (a 387 change) (Figure 14), NAG-6-P fractions declined
by 647 between stages 35 and 37 (from 17.1% to 7.8%) and then remained
constant while NAG-1-P fractions declined by 607 between stages 35 and 37
(from 12.2% to 4.7%) (Figure 14). A 1177 recovery in the amount of
NAG-1~P occurred between stages 37 and 38, to a proportion of 10,27
(Figure 14). Altﬂough variations in the relative amounts of these three
hexosamines were seen to occur over the developmental period examined, it
is to be noted that at any given developmental stage the total proportion
of these intermediates never exceeded 447 of the total of the substrates

4 ]
examined.
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The relatave proportions of UDBGNAc and UDPNAGal varied between
29,37 and 40,00 of the total of the substrates exomined (Figure 14).

Fach of these two intermediates exhibated an 187 increase in relatave
amount. between stage 35 and stage 36 (from 29.37 to 34.5%). Although the
propostion of UDPGNAe increased a further 135 between stages 36 and 37

(to 40.6%), the level of UDPNAGal remaxned constant during this period. -
Both intermedidtes showed relative dé%line$ between stage 37 and stage 38,
UDPGRAC declining 1% Lo a proportion of 35.9% and UDPNAGal falling 227

to a proporiion of 27.3% (Figure 14). Saimilar chromatogram patterms were
ohgerved with quadratojugal hooks f{rom stage ?@’ccntrals embryos and with
cartilage obtained from the distal end of the tabia of these sgme embryos
(Figure 14). ’

Quadratojugal hooks in paralyzed emﬁryos were found to contain
substcntaally different proportions of substrates in the UDP-Nacetyl-
gpalaclosamine synthetic pathway as compared to similar stage conirols
(Table 4, Tigure 14). The relative proportion of all five substrates
recorded an hook tips from stage 36 paralyzed embryos was identical to

{

that found in stage 35 conirols. BStage 37 paralyzed somples ezhibited, as
. f

compared to similar stage controls, relative increases of 211% in GN—G-P;

t

957 in NAG-6-P, 190% an NAG-1-P, and relative reductions of 48% in /
UDPGNAc and 61% in UDPNAGal (Figure 14, Table 4). Hooks from.stage/}é
paralyzed embryos exhibited, as compared to similar stage controls,/
relative increases in GN-6-P and in NAG-6-P of 707 and 547% respectively,
and relative declines of 18% in NAG—1~P2 117 ain UDPGNAc and 417 in

1]

UDPNAGal (Table 4).

G.  AUTORADIOGRAPHY ;

Measurable amounts of labelled precursor were incorporated into the

a

Y
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secondary cortilapge pads of chick embryos quadratojugals followinp a foug
hour pulse in ;1er. The pulse label wéshnoL ¢hased wath unlabelied
precursor as these enperiments were designed to stundy the rate of precursor
uptake rather than the time course of inecorporacion.
I) TRITIATED GLUCOSAMINE

‘The mean grain counis pec unik area of a 10 = 10 micyometer eyepiece
are shown in Table 5. Areas of secondary cartilage showing no indications
of hypertrophy were considered to be actively developing. This non-
hypertrophic cartilage was considered separately from the mature .
hypertrophile cartllagé when both occurred simultaneously (i.e. stage 37
and stage 38 controls) as the non-hypertrophic areaswere found to
incorporate label mainly over the extraceﬁl&lar matrix while the uptake
in hypertirophic cartilage was mainly Intracellular. Statistical
comparisons of thé~mean grain counts are shown in Table 7.

No detectable incorporation of tritiated glucosamine occurred in
quadratojugal ?ooks of stage 35 control embryos. In quadratojugals from

s

stage 30 control embryos no histgloglgal evidence of cartilage was seen

but incorporation of tritiated glucosamine was observed in two regions,

one anterior to the bony hook and one postierior to the bony hook

(Figure 17).  The label was moted to be mainly extracellular. The

anterior region incorporated this precursor in significantly greater

levels than dad the posterior‘reglon (Table 5, Table 7). 1In'stage 37
control quadratojugals, cartilage pads were evident and higher levels of
precursor incoyporation than in stage 36 control samples were detected in
all regions (Table 5, Fagure 18). Labelling over arecas of non-hypertrophic

cartilage weye greater in the anterior pad than in the posterior pad. The

highest lefels of incorporation at this developmental stage were observed
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JFigure 17 (Quadratojugal, from a stage 36 control ewbryo, exposed
" in vitro to [3H1~glucosamine. Note the mainly ejtracellular
label both anterior and posterior to the bony hook (B).

ABD x 803

Figure 18 (Quadratojugaly from a stage 37 control enbryo, exposed

’

in vitro to [BH]—glucosamlne. Note the dense labelling over

cartilage ante to the bony hook (B) and slight labelling
along the posterior surface of the hony hook., Cartilage
makrix 15 obscured by the labelling., Anterior below.

AB. X 100. \ ,
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over Lhe hyperirvophic ecorirlage preseni in the anterlor pad, Although

a

only a marginally saigniflcant decwease in the labelling over arcas of non-
hypertrophic cariilage in the anterlor pad was obocrved belvecn
developmental stages 37 and 38 (Table 7), the hypertrophic cariilage in
the anterior pad of quadratojugals from stage 38 control embryos -

(Figure 19) aaceorporated significantly less tritiated glucosamaine than

iy
. x

did similar cartilage ain stage 37 comtrol guadrvatojugals (Table 5,

5
~

Table 7)., Non~hypertrophic cartilage am the posterior pad of stage 38

v

control quadratojugals incorporated signiflicantly wore trltlated

s

glucosamine than did similar aveas of stage 37 conirols (Table 5,

Table 7). It was also noted, in quadratojugols from stage 38 control

¢

embryos, that the non-hypertrophic cartilage in the postexior pad

incorporated significantly less twitiated glucosamine than 4id simllor

v 1

cartilage in the anterior pad (Table 3). No sagnificant difference iIn

labelling was detectable between hyperxtrophic and non-hypertrophic arcas
of the posterior pad in stage 38 control guadratojugals (Table 7).
3 n \*’ ¥

Quadratojugals from stage 36 and stage 37 paralyzed embryos contained

no cartilage and no incorporation of tritiated glucosamine could be .
decected in che area® anterior to and posterior to the bony hook. Some

