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ABSTRACT

The effects of '5-FUdR and 5-BUdR on differentiation and 

metamorphosis in Xenopus lacyis tadpoles were studied. In part

icular, a detailed study was made of the effects of 5-fUdR on 

cellular patterning and tissue differentiation during hind’imb 

development. Xenopus ,laevis tadpoles grown in solutions of 5-FUdR 

and 5-BUdR demonstrated hindlimb deformities* which were analysed by 

staining for cartilage visibility. Furthermore a comparison of the 

uptake of exogenous radioactive thymidine in the presence and 

absence of 5-FUdR by ^ejropus 1aevis tadpoles showed that 5-FUdR 

depressed exogenous thymidine uptahe,

A buoyant density gradient analysis of G-BUdR-substituted DHA 

was undertaken using the analytical ultraccntrifuge. The resulting 

ultraviolet absorption photographs showed bands heavy and noria&l 

DMA,

A aodel is proposed to explain the patterning of the Xenopus 

1aevis hindlinb in the presence or absence of 5-FUdR.
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1. INTRODUCTION

1.1 Aim

The aim of this project was to study hind!imb development during the 

metamorphosis of Xenopus laevis tadpoles. The aspects of hindlimb 

development focussed on were cell differentiation and cell 

patterning. Cell differentiation is affected by 5-BUdR (5-bromo- 

deoxyuridine) which replaces thymidine in the DNA molecule, 5-FUdR 

(5-fluorodeoxyuridine) prevents the formation of thymidine, which 

thus prevents DMA replication, preventing cell division from taking 

place. These two drugs were therefore used to gain further insight 

into cell differentiation and cell patterning of the Xenopus laevis 

hindlimb during metamorphosis,

1-2 Metamorphosis and its relation to hindlimb development in

the frog .

The limbs of amphibian tadpoles develop during the process of 

metamorphosis, This is the process which involves the transition of 

the tadpole larva to the adult animal. In addition to the develop

ment of the limbs, the process of metamorphosis also involves other 

anatomical and physical changes to suit the frog's adult mode of 

life. Some of the more obvious external changes are : the loss of 

the tail, the widening of the mouth, a change of the skin to the 

adult pattern {Brown 1970), Furthermore, internal gills are replaced 

with lungs, pronephros with mesonephros, urea cycle enzymes are 

induced in the liver (Cohen 1970), histological changes are induced 

in the pancreas;and the oxygen affinity of the haemoglobin is 

changed (Grisswold and Miller 1977). Xenopus laevis is unusual in 

that the adult animal remains aquatic. However, this is a secondary 

adaptation and the animal still undergoes the typical anuran pattern 

of metamorphosis outlined above.

1,3 Development of the hindlimb of Xenopus laevis 

As indicated above, one of the externally visible metamorphic 

changes which occurs during metamorphosis is the development of the 

limbs. The hindlimb develops first, beginning at stage 43 in Xenopus 

laevis, whereas the forelimb only starts to develop from stage 46.



2

(All stage*; ref erred to In tlie text will bo Nieinw.oor and Faber 196? 

stages and will subsequently be referred to as RF sta^e.)

The first trace of .1 imb development way be-found- in the lateral 

plata wesedertiu The somatic layer of the bler-VI plate becomes 

thickened just 'mdenmath its upper edge. The cells of this

formed into a mass of iriesonchytiic *?ithoi't the somtic hiycr having 

lost it., continuity,. The wosendiyn.e accunn-V-tos between the 

remaining lateral pi ate epithelium and the tpnden.tis soon hesco.'.e-s 

attached to i>>e inner surface of the epilklii^i fr.ee F1g*.<ro i.i).

a n d  h i  m i l  i , : \  « r e  + o  d e v e l o p *  t h e  p r o t r u s i o n  c o n s i s t i n g  o f  a 
t h i c k e n i d  e p i t h & l l a l  c o v e r i n g  a n d  o f  a n  i n t e r n a l  i q s s  o r  d e n s e l y  
p a c k e r 1 z n s c i i c U y t e  I n c  r o a r , o s  i n  s k i -  * t t d  b e e o n . e s  t ' h e  I k s b  b u d ,  F I  s u r e  
3 , 1  i . ’iOi.'s t h e  m e s e r j e h a  c c u k w  I d l i n g  w i d e r  t h e  l a t e r a l  p l c t e  
e p i t h e l i u m  w h i l e  F i g o r *  1 , ?  &how~ t h e  f o r .  v - H o n  o f  t h a  p r o t r u s i o n .