’ ¢
hypertrophic cartilage was present in. the anterior and posterior pads of

quadratojugals from stage 380 paralyzed embryos and incorporation of this

precursor vas observed in these regiops (Figure 20). However, this

wncorporation was significantly less than that observed in similar areas

3 s* I

of stage 38 control quadratojugals (Table 5). It is noted that the label
1
found in stagé 38 pavalyzed quadratojugals, unlike that observed over

hypertrophic cartilage of stage 37 and stage 38 control bones, was almost

¢ [

exclusively located over the extracellular matrix (Figure 18, Figure.19,

&

Figure 20). Y N\ ’

Py
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Figure 20-

¢

Quadratojugal, from 2 stage 38 coantrol cmbryo, emposecd
in vitro to {3H1~glucosamime. Note thot labelling over
hypertrophic cartilage (HG) is mainly Intracellular while
labelling over non~hypertrophic cdrtilage (€) is wmainly

extracellular. AB. X 60,

[

Quadratojugal, frow a stage 38 paralyred embryo, exposed
in vaitro to [BH}uglucosamine. Note that only low levels of
extracellular labelling are seen anterior Lo the bone ( P)

present where cartilage ls normally found (ef. £ig. 19).

AB. X 100,
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1) [358]-SULPHATE ,
lean prain counts pér unil area are shovn in Table 6. DRiscsosmina-

Lion was agarn nade belveen the hypertrophic and non-hypercrophile

cartzlage in ﬁhe quadratojugal sceondary eartilage pads as uptake of

this precursor resulted in label located mainly over the extracellular

matrixk im non orvpertrophic cartllape vhile labellang over areas of

hypertrophie cartilage wos equally dense intra and extracellularly.

Statistical comparisons of the mean grain counts are showm in Table 7.

No detectable Incorporation of [3551~sulphate occurred in
quadratojugal hooks frem stage 35 control cmbryos. In stage 36 comivol
embryos, although a0 histological svidence of cartilane was observed inm
Lhe qug@ratmjugal, incorporation of [BSS]-sulphaLe was seen in the
region anlerwor to the boay hook (Figure 21)., Im stage 37 conirel
quadrotojugals (Figure 22)‘catt11age pads vere evzdent aad the hypertxvophic

. N
cartllgge present in the anterlor pad incorporated significantly more
precursor tham did the non-hypertrophiec cartillage arcas (Table 6, Table 7).

N
No significant difference in incorporatzom of [33§]-sulphate was noted
betveen anterior pad and posterior pad non-hypertrophic cartilage at this
developmental stage (Table 7). In stage 38 control guadratojugals
(Tigure 23), both hypertrophic and non-hypertrophic cartilage in the
anterior pad, incorpomated significantly more of this precursor than did

similar regio&s in stage 37 control gquadratojugals (Table 6, Table 7).

N; significant change in the labelling over areas of non-~hypertrophic
cartilage in the posterior pad vas observed be(éeen developmental stages
37 and 38 (Table 7). 1t was alsc noted im stage 38 control quadratojugals

(V)
that the hypertrophic cartilage of the anterior pad imcorporated

significantly more [35S]~sulphate than did similar cartilage in the .

‘o
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Tigure 22

»
5

Quadratojugal, ﬁy@mba gtage 36 control combrye, euposed
in vitro to {3SS]~smlphate. Note the very slight extracellular
labelling anterier to the bony hook (D). Anterlor below.

AB, X 100.

Quadratojugal, from a stage 37 control embryo, exposed

in vitro to [3SS]~su1;hate. Note the low lévels of extra-
cellular labelling over non-hypertrophic cartilage (C) °
anterior to the bony hock (B). A slight amount of extra-
céilulax labelling is present posterior to the bony hook.

Anterior below. AB. X 100.



Fagure 21

Figure 22
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Figure 24

—

- r
&

Quadratojugal, from a stage 33 contiol exbryo, cuposaed

in vitro to [3SS]msu1phaLe, Note the low levels of moinly
wtracellular lobelling over areas of non-hypertrophic
cartilage (C). Labelling over areas oi hypertvophic
cartrlage (IIC) is more dense and is evealy distributed iatra

and extracellularly. AB. X 60.

Quadratojugal, from a stage 38 paralyzed embryo, exposed

in vitro to [378]-sulphate. A slight amount of extracellular

labelling 15 present over the hyperirophie cartllage (1C)

remaining anterior to the bony hook (B). Anterior below,

AB, X 100.

e
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Tagure 23

gure 24
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posterior pad (Table 6). No significant difference in labelling was

detected betveen areas of non-hypevtrophic cartliage im stage 38 control

’

quadratojugal hooks (Table 6)..

Quadratojugals from stage 36 and stage 37 paralyced embryos

. contained no cartilage and no incorporatlon of [I33]<sulphate could be

o

detected in the aceas anterior to and posterior to the bony hook., The

o°

hypertrophic cartilage remoining in both anterior and posterior pads in
quadratojugals from stage 38 paralyzed embryos incorporated thuic precursor
7 (Figure 24), but at levels sagnificantly less than that observed in

similar areas of stage 38 comnerol quadratojupals (Table 6, Table 7). It

1s noted that, as was found with incorporation of tritiated glucosamine,

<

incorporation of [BSS]—sulphate into quadratojugals from stage 38 paralyzed
7
embryos was restyicted alwost exclusively to the exiracellular matrix

f
(Flguré %ﬁ)a

i

2!




DISCUSSION

It has been demonstrated vhat the dafferentiation of secondary
cartalage on the quadratojugal of embryo chicks is assoclated with an
\1ncreased actavaty of two carvilage specific enzymes, as well as an
wcregse in tho rate of incorpozaélon and secretion of [3ﬁl~glucosaane
and [355]—sulphate, Paralysis of the embryo anhibits éifferentlatlon of
the secondary cartilage, supresses activity of the two cartilage specific
enzymes and 105ers the rate of incorporatlon‘and secretion of the radio-
labelled precursors. These Siservatlons have been supported by
comparigons of rhe relative proportions of the hexosamine inctermediates
in the synthetic pachway of chondroitin sulphate.

The pattern of secondary cartilage development on ithe quadratojugal
hook and the effects of embryo paralysis om the developuent of this
cartilage have b;en examined in detail histologically (turray, 1557, 1963;
Murray and Smiles, 19633 Hall, 1972a). Histological examination of
representative quadratojugals employed in this investigation yielded

results i1n accordance with those recorded by others and served to relate

the blochemical findings to the stage of morphological development of the

)

secondary cartilage. - )

The actrvity of cartilage specafic enzymes hasbbeen examined in a
variety of systems undergoing differentiation and maturation of cartilage.
lMedoff (1967) noted linear increases in the activity of UDPG-dehydrogenase
and 1n the activity of UDPGWAc~4~epamerase in both developing whole chick
limbs and in cultuvres of chick limb bud aggregates. The rate of increase
in activity of UDPG-dchydrogenase was more rapid than that of UDRGNAc~4-

epimerase in both systems studied. IMarzullo and Desiderio (1972) observed
- -

&
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vapid, linear Increasgs na the activities of iinre-denydrogenase and
UDPG-L~cpinerase in cmbryo chick sterna over the perxodgof histologieal

,
matusation of this tissue. Johnson and Hunt (1974) have observed °
incceased levels of accivity of UDPG-dehydrogenase and UDPG-4-epimerase

o &
during the post partum attempt of achondroplastic mice to rvecover from
AN
the abnormally lou rate of embryonic cartilage synthesis. It is to be
noted that the increased activity of these cartilage specific enzymes,

+

observed during embryomic cartilage development, have been Shogn to be
the result of higher concentratiions of the enzymes and not to be the
result of the loss of an inhiblitor or the acquisition of an adcivator
(Fedoff, 1967; Marzullo and Desaderio, 1972).

The essentially limear increase in actavlity of UDPG-4-epimerase
found, an this investigation, to accompany the development of secondary
cartilage on chick quadratojugal bones, and the detection of an increased
activity of this enzyme prior to histological differemtiation of the ‘
cartilage, correlates well with the findings im other chondrogenic
systems. However, the developmental changes in activity of UDPG-
dehydrogenase observed in thls study are aiv varlance with those noted in

several other systems, Medoff (1967) observed a slight decline in the

activity of this enzyme in cultures of chick limb bud aggregates between

a
13

6 and 7 days of culture, but this was no doubt due to adverse in vitro
condiiions resulting from the prolonged cultivation pericd. Similar
declines in the activity of UDPG-dehydrogenase have not been found to

accompany Wmaturation in other tartilage systems. It is to be noted,

¢ 0

hovever, that studies prior to the present have.been conducted primarily
on tissues which have passed the stage of anitaal, post-induction, rapad

proliferation. Hlstologlcai exzamination of developing chick quadratojugals

€
1

-

w
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\\wuiigﬁd rise in actavity of UD?C:dehydrogenase observed in chis study~is

- shown the prolaferation of chick embxyo fibrjzlasts and rat fibroblasts
n1n vitro té'be‘asspclated with an increased \te of hyaluronic acid
synthesis,, Toole andgSross (1971) and Toole (1972) have shown ihat the

, brolifgration and migration of chondrocytes in culture is accompanied by

v “ =

P
I ° ’

3t
reveals that between stage 35 and stage 36 of development there Lo m

large proliferation of cells xn the presumpiive secondary cartil e |»

o
N

v - ¢ \
reglons. Murray and Smiles (1963) and Hall (1967a, 1967b, 1968c, 1949,
1972a) have shoun thai induction of secomdary cartllage on chack

quadratojugals occurs betveen these tvo developmental stages. Thus,|tlhe

1
-

seen to accompdny both cartildge induction and the prolaferaiion of
. .

prechondroblasts. ) o
. '

Tomida et al. (1974: 1975) and Moscatelli and Bubin (19753) have

©
ot

v

’

hyaluronidate synthesis. Hall (1970c) hds shown ‘that injectrons of

0, . . s N

cortisone acetate inhlbit secondary, cartilage formation on chack embryo
3 £

quadratojugal, pterygoid and surangular bones. This inhibition, hovever,

d%gonat appear to affect the proliferation of‘gzrminal cells or young
4‘¢ ¢ ]

chondroblasts and, vhile,fthese cells failed to syntheéize sulphated

- v

N e

glycosaminoglycans, tQ;y did produce small amountg of nqp—sulphated

glycosaminoglycan. Hyaluromic acad is a nonmsulphateé glycosaminoglycan.

(Y . ’

o
Since, the rep@ating disaccharide unit of hyalufgnic acid is composed of

¢ . , . .
é?ﬁcuron&c acid and N-acetylglucosamine, the #apid rise in 'UDPG-

a vy

‘Eehydrogenase activity observed in quadratojuéai hooks between develop-

f °

mental stages 35 and 30\ may be the result of hyaluronic acid synthesis an

« v -

the proliferating prec (pdroblééts. Ochira et al, (1974) have shown-that

Y
-

young, mitotic chondrécytes have a dow rate of chondroitin sulphate

)

&
L Y [N - . o
synthesis and thatwthis rate increases to a maxaimum in chondrocytes thatl
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B

.

[N

5

have’begun Lo hypertrophy. “The levelling and subsequent* decline lin

N »

actavity of UDPG;dehydragenase observed In this study between devalop=-

\]

mental stages 36 and 38 Is associatied with & veduced rate of cellular
proliferation, observed histologically, inm' the chendrogonic tissue aand
4

may reflect o switch to predominantely sulphated glycosa@lnoglycan

synthesis. The synthesis of these compounds can be detected histolo-

- ’

- )
gically 1in quadratojugol hooks shortly after stape 36 of development has

Vi

been passed and by fdevelopmental stage 37 the chondrocytes are separated

“

by moderate amognts of secondary cartilage matrix which can be stained

» v 0 a

with techniques gpegific for sulphated glycosamingoglycans (Hall, 1968c).

°

Further, the levels of [3SS}~sulphaLe incorporatlion noted in this

Y

1nvestigation, suggest that while little sulphated glycosaminoglyean is
- o

synthesxzed by the chondrogenic tissue of stage 36 quadlauoggﬁa1s,

y

synth631s of these compounds increases significantly betweeé;otages 36 -

and 38 of development. "

-

The activities of UDPG-dehydrogenase and UDPG~4—epimerase observed,
in this wnvestigation, following paralysis of the embryo, do not dusplay

a sungle, generalized pattern., Reductions in the activity of both
enzymes vere observed following paralysis.of the embryo at developmental
- + r

stages 35 and 37 while paralysis at stage 36 of development had no

a

effect on the activity of these enzymes, That paralysis of the embryo

inhibited secondary cartilage formation on the quadra njugal hook is

K

evidenced by the histological observations. Inhabition of cartilage in

s

this system as a result of paralys.s and thg attendant lack of mechanigal

stlmulatlon iz a well documented phenowenon (tlurcov, 10633 thrray and

1
-

Smlles, 1965 Hall, 1970a, 1972a} Hauever, conilic.ing reslts on the
N
act1v1ty of UDPG-dehydrogenase agﬁ‘ f UD“G«éitgimerase in inhibated ,