1,3,1, Detailed dere;ription of jnndliinh devclj^’-nent 

in Xeir'p'F, l;'nvir.

thickening soon lose their epithelial connections and are trans-

f v.1Ure 1,1 7 M  n.'.'i; f

•,7,V ̂ f J • * - ■* ■■ . ‘  r ( '  J- - * > ' r r* • ( ,f , i
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S p i n a l  Cord

V i s c e r a l  L a y e r  of  

L a t e r a l  P l a t e

P a r i e t a l  Lttyer of  
.Lateral Plate

d e r m i s  
sen c h y m e

Figure 1,2 Prming $h <ting the protrusion of the mesenchyme and 

the thieke-dng of the' overlying epidermis to form a 

limb bud (from Balimky 1981)

For a detailed analysis of the tadpole development during the 

metamorphosis of Xenopus laevis refer to Appendix A. Below follows a 

detailed description of the subsequent development of the hindlimb 

as described in Nleuwkoop and Faber (1967), The mesenchyme cells 

proceed with the formation of cartilage, The cells first clump 

together (although not very clearly described by D,R, Reutb in the 

above book; this seems to be what Reuth refers to as “indicated" 

cartilage formation). The aggregated mesenchyme cells then secrete 

"chondromucoproteins" and the aggregates i,e. clumps of cartilage 

cells, are noted; this stage is the procartilage stage. Meanwhile 

the extraeel 1ular matrix has now been laid down separating the 

chondroblasts and this association of cells and extracellular matrix 

is known as cartilage. The process during which it is formed is 

called chondrification. The cartilage is slowly replaced by bone 

from the outer radius inwards and this process is called peri chan- 

ossification. This development is summarised in tablTT.Taiid 

discussed stage for stage on pages 4 to 9 . •

I



NF Stages'43 - 47 ,

At NF str^c 43 the>indlimb bud is ^cognisable for the first time 

as a slight concentration of mesenchyinf cellsjdorsa, and lateral to 

the anal tubu, under the epidermis which thickens over them. Th~s is 

the stage shown in detail in Figure 1.2, The mesenchyme then becomes 

concentrated directly under the epidermis in NF stages 44 and 45. By 

NF stage 46 the limb rudiments are represented by Nearly defined 

masses of mesenchyme. Up to stage 47 mesenchyme continues to migrate 

from the lateral plate mesoderm (Fig. I A)., thereafter it condenses . 

under the epidermis, which thickens over it and becomes a double 

layer of cells (Fig. 1.2). Subsequent to all this, growth takes 

place by mitosis of existing mesenchyme cells. The external location 

of the hindlimb bud in stage 43 is indicated below, (The hindlimb is 

not seen externally at this stage.) All z,Ketches taken from 

Nieuwkoop and Faber (1967).

Lateral view of Stage 43 Xenopus laevis tadpole 

showing the looaHon of the hindlimb bud.

NF Stage 48

During this stage the hind!imb bud is visible for the first time as 

shown in Figure 1,4 below.

Hindlimb bud 

sotn ( c i r c u l a r

Hindlimb bud 

e n I  a  r g o  d

D i u,re I d  lateral view of Stage 48 tadpole showing

hindlimb bud



NF Stage 49 ’

During this stage tht limb bud Increases in size and becomes 

vascularised.

Figure 1,5 Lateral view of Stags 49 tadpole showing the 

location of the hindlimb bud

NF Stage 50 .

The future pelvic girdle now becomes “indicated” by a mass of 

mesenchyma at the base of tht* limb bud. This stage 50 limb bud 

differs externally from the stage 49 bud by a constriction at the 

base, The bud bec’ns to elongate distally.

Figure 1,6 Lateral view of Stage SO tadpole 

NF Stage 51

At this stage the limb bud becomes innervated. The femur is 

"indicated”. The bud is distally elongated and referred to as the 

“cone" stage. During this stage the mesenchyme begins to condense 

preliminary to cartilage formation, •

H ! n d ! i m b bud 
enlarged

£>

H i n d l i m b  b U d

constricted 

at base

H i n d i  I m b b u d

enlarged

\  HI <•> d 11 m |> 

bud conical

Hindlimb bud

FigU!^_JL7 Lateral view of Stage SI tadpole



NF Stage 52

At this scage the fotiur is procartilage a^d the tibio-fibula is 

"indicated". The bud •«'s externally recognisable by p constriction in 

the ankle region. We refer to this stage as the "paddle stage".

Figure 1.8 Lateml view of Stage SB tadpole 

NF Stage 53

At this stage, the masses of mesenchyme begin cbondrifying centrally 

in the pelvic girdle. The femur chondrifies while the tibio-fibula 

and the tibiale fibulare are procartilage. The beginnings of the 

digits are noticeable distal to the ankle constriction as a slight 

protrusion in the paddle region. The forerunners of digits 4 and 5 

are seen.