-

cartilage, have bnen reported; Marzulle  and L&iﬁ\(19?0) found no decrease:

[

" ° ”\/\j
N
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3
< in UDPG-4-cpimerase actdvity following inhdbution, with bromodeonyuridine, .
d

of chondrogeuncsis in chick wbryo steraal chondrocyte cultures. Leviti

- and Dorfman (1973) observed only slight reductzons In the activities of
UDPG~dehydrogenase and UDPCNAC~4«epimerase following bromodevryuridiae

- K °

inhibition of chondrogencsis in stage 23-24 embryonsc chiek limb bud
cell cultures. Marzulle (1972} reported Lhat brouodeoxyuridine inhabition

of chondrogeneszs, in cultures.of 15 day embryo chick stermal lells, was

1

associated with sagnificant reductions in the activities UDPG-dehydro~ «

genase and UDPG-4-epimerase, to the low levels found ina v%ﬁéety of
]

tissues, 1.e. presumptive choidrogenle tissues of the early embryo and

non-chondrogenic tissues at all stages o£1deve]opment (tlarzullo and -
Desideria, %972). The activity‘of UDPG_dehydgogeﬁase, observedbin the -
' present study,n1n quadratoguggl hooks in stage 16 paralysed embryos 1o
the sane as t?at foun& in leg muscle ln stage 38 control embryos. The
: /

activity observed in stage 38 paralyzed eabryos is signaficantly less

than that recorded in similar stage controls bui ie not sagnificantly
different from that recorded in stage 35 control embryes. The activities

« ¥ =
of UDPG-4~epimerase observed in quadiatojugal hooks of stage 36 paralyzed

0

and stage 38 paralyzed embryos are similar and significan%ly less than

- “

the activities fognd in stages 36 to 38 control embrycs.‘flt 15 proposed \

\ -

1

that pardlysis of the embryo prior to the induction of secondary cartiilage
on quadratojugal hooks (i.e. paralysis at stage 35 of development) inhibits
+ 5 ' I
he_caf 1lage specific

the formdtion of what lMarzyllo (lé?Z) has called

excess of these two enzymes. Inhibition of continued differentiation of . °

¢ l

the gecondary cartilage (d.e. Para1v51svat stage 37 of development).
- - . b 1y e

. . " . s Uo.
gimilarily anhibits UDPG-4~epimerase. - However, the apparent cartilage
: ) 3

I

3

' spec1fic excess of UDPG-dehydrogenasefis on%yfpartxallx supressed following

. / , " a

8

!

au
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paralysis of the embryo ot stage 37 of development. IL voy be that

\
Q

UDPG-dehydrogenase accumulates in the colls followinp inhibition of
¥

5
N

chondrogencsis and hence the netiviiy of Lhis’encyne ostimated In vilro
s iy e R R Mt

» o -

is not a true rellection of ilitg rate of pynthesis. IL is alovo posgsible

s

=

o

Lha& the paralysis of stage 37 embryos inhuibits th» chondroitln

co

i
olymerization ensymes and that the deereased activiiy of UDXG-dehydro~

~

fenase observed in quadratojugal hooks ivem stage 18 pai7lyzedwembryas

1s the result of an increased comcentration of unP-zylode, o g@np@unér»
N ' - : ~ -
known to inhibit UDPG-dehydrogenase (Gainey and Phelps, 1972; Balduinz

v .

’ et‘al:, 1973) . Uhether the decreased actavity, of UDPG-dehydrogenase

@
v

observed in this investipation following paralysis of .the embryo at

» <

. @3 >

stage 37 1s the result of a decreased rate of synthesis of the encyme or
. the mesult of the acquisition of am inhibitor camnot be determinied from

K}
s

Prd
the'available resules. ‘

a

1

Y

~ The fallure to demonstrate a gignificant decrease in the activity of
’l

. elthé; UDPG-dehydrogenase or UDPG-4-epimerase in quadratejugal hools from*

2 i !
tage 37 para yzed enbryos 1s somewhat puzzling. Also, contrary to the
. findings of lurraye.and Sriles (1963), no cartilage could be found on
hig gical enamination of these hones. However, these histologleal

s v

ions do indicate that prior to the pavalysis of stage 36 embryos

cells had already heen znduced to forn secondary cartilage and these

» 3

cells continued to produce cartilage but the matrinm of this cartilage had

be"un to caleify at the Lime of esamirntlion, These observations are.
Y
1 i 4

P

[#]
~ compatable with those reportel for the sane system by Hall (1972a},. and

. slem-from the fact iadv Jhile (Do Canad. m strain of chickens acquire

- t

1 b4 3
,secondary cartilase at the scane stese of developrent, as do the Australian

K}

o © sirain. subsequent coleafiecation ol tu:o cartilape oacvvs much wore rapidly

o

, »

o

2
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i the Canaliaa strasn (L1, 1970). Lash (1963) has sumgosted that the

incleancd aetlivaty ol eartllase opeeifle enoyres an chondrogenie tlosuesn

<

1o tne result of stabilizatlon of the mecabollic pathway by an appropiigte

- +

stirmlation. Hllison and Lash (1971), Solursh and lMexes (1974), and

fosher and Lash {1875) have all shown that the presence of protepglycans

m the cells innedratp vieinnty is an appropriate staimulatiom for the
stabilizatron of the synthesis of cartiloges Thus, the syathesis of .

- -

cactilapge by cells olready induced dn quadraiojugals at the ture of
(€3

g
paralysis could be expected to stabilize, for at least o ghort period of |

N s

{
time, the chondrogenic motabolic pathway in the chondroblasts. In light
of tha thesis, no,significant difference In the ac tivity of either

UDPG-dehydrogenase oz UDPG-4-eplmerase would be expected betwveen guadra- .
. . ;
- " L} ° N
Lojugal hooks from stage 36\ control cmbryos and Lhose iron stage 37

paialyzed embryos. A simalar relatizonship in the wectivicy of these
enz§ﬂe% 18 ROt ezpected'between‘qdhdratnjugal hooks from stage 37 control

emb;yos znd Lhose fron stage 38 paral% ~ad efbryos if the patierm of

.
enzyme acthiLy, pacticilariy that of UD?G~4-envmerbse, in normally
developing embryoé 18 cxamined carefvli;. The increase in activity of X
this enzyme 15 seem to occul in LWo waves, one beiween d?veloﬁhental' o
stages 35 and 36 and ;ne between developmental stages 37 and 38, This o
devmlpmgntal pattern of enzyme activaty sugéﬁsts that chondrogenic @

induction of germinal cells in quadratojugal hooks also oecurs in two

vavis, The significant reduction in the activities 05'%DPG~dehydrogenase“
. , .

and of UDPG- éjﬂﬁamerase found in quadretojugal hooks in stage 38

vaxalyzad embryos is the resulL of inhlbltlon of the 1nductxuﬂ)df .

~

chondrogenesis normally occufring at or shortly cirer developmental
u * N

stage 37, “ ‘

©
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67

The level of acetwvity of both UDPG-dehydropenase and UDPG-4-~cpimerasn
obhetved in this study, in quadralogugal books from stage 36 and stage 238

paralyooed onbryvos suggest that an event imporiant to the formation of
secondary cartilage on these bomes occurs prior to stase 35 of

\
development. That induction of chondrogencsis in germinal cells around

T

the hoolk of the quédf&togugnl oceurs n anbryo chicks hetveen'stage 35

a

and stage 36 of development has been duscusied above. lowever, the Tesulis

of this investagation imdicate that o cartilage specifiec encess Of at

@ M 2 'Y . rd
least two cartilage specific enmzymes is present im gquadratojupal heoks in

5

stage 35 chick embryos. Thercfore, it is postulated thac the induction .

of qhondrogenesis‘in germinal cells around the hook of the guadratojugal

o N 0

in embryo chicks beticen stage 35 and stage 36 of development is not ithe

result of s single event, but rather represenis an event permitting ihe

é¥pression of a baas acquired by these cells as the result of an iaduction |
o ‘
N ® o
dt on earlier sidpge of development. IE has been shown that movement in

-
-

embryo chicks. commences at 3 to 4 days of incubation and that these

movements increase sharply in frequency at 7 days and again at Y to 10

, "

days of incubation (Hamburger et al., 1965; Oppenhéim, 1972; Foelix and

- '

Oppenheim, 1973). It way be that eells around the hook of the quadratojugal

acqurre a chondrogeniec bias in response Lo these mechanical stimula whieh,

having reached a critical threshold, are known to induce secondary ,
v e
chondrogenesis between stages 35 and 36 of developrent. o .,
Care was takenm to ensura that agsay redia.employed during <¢his . .
L4

£l

‘¢ &} : PAAE
invoestigation contained 4 constant anount of essential substrates and that

>

, . :
these substrates were present in excess. With these conditions, at is .

¢

possible that all differences in tht'aCEiVIEIES’Df UDPG~dehydregenase and

! 3

of UDPG-4~epimerase ;bserved in.this study, in quadratojugal hooks from
bothr normally déveloping and paralyzed embryos, reflect changes in the

B ‘ -

é “

P

e
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Voo of o eonstanl arount oL enoyne. Alternately, the possible presence

o9
of imhabirors, vhich would altes Lhe Zm valueo of the cnoymes, has been
- " s - -
montioned above. However,.the reoults reported hereim huve been
obtained fron an exbryonic cystem lm vhleh vhe biosynchetie pathiay s
being turned on, a series of evenis bnoun Lo produce patiterns of easyne o

activitles reseibling those seen in inducible eroyme systems. Thas fact,

combined with the findings of activator-ianhibitor studies in sinilar . :

systéns (Medoff, 1967; Marzullo and Desiderio, 1972), suggests that the
. h :
in vitro changes in the actavitles of UDPG-dehydrogenase and UDPG=4- . |
h -~ ~ s

epimerase in quadratojusal hoGks observed an this investigation are true

reflections of changes in the in vivo concentration of thesc encymes.

- L]

The suoply of ﬁ?P availcble to the chondrocyte has been sujgested-as .

a potential source of regulation of the synthesis of glycosaminoglycans.

i °

Lash (1968) found that the chondrpgenit tissues of the early chick enbryo
¢ Q [y

accuayglated lable from [3H]—glucbs§m1ne in the UDP-N-acetylhenosanines .

=

¥
vhereas non-chondrogenic &issues accumulated label in the earlier steps

of tae pathvay, suggesiing thau Lhe conversion of NAG-1-P to UDPGHAC
! 2 N -

oy .z . ¢ M ! - -
could be pate limiting during chondrogenesis. Tiils step 1s catalyzed by

v

¢ 9
the enzYme UDPCHAR~pyrophosphorylase and requ1re§a§he presence of UIP,
"

4 ©

i
Marzullo and Lash™(1970) found that even though considerable amounts of

o

i = o

- o - e————— o m o e—S

this pyrophosphorvlasg were present, this melabolic step was blocked in -
\ =Y . =
cuftugea of chiclmembryo sternal chondrocytes following the imhibition of
° - S . 1

chondrogeneszs by added chick serun. Winterburn and Phelps (1976, 1971)
> > . 2 ’ . "ﬂ .
found that UTP reduced the snftibicion of L—glutaminemgggructose-ﬁ—phosphate
amidotrtnsferase (the fixst step‘ln the'blos§nt§e51s of UDP~N~acetyl-

< ) [

hexosamines) caused by UDEGNAc. These authofs suggest thai’the regulation
" N a
. .

S5 glycosamlnoglycaQISyéthesis by UDPGNAc is n@? due to simple feedback

]

’

mechanisms but rather also involves an alterataon in the binding constant ’

& v ' 3 ° -
. »
4 ° 4
T
9 . ; ‘

¢ . ,

/ v . : .
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of (hes anterpediave evolied by modas zers sueh as UTP.  Tue concenbtralions

Fer

of UrP, estimited In this study, available te cheondroblasts around the

hook of the quadratejugal do zobl vary as scegondarny cartilage ie
differeuila&od and appear 1ittle affected by conditiong vhich Inhibit
this secondary cartilage. It would appear thot UTP s not involved im
the control of secondary cartilage differentiation 3? the chiel: -~ .
quadratajugal. ¢

Estimates of the relative proportions of the ingﬁymadiate“ In the
¥
biosynthesss of UDP=N~acetylhezosanlnes were conducted in order to cbtain
) :

an undication of the rale of all ensymatic reactlious in this pathway.
These esrimates indicate thet the two reactlons convertiang NAG=6-P to

UDPGIAc occur “rairly rapidly am gquadratojugalsduraing normal differentiation

!