NF Stage 54

At stage 54 the femur and tibio-fibula are completely chondrified, 

while the tibiale fibulare is chondrifying and the metatarsals are 

procartilage. The beginnings of the digits are noticeable distal to 

the ankle constriction as a slight protrusion in the paddle region.

.H I n‘d l i m b  b u d

H i n d  u  m b  b u d  

e n l a r g e d  sho  w j  n g 

a n.k I c .  c o n s t r i c t i o n

Figure 1.9 lateral view of Stage 53 tadpole

l i ' n d j i m b b u d  

H i n d l i m b  bud e n ! « r g c d  s h o w i n g

4 M i ,a n d  d i g i t s



Bind If m b  b u d  «nf« r go d- -« M d : g i ? s visible

Figure 1,10 l^tc.vy of Fta^ &4 la,it-ol<;t a b k w n  only

NF Stage .55

During this stain- the femur unde .-'goes perichondral ossification and 

the sta^e is recognised by the? presence of 5 clearly domarested 

digits.
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Ot/t iny this .stags the t i bio*fIbu 1 a undergoes pe»richondral ossi-

fi Cut ion. Tf*a tihiale f ihulwe osslf ios. Tho hkH? tarsal s nssi fy

whil?' the phalanges arc cartilpglnaur.. Tho diyits a m  lonyor than 

those in st-njf* 55.



riciurfc 1.12 lateral view of Stage 56 tadpole

NF Stage 57

During this stags the phalanges ossify and the claws become visible 

as a result of the eornification of the epidermis at the tips of 

digits 1, 2 and 3 to form the claws .

■'*> 7'/V// ?

S* C l o w s

Figure 1.13 Lat&val v i m  of Stage S? tadpole,,

NF Stage 58

During this stag<> the tibio-fibula is enclosed in s. uony sheath in 

the middle layer. The forelimb erupts from its pouch„ (it this stage) 

indicating the beginning of the uittamorphic climax in wh:Hi the 

final rapid changes occur to convert the tadpole into ,i frw.

t't fJ’t. V  t h

E r u p H n c j  f o r c i i m h

H i n <1 I t  ni  h

Figure 1.14 Lateml view of Stage 58 tadpole
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During those final stages of tnetanwrphosis the? hindlimb bud 

continues growvig, cartilage continues ossifying and the adult skin 

forms. Figure 1.15 belt**-/ shows these remaining r.tacjes.
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As development of ‘Un„* hindVHiih of Xerio; r<.> 1 aevis proceeds, the 

future proximal elements’ develop befoi v. tlu. distal elements. Tor 

example, the prontea'l element such as the fo;i>ur already shows 

perfchsndral os siHcation before the phalanges are ’indicated*'. This 

sequential development of cartilage aleng the proximo-distal axis of 

the limb is shown in Table L I  below (after Tschunri 1957).
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1,3.2. Structure of the aduU frog l imb 

In this investigation, an analysis of the .possible deformities in 

the developing hindlimb from exp^nmuita'] treatments i.e. the use of 

5-BUdR and 5-FUdR, is carried out, by comparison to the normal adult 

amphibian hindlimb.

figure 1.16 below shows the arrangement of the skeletal 

elements of the normal adult amphibian hindlimb (after A, Wilnes- 

Marshall 1947) . . i

To *?e Ivi c 
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D i s t a l  ta r £ti I s 
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. i T " ^ '
1 F s  f e u  I  a r e

Ti b i a l e
j Prost tf*ia i

tarsols

—  - y -

j/YiOf'0 ~ SPI'ltiJ. 

tcii'stifs singes

A « toped sum 
! _
I
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Its vo! A

T
i«vel B Invni- C

------------------------------------------- 1 -------------------------------------------

ievolD J U v g I £

F i n i t e  1 -1 6  A flu: ^u ^ itv ia r nU the > b 'ta l

elenuKb,\ 0/ ihii n'.rml adult. *7>i\m hh\Uv.b 

(aftav A. Vi b w - X m i h a  11 104/)

For convenience the limb ol ©aunts have been straightened out.

The li.'b has also be* n sketched in a more convenient layout, for the 

present analysis it is useful to arrange the hindlimb elpp’ sii s into 

five levels, namely A, 8 , C, D and f{.

Level A consists of the femur. This is the ntyliijiodium.

consists of the tibio-fibula which ir. formed by the fusion 

0/f the tibia and the fibula at about stage 5a. Thi.5 is the Zeugopodium, 

consists of the proximal and distal tnrsals. The proximal 

tarsals are known as the tibiale and fibularo. 1 ini tibialo and 

fibulare are the -first of two rows of tarsals which in the frog have 

become lengthened to form an extra joint. These are followed by the



second row of tarsals, the distal tarsals, which consist of tarsal 

number 1, tarsals 2 and 3 fused, the centrale and a prehallux which 

is a remnant of what may have been an extra element in ancestral 

amphibians.

Level D consists of the five metatarsals which make up most of the 

foot.

Level E consists of the phalanges which are present as the five 

digits. The phalanges are arranged in the digits as follows:

Digit Number Number of Phalanges 

1 2

2 2 ‘

3  3

4 4

5 3

This is a total of fourteen phalanges. Digits 1, 2 and 3 end in 

claws. (Nieuwkoop and Faber 1967,)

Balinsky (1981) uses other terms for various areas of the hindlimb. 

These are also shown in Fig. 1.16 on page 11.

Stylopodium - femur

Zeugopodium - tibio-fibula

Autopodium ~ metatarsals, tarsals and phalanges.

According to Balinsky (1981) digits 1 and 2 form first, followed by 

digits 3, 4 and 5, while Tarin and Sturdee (1971) claim that digits

4 and 5 form first.

1•4 The three axes of the hindlimb, with special reference 

to Xenopus laevis

There are three main axes in the hindlimb, the proximo-distal axis,

the antero-posterior axis and the dorso-ventral axis. As illustrated

in Figure 1,17 below, the proximo-distal axis is the axis from the

thigh to the toes, where the thigh is proximal and the toes are

distal. The antero-posterior axis is that from the first toe to the

last toe with the first toe being at the anterior end, pointing

towards the head. The dorso-ventral axis distinguishes the top of

the foot from the bottom of the foot i.e. dorsal is the uppermost 

part. ’
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Pr im«l

D t s t a  {

Poster to,

An ter tor .Dorset I Vc n t sr a [

Figure'1,1? y--. ■ of i-u- thi'ee «\/t\

■ 1,4,1, The JLx.ls. ' ' ■

1.4.1.1, The OHj-er;i?,> r.Ul^ evidence for this axis

Saunders (1948) found T-'ii;t U.o winy H;;i of the chick embryo grows 

mainly at its distal end. This coses from a study in which carbon 

particles ware inserted Into all parts of an early wing bud where it 

was found that the distal particles spread more widely than the 

proximal particles. At the extreme distal end no carbon particles 

were found, which led him to the conclusion that the distal elements 

are laid down successively during.limb development i.e. they are not 

present front the earliest stage. These.experiments of Saunders were' 

repeated and extended by Tschuaii (1957) on Xenopus laevis. He 

inserted flu.* carbon or carmine parti cl cr. into the meser«chyr.»o. using 

the tip of* a very fine steer needle, After a period of limb growth, 

the larvae wore fixed'and stained with Methyl Green and cleared in 

Benzyl Renzo*te to show up the cartilage skeleton. After two to 

three days, the marks which were at first compact and well- 

delimited, sproad into several aggregates of variable size as shown 

in Myure 3 Jf* onp,14.



Extensive spreading of the marks was noted in certain areas i.e. 

distal areas, while clumping of the marks or little growth occurred 

in the proximal areas This confirmed Saunders' findings of distal 

growth being greater than proximal growth. ’

Figure 1.18 Results of a carbon-marking experiment shotting the

proximal clumping and distal spreading of the 

carbon partialem*

As the limb developed* Tschumi traced back the parts that developed 

to their presumptive areas in the original buds and from this 

constructed a series of fate maps. The results shown in Figure 1.19 

on page 15 show that, for example, in NF stage 48 only presumptive 

pelvis is present while at NF stage 50 presumptive pelvis, femur and 

tibio-fibula are present.
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From Tscbumi's fate maps Table 1.2 below has been constructed. It 

correlates well with the "indicated" stage of the cartilage in Table

1 .1 . on page 10. .

Stage Pelvis Femur Ti bio- Tibi ale Metatarsals * Phalanges

Fibula Fibulare

48 X

50 X X X

52 X X X X X

53 X X X X . X

54 X X X X X

Table 1.2 Summary of Tschumifti remits

Stark and Searls (1973) conducted more sophisticated experiments on 

this aspect of limb development by means of autoradiography. They 

made maps of embryonic chick wing by implanting blocks of 3H~ 

thymidine-labelled cells into chick limbs. The final location of the 

cells was established by autoradiography of histological sections. 