&
of secondary carililage. VWhile o sloght accomwulation of GN-6-FP is noted in

these hools, the predominate intermediates observed at all developmental

e+

stages examined vere UDPGNAc znd UDPNAGal. The slaght increase in .
accumulatrzon of UDPGNAc frog stage 35 to stage 37 followed by a decline
in relative proggrtien between gtage 37 and stage 58 18 econsistent with
the ancreased activity of UDPG-4-gpimerase noted betw;en stage 37 and .
2]

stage 38, The predoptnance of UDPGNAec and UDPNAGal suggeghs that these

interrediates ai+ ‘being produced faster thay they are required. This
£

fanding is hard towpndeistand, especially in light ®f the fact that:
) ™

4 [4

UDPGNAC has been shown to be a regulator of this synthetic pathway via

feedback inhibition of the enzyme leading to the synthesis of GN~§—P 7

-t

(Kornfeld, 1867). it may be that UDPGNAc does mot possesg this innibitory

capacity in cmbryonic systews, thereby —aximizing the polyrerication of

glycosaminoglycan. This theory would nlace the control of cartilage -
. v y

differentiation on the nylosyltransferase step or some subséquent step.

)

¥ / =

That xylosyltransferast -my regulate the synthesis ofiéhéndrﬂitin sulphate »

4 2
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via selective digsocsatlon and reassociation with the nain corplex of

1)

pelymerisiag ensynes has been suggested Ly Stoolmaller ef all. (1972),

Schwartz (197+) and 8Speziale et al. (1974). Conversely, UDPGNAc ray be

’
\\\\\\\girectlv stimulating the rate of ‘chiondroitin sulphate synthesis., Vessey

-

]

\\ 1
et 513\319?3) have shown that UDPGNAe binds to the glucuronvliransferase

S
producing ap allosterie change that Increascs the ennyme's affinaty for
> 13

*

glucusonic acid, thereby assusfing a hlgh rate of 'glucurcnic acld
meorporation e%en at low glucuronic aoid concentrations.

The inhabition of secondary cartilage on chick guadratojugals
resulis in relative declimes In the proportions of UDPGHAc énd UDPHAGal
and in relative inereases in the proportions oiikhe parlier inﬂérmediates,

1 paiticular smereased proportions of $M-0-7. The predcninate increase
in the proveriion of GN-6~P would supgest Lhal paralvolic of Lhd enbryo
!
\

-gupresses the velocity of the shoophoglucosonine cronsocetylose step.

a - s e o B AN e gy

This encyme requires the precence of Acelyl Cp). Tae partial supression

¥

13 ¢
of this tragsacelylase following paralysis is not eniirvely unexplainable.
Jow oxygen Lensioffs favor

Hall (1969, 1970a,,1970b) has Shown that

" B

- 7 o a3
“forpation of secondary eartilage im cultired quadratojugals whereas high

o - “

N P n . 0 o e =
onygen tensionsinhibit.ihis chondrogenesls, It may be that paralysig, of

a 1

P %
the embryo, by altering {hg oxygen tension in the cells!' immediate”

'
3

Te s .
environment, or Ly direct action on the cell membrane, enhances general

© v "

o e
oxidative metabolic pathways in the chondroblasts and germinal- cells, -
. . . S
'] oy ¥
thereby ,restricting the quantities of Acet¥l Cod dvairleble to the -
L) . - . ] &
,glycosaminbglycdn’%yn'hetmc path y: : S ’ N . -

¢ °

. %he tise in péoporL of interméd;aﬁ&gprlor to UDEGNAc (s.e. GN—6~?§

(R 3 ! -

. ﬁAé-ﬁ—Pm aﬁh"NéﬁylmPf following inhabatlion gf cecondary cartilage formation

L
]

18 cdﬁpathle wath the study of»Laﬁhegégﬁﬁ}ﬁwhich demonstrated an :

*

» Fs

n t ’ - 2 v : ) T . 2
‘aécumulation of these intermédiates in the non-<chondrogenic tissues of the
A" \ N s ’”1 5

N

\
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eorle ehiiel ¢abto. The decline :a preportivds ol UHDPSNAc and UDPNAGal

.

foider 10y lﬂhi%£§iif;filE2§ soeeadazy cartilage does aot eorrelate walh

the aboogva one of de 1a Haba and Holizern (1965), who found anm

1

2 e vlation of UDPGNAc following amhebitlon of chumdropenesis with

»

puroein, o vith the observations of Levitt and Doriman {1973) that no
¢hwre da the UDP~N~aceLylhexosamlne‘pool followed znhibition of .
homd renenesis vath, beomodeoryuridine., :However, this voriation in p
nboervitions pay be the result of vardatzon iﬁ the mechanisn ok
@artﬁiane inhibition. The authors mentioned ebove suggest that bouh

purorwein and bromedeo-uriding ewert their effect via inhubition of ihe

proteoniyean core protein. The only investigation kmown Lo be rglat&va

1n Jhe cucrent Lindinzs suggests that the inhibition of chondrogenesis
sor chicl quadratojugals is nol mediated by the inhibition’of general
4
protoin evathesis (Hall, 1960e). The pattein of change in the proportioms .~

e ® .

M -

“

nf LDPENAe noted 1n quadratojugals hooks from stage 36 to_stage 38 -

4 rxs
paralyaed cibryes does, however, correlate with the pattern of UDPG~b-
< S

* ¢

Cepdowi e activity observed 1n these hooks; that is the proportion of N
-y » Qa ﬁA e '7 ) “

BRI C 1o Tuwest in stage 37 paralyzed hooks while the aetavity of .

® (3

V- -gpiversase is haghest in stage 37 paralyzed hooks.
» ¥

. Handley pnd Phelps (1972) observed that thencrmal equilibrium of the

epinerisarion onzyne in chondrocytes favored UDPGNAc anmd concluded that

Ay e, . *
this stpp was not rate lumitang during glycosaminoglycan synthesis. This
v - o, o

ivest tnation hos shoun ‘that while relative proportions. of UDPGHAc exceed

%)

° 14
”

- 14
taese of UDPNAGEY 37 quadratojugal hooks both from embryos paralyzed after

i v

ai0 1pductinn of secondary chondrogenesss and from control embryos after
4

the anmeacgance of secondary cartilage,® these two intermediates are present

3 el
.

. in equal propociions prior to the induction and/or histological diffeven-
, , ; ‘

s tiatien of secondary cartilage (1.e. stage 33 .and stage 36). It way be

- .

>
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thaw the eplnerization step ls rate Limiting Jurlag the Ilnstzation of

secondary chondrogenesic as this process abpears to be accompanied by a

shift in the normal equilibrium pavameters of the cpimerization enzywe.

R}

Paralysid of the ewbryo not only roduces the activity of the epimerase
eacyme but also aliers tho equilibrivm of the encyme oo that the UDPENAc:

UDPNAGal ratlo cmeeeds that in similar stage controls. v

“

Labelled precursor incorporation studies were conducted inm order to

. - v . &
gzamine the ral® of chondroitin sulphate synthesis as well as td correlate
J
this synthesis with the hiotologiecal differentiation of secondary cartilage.