Contrary to the findings of Tschumi (1957) the authors located 

prospective hand cells at the earliest stages. They argue that these 

cells would have been left unmarked by the cruder techniques of 

Tschumi (1957), They conclude that all the prospective cells are 

present from the earliest stages and although the distal and 

proximal cells grow at the same rate, the distal cells grow for a 

longer period of time.

Dent (1962) did studies on the regeneration of the Xenopus 

lajyls hindlimb bud, by cutting it off at different proximo-distal 

levels. The same type of experiment was attempted chemically in the 

present dissertation using 5-BUdR and 5-FUdR. For a detailed 

discussion of the effects of S-BUdR and 5-FUdR see Section 1.8. Dent 

cut off the developing hindlimb at various stages from 51 to 60 (NF 

stages) and the resulting regenerates are shown in Figure 1,20.
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The results of Dent's experiments are also summarised as follows : 

Amputated Stage Number of digits reformed 

51 5

53 4

55 3

57 2

60 x

It will be noticed that the later in the development the limb is 

cut off, the less regeneration takes place.

Dent studied the press morphology only of the limb. The author 

of this dissertation studied the cartilage development of the limb 

before and after treatment with 5-BUdR and 5-FUdR using stains and 

clearing the tissue for cartilage visibility. '



The results correlated will with those of Dent in that after stage 

53 chemical treatment did not cause limb abnormalities. Dent finds 

that at this stage a normal limb does not regenerate i.e. all limb 

parts are determined at this stage.

1.4.1.2, The apical ectodermal ridge (AER)

Saunders (1948) and Zwilling (1961) believe that the AER is 

indispensable to the proximo-distal outgrowth of the limb. The AER is a 

thickening of the ectoderm along the edges of the flattened limb 

bud. See Figure 1,21 below, (It will be recalled that the limb is a 

core of mesoderm surrounded by ectoderm.)

C r o s s  s e c f ! o n ( T . S . )  o f l i m b b u d

A p i c a l  e c t o d e r m a { „ r i d g e  

. . Ecl odf i f  m 

.M.c sod c (ni

' Apical ectodermal ridge
D o r s a l  v i e w  of  l i m b  budm

E ectoderm N\\ Rtdgo along limb bud
---- "I.S, lioro

M  mesoderm I

Figure 1,21 of an tzdvanecd ahiok limb hud

showing the apical mtodcmal vidgc. (After 

Balim'ky 1931,) ■

The cells of this ridge contain more RNA and glycogen than the 

surrounding epidermal cells and a high content of alkaline phos

phatase. These biochemical properties indicate an active metabolism 

(Balinsky 1981). If the AER of a three day chick embryo is removed} 

the distal parts of the limb fail to develop (Saunders 1948).

Likewise if the ectoderm covering the limb bud in a chick embryo is 

removed and replaced by epidermis from another part of the body,an 

apical ridge does not form and proximo-distal outgrowth is inhibited..
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Amphibians are not normally considered to have an AER, but 

Tarin and Sturdee (1971) found a structure at NF stage 50 which they 

consider to be the counterpart of the AER, a narrow band of 

thickened epidermis which runs around the tip of the bud and extends 

a short distance proximal1y on both the dorsal and ventral sides of 

the bud. Histochemical studies'revealed that RNA, glycogen and 

alkaline phosphatase which were characteristic of all the other 

AER's of other vertebrate groups were not present in significantly 

larger amounts in the "suspected ridge” of the Amphibia (Tarin and 

Sturdee 1973). Although histologically this appears*to be a ridge it 

does not have the biochemical properties of a true AER.

1.4,1.3. Final determination of the proximo^-distal axis 

The proximo-distal axis is capable of reversal, at least until the 

stages just prior to the appearm’ca of the li.ab bud, as shown by 

Hamburger (1938), Ghaube (1959)* Reuss and Saunders (1965) and 

MacCabe and Saunders (1971) that 1s in the prospective limb bud region, 

there is a proximo-distal axis which can be reversed to form a 

normal bud until the stage when the limb bud is visible. This was 

shown by experiments in which the mesodermal component of the left 

leg primordium (prospective bud) at stage 16 (seventeen to twenty 

somites) in the chick embryo was grafted to the right flank of a 

host chick embryo of the same age, but the proximo-distal axis was 

reversed i.e. the inside of the prospective limb bud now faced 

outwards. See Figure 1.22 below.

A A

distal

proximal

" - / l a n k

hindlimb

f o r  e l l  m b

P
P

Sketch showing reverml of the proximo-distal axis 

in the ahiak embryo. (For convenience the limb is

shown as a bulge,)



The ectoderm of the host's flank covered the graft and formed an 

ectodermal ridge which then induced proximo-distal outgrowth and the 

formation of a leg with right symmetry i.e. the original proximal 

tissue formed distal parts and the original distal tissue formed 

proximal parts. '

1.4.2. The antero-posterior axis (first toe to last toe)

This axis is finally determined early in development* unlike the 

proximo-distal axis. This can be shown in an experiment in which 

limb ectoderm is removed and the mesoderm is rotated to change 

antero-posterior polarity. Prospective limb mesoderm is then allowed 

to develop in combination with flank ectoderm. (The flank is that 

region of the body wall between the forelimb and the hindlimb.) The 

resulting appendages conform to the original antero-posterior 

polarity of the mesoderm, regardless of the orientation of the graft 

with respect to the major axes of the host. Thus even if the limb is 

back to front, the mesoderm which would have developed the first toe 

will still develop the first toe, but it will now point towards the 

rear of the animal. If the ectoderm is reversed through 180° the 

mesoderm develops according to its original orientation i.e, the 

first toe points fowards. This confirms the role of the mesoderm in 

determining the antero-posterior axis. It will be recalled that the 

proximo-distal axis is determined by the A£R which is ectodermal 

(see section 1,4,1,3.) (Zwilling 1956). A major control in antero

posterior determination seems to be a zone of the mesoderm situated 

at the posterior end of the limb ' ud known as the ZPA (Zone of 

Polarising Activity), Saunders and Gasseling (1968), Balcuns et al '

(1970) in Saunders (1972). For the location of this area see Figure

1.23 on page 21.
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F1 gure 1 ■ 23 Distribution of the ZPj* in the Tight wing hud of

the chick embnjo (after Saunders 1972,).

The properties of the ZPA were revealed by Gasseling (Saunders and 

Gasseling 1968) when mesoderm from the zona below the apical ridge 

in the ZPA was grafted to the preaxial apex of a host right wing 

bud, The portion of the apical ridge next to the graft (taken from 

the region where the ZPA is found) induced the outgrowth of a 

supernumerary limb (extra limb), in the preaxial mesoderm (mesoderm 

in front of the ZPA shown in Figure 1.24 below). In Figure 1.24 

below an experiment is shown in which a section of the preaxial 

border of the wing bud at its junction with the body wall is 

replaced with a similarly sized implant from the ZPA. It was from 

this that a limb with mirror image symmetry was induced.
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Pre ax i.a|

i ‘3

mirror fmage 
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Figure 1.24 Experiment showing replacement of preaxial mesoderm 

with ZPA)and the resulting mirror imago symmetry.

After Saunders (1972)

The activity of the ZPh is first detected in grafts from the 

tissues of the postaxial border of the limb bud (HH stage 17 > 

Hamburger and Hamilton (1951) Appendix 8 ). As the limb bud elong

ates, the polarising power of the ZPA becomes restricted to the 

posterior margin of the bud near its junction with the body wall. 

Thereafter it is found progressively more distally along the margin 

of the lengthening bud and it diminishes near the body wall. By HH 

stage 28 the polarising activity is shown with low frequency and is 

not detected after that.

Slack (1977a) confirmed the presence of a ZPA in the axolotl 

(Amphibian). He found that the flank tissue posterior to the 

prospective forelimb bud determines the antero-post*.,->or axis. He 

did a series of transplants, by moving the limt to a

distinct site on the flank, where in most cases a fv,relimb is 

formed. When the same grafts were placed on the head, the forelimb 

did not grow. However, if a wide strip of flank tissue was grafted 

along with the anterior disc (presumptive limb tissue), limbs did 

form. As this flank tissue is the position of the ZPA, it must play 

a role in the onset of limb formation.

Cameron and Fallon (1977) investigated the lindlimb of Xenopus 

laevis for the presence of a ZPA. They rotated hindlimb bud tips 

through 180* on the proximo-distal axis and returned them to the 

stump. (See Figure 1.25 on n U ).
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Figure 1.25 Sketch shaming the rotation of the hindlimb bud 

by Vwneron and Fallon.

Supernumerary limbs (two limbs from one stump) were induced in the 

preaxial stump tissues and the most preaxial digit always formed 

next to the grafted postaxial tissue. When they removed the 

presumptive 2PA and did the same experiment, the incidence of 

supernumerary limb formation was drastically reduced.

Slack (1977b) tries to explain the presence of this ZPA in 

terms of a monotonic gradient (one gradient only). According to his 

point of view the flank defines the high point of the gradient, thus 

determining the overall antero-posterior polarity, while the level of 

gradient determines the pattern of the limb. A shallow gradient will 

suppress the pattern while a deepeb gradient will evoke a double 

structure in the centre of the limb and an even deeper one will 

cause formation of two limbs. Fallon and Crosby (1977). See Figure 

1.26 below.