I3

Lash (1968) has shown that [JH]-glucdsamine 15 metabolized by chondrogenic
) Yy

tissue to UDPNAGq%f and thus may be used Lo detect glycosaminoglycan
synihesis in this tissue. IMinor and Lash (1972) have shown that, in

° {
LN
chick embryos more than 5 days oid, [378]~sulphate labaliing is restricted

to the chondrogenic tissues. Hedoff (1967) and Deluca et al., (1973) have
shovn that 3'-phosphoadenosine~5'-phosphosulphate (PAPS), the active

sulphate intermediate in the synthesis of sulphated glycosaminoglycans,

-

can be labeXled wath exogenously supplied [338]-sulphate, while Adams

and lleaney (1961), Richmend et al. (1973) and Gordon and Lash (1974)

N T

have shown that this label can be transferred {rom PAPS to chondroiiin

) » .

sulphate. ‘Tac results of Hacdinghom and Mulr (1972) indicate that a &
° ° 7

hour incubation is a sufflicient time in which vo detect the synthesis and

< b4 )

export to the .entracellular matrix of [3583~1abelled chondroitin sulphate,
Althouzh no hispelog}cal ev%dence of secondary cartllage synthesis

uas observed in quadratojugals from stage 36 control embryos, significant

amounts of {3H]-glucosamine labelling was nnged In these reé;Lns where the

secondary cartilage pads are found later in development. The predominately

extracellular location of this’ label suggei7sthat the cells in these

regions were actively synthesizing and seereting glycosaninoglycan. These

v




I
observatlons support the thesis, suggested eavller on the basis of the

developmental pattern of UDPG~dehydrogenase activity, that germinal cells

in the embryo chick quadratojugal hook may respond to the induction of

secondary cartilage with an initlal burst of hyaluronic acad synthesis.

L B

- The normal developmental pattern of incovporation of both

[°H]-glucosamine ond [358}~sulphate support the histological observation
that development of secondary cartllage on the anterlor aspecc of the
quadratojugal hook preceeds that.on the postevior suriace of the hook. "
o
Further, these Ilncorporation studies show that the rate of sulphated
glycosamlnoglycgn synthesis, most likely that of chondroifin sulphate,
is higher in hypertrophic cartfiage than In non~hypertrophic cartilage.
That actively differentrating secondary cartilage rapidly exports”
synthesized matryxz materials s 1ndicat;d by the predominately entra-~
cellulax Eocatlon of Lhesewiabelled precursors in non—hy;ertrophlc {:;
caftilage: The predominately intracellular location of [3H]~gluccsamine
label in hypertrophic cartilage 15 suggestive of ; decreased rate of
glycosaminoglycan export from hypertrophic chondrocytes. This mé& be the
result of a reduced activity of the PAPS sygthetic enzZymes as indscated
by the comparatively equal imtradellular 'and extracellalar location of
[353]-sulphate labelling.

. Trom the virtual total lack of incorporation, of eithex [3H]—
glucosamine or [358]-sulphate, by cells in the ﬁggk of guadratojugals
from éaralyzed embryos, 1t 1s concluded that the failure of secondary

cartilage differentiation in these hooks is the wesult of inhibition of

///ﬁ$lhe primary step(s) in the synthetic pathway of chondroitin sulphate.

Consideration of the low levels of incorporation, of both [BH]wgluccsamine,

[}

2



™ 7

and [338]-sulphate, over the temiining hypertrophice cartilape in
quadratojugal hooks from stage 38 paralyzed cmbryos must take Into
account the fact that the cells an this tissue vere, in all probabality,

already induced aégthe time of paralysis. Of significance 1s the

predominately extracellular location of labelling din this cartilage, as

compared to fhe predomlnétely intracellular label in quadratojugal hooks
from similar stage control embryos. Fitton-Jackson (1970) and Hardingham
et al. (1972) have shoun that 11 to 12 day embryo chick tibial chondrocytes

responds to enzymatic Jun'erxon of the matrix with an increased rate of
A3

glycosaminoglycan synthesys. It may be that hypertrophic chondrocytes
in quadratojugal hooks of paralyzed embryos respond to depletion of the

secondary cartilage matrix (i.e. failure ro form normcl amounis of

v

&
matriz) with an increased rate of synthesis and/or expory of chondrortin

sulphate. -

The results of trhese current investigations demonstrate the instability,

o

(1.e. susceptibility to control by envirbnmental factors) of cartilage
. .

specific enzymes in the chondroblasts of the %econdary carvilage which
r
developes on the quadratojugal bone of ewbryo chicks. Also, these results

suggest levels at vhich the control of expression of this cartilage, by

hd o

germinai cells around the hook of the bone, may act. TFrom the normal
v ’_ N
developmental pattern of actuvity oi the epinerase enzyme, and the .
4

alterations in tho relative proportion of UDPGNAc observed.both during

normal development of secondary cartilage and following inhibition of -~
secondary cartilage formatipm, i1t is suggested that control of secondary

chondrogenesis on the embryo chick quadratojugal is exerted at the level

of the epimerase enzywe reaction, However, the results do not confirm

4

that thas reaction 15 a single point of control. It remains possible that

the changes in the biosynthetic pathway of chondroitin sulphate observed’




in thas Investlgation represent feadbnek alteral.ions due Lo control
mechanlsms attive ac the level of the glycosamnlnoglycan polynerization
enzymes.,

Two proposals advanced hereln are bf partlenlar sugnifleances
1) that the inductlon of sccondary cavtlilage on the quadrato;uga} of

embryo chieks, the differentintion of whiech cannot be totally blocked

after developmental siage 35, represents the expression of a bias acquixned
3y

by the germinal cells at an &dskser stage ofbdevelopment: abias that may
be induced by subihreshold levels of the same mechanical stimuli knowmn
to znduce secondary chondrogenesis between stage 35 and stage 36 of
development, aéd 2) that germinal cells may vespond o the induction of

secondary cariilage with an imitsal burst of non-sulphated glycosamino-

alycan synthesig,
~ 'y
T

Further investigation ¢f these proposals, as vell as investigatzon

I3

PR 3

of the actid¢ity of the glycosanimoglycan polymerization enzymes during
differentiation of secondagy cartilage, would be expescted to further
=

elucidate the faclors controlling the'evocation of this tissue. The .
@ ’

significance of both the current and proposed investaigations, not only to |

Al
an understanding of the factors controlling thesevocation of secondary
cartilage in embryo chacks, but also to an elucidation of factors
c?/trolllng chondrogenesis &M cartilage maintenance in general, are

’ - ”

noted. ) o

'3 b
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APPENDIX L

M

I

RELATION BETWEEN HAMBURGER-HAMILION DEVELOPMENTAL

u stacnst

r
[

AND DAYS OF INCUBATION®

o
.