\

figure 1.26 Sketch showing the Gradient Theory of Slack (Slack 

19?7b)
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A. shows the model for the specificaLi on of the normal limb,

B. shows the suppression of the limb in tse case of a shallow 

gradient.

C. shows the double fusion in the centre of the limb.

D. sh^ws formation of two mirror image limbs. '

1.4.3. The dorso-ve^tral axis 

The dorso-ventral axis distinguishes the top of the limb from the 

bottom of the limb. It seems to be the axis which is established 

first (Chaube 1959). It also seems to b.e under ectodermal control 

as, when the limb bud mesoderm of a chick forelimb is dissociated 

into a cell suspension, re-aggregated and placed in an ectodermal 

jacket, the resulting limb shows no antero-posterior polarity i.e. 

as would be expected, the different digits are not able to be 

distinguished in the correct order but the differences in feather 

distribution correspond to the dorso-ventrality of the ectodermal 

jacket (Saunders 1972).

Therefore, imposition of antero-posterior polarity by implant-
the

ation of the ZPA in either anterior or posterior end of reconhinant does 

not alter dorso-ventrality which still conforms to that of 

ectoderm. Therefore, whereas the AER and proximo-distal and dorso- 

ventral polarity are under ectodermal control the antero-posterior 

polarity is under mesodermal control.

1 •5 Theories involving cell patterning and its 

relation to limb development 

Many theories have been proposed to account for cell patterning in 

the limb. Some of these theories explain cell patterning in the 

proximo-distal directi on, while others explain cell patterning in 

the antero-posterior direction.

Of tnose theories which propose patterning in the proximo- 

distal direction, the most well-known is that of Wolpert (1969), of 

which follows a detailed discussion. There are three important 

processes occurringduring limb development, namely morphogenesis, 

pattern formation and differentiation. Wolpert (1969) distinguishes 

between pattern formation and morphogenesis.
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During pattern formation, the spatial organisation of cellular 

differentiation is specified i.e. this muscle and cartilage are 

placed in their correct positions in the limb. During morphogenesis 

the shape of the limb is moulded i.e. the wing shape or the leg 

shape, It is obvious that pattern formation precedes morphogenesis.

A further process occurring, distinct from pattern formation 

and morphogenesis, is differentiation, which will be discussed in 

detail in section 1.7. During differentiation, an initial group of 

unspecialised cells changes to form specialised tissue i.e. 

muscle or cartilage.

A theory is proposed for pattern formation of the 

limb using the concept of "positional information" (Wolpert 1969, 

1981). This theory proposes that the path of differentiation 

followed by the cell depends on its position in the limb prior to 

differentiation. A good example illustrating this is an experiment 

in which a piece of proximal tissue from the hindlimb (near the 

thigh) is transferred to the distal tip of the wing bud in the chick 

embryo. It develops into a toe. It is still histologically hindlimb 

tissue, but its position causes it to fora the more distal hindlimb 

structure i.e. the toe. The theory proposes that each cell has a 

positional value and interprets this accordingly.

Wolpert (1981) proposes three methods for specifying positional 

information:

As one method of informing each cell of its position, Wolpert 

suggests a monotonic gradient i.e. a gradient in one direction with 

a source at the high point and a sink at the low point as shown in

fjgjli:.13 h i L  Sketch indicating a monotonia gradient i.e. a 

gradient in one direction with a source at the 

high point and a sink at the low point.



According to this theory the source releases a diffusible molecule 

and if this is broken down at a rate proportional to the concen

tration i.t\ the higher the concentration the greater the number of 

molecules are broken down'* then the concentration provides a measure 

of the cell's distance from the source. The greater the number of 

molecules that are broken down, the nearer to the source the cell 

is. The soiree must be of constant concentration forming a boundary 

at the highest point of the gradient.

As a second method suggested by Wo!pert, instead of using a 

chemical to form the gradient one could use a time zone.