DEVBLOPMENTAL LENGIIL OF
STAGE INCUBATTON
. 35 9 DAYS
. 3, . 10 ’DA{YS
Y ] 11 DAYS
38 - 12 DAYS

[4]

T

1 Degree of development of‘nictitgting membrang

ut1lized "to determine stage

2 Exact éays plus 3 hours in a forced-draft »
incpbator at 37 % 17C and 37 = 2% relative

humidity

<
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) APPENDIX 1T .

. ALCIAN BLUE -~ CHLORANTINE RED "STALN

. ) {Adapted from Llson, 1?5&)

Chlorantine Red: 0.5% aquecus solution, -~
Alcaan Blue: - 1% aguoous solutionf/1% acetic aeid (1L:1). Mux, fulter
’ and add 10 to 20 wg thyool. o

" ostamn in Hay&l"s Haemalum T N Y I R T Y 620 winules

1]
blu& ln tap Wdtelf S 8 68 HB 9T EN IS LI LSS AEIDDEDL AU a8 I’qul’.tf;ﬁ‘,d

Y
.

1
e o
AlClﬂn B].UG Q"(lllIC;..!'OI'!.‘ll..'.‘l‘..ﬂ.“."il. -:)""10 Iﬂ&ilutus

-

¥ d%Lﬁi&lwmﬁr..”.n.”.u.”.U.J&”%%.”.n.” M)&mmﬁs

Y

phosphomolybdic acid X aquesus)® S icisersnssercaens. 10 minutes
dlSLilled WaLEr L3 I IR I L LT TR B B BT N N N BV A I LI I B B AR B UE R BN 30 $G€;‘.0nds
Cllll}iantit{e Red 0.!0..‘"'.'..."Q‘t&.t.‘!'.“!“Gﬁl‘l.. l'—g m-LIluueS <
‘1iSLllled ‘Qatér |",ll!!"..“‘Dill.!'ii"llll'!‘h.'ll veryrbrief

r
100% alco‘h@l (2 cl‘anges) A ¥ 59BN PRSI RECNTNTS S minutes eacl‘

b

xylene (2 changes) sevssvsvassvsssrssossassssansarsaas 9 minutes cach

4

Bone matrix stains red, Cartilage matrix staing blue-grecn. .

.
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Irinciple:
= Y

Reagents:

Procedurc:

APPENDIX ILL

w UDPG-DEHYDROGENASE ASSAY

{Pontis and ﬁeluir, 1962)

UDPG 4 INAD - 190 -—> UDP-glucuroniec acid + 2NADH + 2ﬁ+

Measure NADH formation spectrophotometrically at 340 nm.

Glycwe buifer, 1M, pH 3.7; RAD, 0.05M3; UDPG, 0.01M.

s

Mix 30 mitroliters UDPG, 10 microliters NAD, and 50
mieroliters glycine buffer. Add enzyme extract and
water to 0.5 ml, Read 0.D. at 340 nm at L minute

intervals until no iurther réaction delected.
~

» M s » I3 - s el
Calculations: One unit of enzyme activity gives dabsorbancy increase

[3]

of 0.001 per minute.
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APPENDIX IV
UDPG=4=ER TMERASE ASSAY

) (Pontis and Leloix, 1961)
-~ 4 ’).‘
Principlei ’ UDPGal > UDPG _

TDPG -+ 2NAD + a0

> UDP-glucuronie acid + JNADH + ont

Measure NADH formation spectirophotometrically at 340 nm.

Reagents: Glycine buffer, 1M, pH 9.0; UDPGal, 7mM; NAD, 0.05M;

UbPG~dehydrogenase, '

Procedurc: Mi%x 5 microliters UDPGal, 10 microliters NAD, 50,

L4 :
microliters glycine buffer, and 200 units UDPG-dehydro-
genese, Wait for constant absorbance at 340 nm, then add

enzyme extraet to 0.5 ml. Read 0.D, at 340 nm at 1 minute

intervals for 4 minutes. -

Calculations: One unit of enzyme activity gives absorbancy increase of

001 per-minute.

=

)
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Principle:

Reagents:

¢

Procedurea:

3

L 4
Calculations:

APPENDIX-V

ESTIMATLION OF UTP CONCEN&RATIGN

)

ADP + UTP ——» ATP + UDD
ATP? 4 Glucose ~—3» ADP + Glucose-b-P

Ulucose—6~P 4+ NADD —-2 bO«Phosphogluronate + NADPH

\ 1)

Tris buffer, 0.5M, pH 7.8; MgClz, M NADP, 0.05 M;

ADP, 0,02M; Glucose, IM; Nucleoside diphosphokinase;

Hexokinase; Glucose~6~P dehydrogenase.

-

Mix 100 microliters Tris buffer, 10 mic;aliters MgCla,
10 microliters NADP, 10 microliters glucgge, 10 units
nucleoside dlthSphOkiﬂﬁSe,“lQ units Hexokinase, 10 units
glucose-p-P dehydrogenase, Add watér and extract and

&

mmed iate ad 0.D. at 340 om (Ey). Add 10 microliters
ADP (final volume 0.5 ml) and read 0.D. at 340 nm at
1 manute intervals until a constant abgorbancy is

reached (Eg).

AE (1.e. Ey - El) 1s 4 measure of NADPH production and
6.22 1s the extainction coefficient of NADPH at 340 nm,
Therefore, Eﬂ§§-= micromoles UTP in extract.

wr
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APPENDIX VI,
' BENZIDINE REAGENT!
‘ /
Dissolve 1 g benzldine in 40 ml glacial.acetic acid, warming, if

necessary. Dissolve 30 g triehloroacetic acid n 40 ofl water. These

0

two sulutions are then mixed to give a monophasic’ solution which is

stable in the refrigerator although it slowly darkens in colour. The

.

benzidine stock solution is diltted with acetone (1:9, V/V) immediately

before use.

Most sugars react on heating to 100~110°Q to yield brown spots on a

light yellow background.

1. From: Chromatographic Techniques, Edited by Ivor Smith, pg 168.

W. Heinemann Medfeal Books Ltd., Londem, 1958. .
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