The cells could measure how long they spend in a certain area, which 

Wolpert calls the "progress zone". This is a zone near the tip of 

the limb bud which is 350 p wide. Its existence depends on the AER, 

The AER permits rather than directs the pattern (Wilby 1977), Cells 

proliferate in th** progress zone by cell division and cells overflow 

from the progress zone becoming fixed in positional value as they 

cross its proximal boundary. The cells first emerging from the 

progress zone would differentiate the structural characteristics of 

the proximal lisab levels. (Later cells having counted more time in 

the progress zone would generate more distal positional values.) If 

the AER i.e. progress zone4 is removed only those cells already 

specified by their sojourn in the progress zone form the limb and 

the resulting limb is defective. When the cells leave the progress 

zone only then do they differentiate, Below is a sketch showing a 

cell in the progress zone at various stages of limb development.
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The third way in which cells could determine their position is by 

direct transfer of positional value from tne cell to another. This 

is shown during the p, ocess of induction H^ing development of the 

embryo. The neural plate of the amphibian embryo is induced by the 

direct transfer of positional information from the underlying 

mesoderm.

To illustrate his theory of positional information clearly,

Wolpert (1969) uses the French flag (see Figure 1.29 below).
Source I

Sink

Figure 1.29 The French flag

The blue zone could be regarded as the highest concentration while 

the white could be lower in concentration and the red could be the 

lowest. The concentrations have definite thresholds, i.e. there are 

no in between concentrations such as pink or light blue, (See sketch 

in Figure 1.30 below.)

White

Red
"'MIHH.II nil III.

BI ue

T h r e s h o l d
V a l u e

T h r e s h o l d  
Valuo“

Sketch showing the comervbmUon threshold

The cell could determine its position by means of the monotonic 

gradient already mentioned, or it could use a bipolar gradient or 

morphogen. One gradient could run from the blue to the"red, 

and the other gradient could run from the top of the flag to the 

bottom, at right angles to the first gradient,



Where those two gradients cross would mark the position of the cell

i.e. there would be a proximo-distal gradient and an antero

posterior gradient. Qn<" other way in wiriHi a coll could determine 

its position'is suggested by Goodwin and Cohen (1969) in which each 

cell knows its position by measuring the difference in phase between 

two propagating events sent out from a source. These propagating 

events could be chomical morphogens.

Cells interpret their position and show a genetic response as 

is shown in Figure 1,31 below. The Figure is a sketch of the Trench 

and American flags, whicn can be used to illustrate further the 

experiment discussed in Wolpert (1981) on page 25, (a) and (fc>) show 

the flags, A portion is removed from the middle of the French flag 

in (c) and transplanted to the front end o^ the American flag in (d) 

and vico versa. It will be noted that, while the flags remain 

genetically true in (e) and (f), American flag tissue remains 

A m e n a m  and French flag tissue remains French, they behave 

according to their now position by fom'ms the portion of the flap 

they would have formed at that position ?r» their f l a g  of origin,
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The experiment on price ?r», in which thiyh tissue forced a toe when 

trensplunfed to the wine bud of the chick embryo, is a practical 

illustration of the theory discussed above.

The "positional" theory, can also he used to describe recovery 

of the limb after an injury. Two methods are r*.'{!<jested by Wolport

i.e. morphsllaxls or epiwarphysis, In niorphallaxis the limb remodels 

the remaining tissue and forms a snaller but complete limb* wherear* 

in epiriorphosis there is pro! if oration of the cells et the cut end 

to give rise te a new limb hud which forms the missing parts.

SearIs (19('7) illustrated the phen *acnon of “positional

■ information" by showing that when cells were placed in the centre of 

the 1imb they formed cartilage, but when cells were placed on the 

periphery of the Irnb they fur„-M muscle.

Faber (19/ft) uses the bipolsr gradient theory of Wo*lport and 

applies it to amphibian 1 imb dr'clofsacnt. The boundaries of the 

gradi«!sw lie at the girdle skeleton proxir.'ally and at the digits 

distally, The dist-1 end of the gradient is defined by tne AtR. The 

high point of the gradient is distal and the low point proximal♦ If 

parts of die 1 iftsb wsich fall in the centre of the gradient are 

removed» the gradient, becomes teo sleeps as there is a shorter 

distonce »re® the proxlsisal to the distal c»vl« The 1 inib therefore 

grows afifi’iji to spread the erariient over a longer distance. This 

process is called iiuerealation i.e. fillimj in the nrissing parts 

(morpfial lexis). ^ee fleure 1.3? below.
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An elegant model for intercalation has been described by French, 

Bryant and Bryant (1976). According to the model the limb is in the 

form of a cone, decreasing in diameter distally. At various points 

along the length of the cone a definite distance apart are circles., 

A, B, C, D, E and F. On each circle's diameter are twelve points. A 

to F represents the proximo-distal axis of the limb, while 0 to 12 

represents the antero-posterior and dorso-ventral axes of the limb. 

Figure 1.33 below illustrates this model.

12/0

(A to F) and circular sequences (0 to 12) 

from the model of French* Bryant and Bryant (IB?6)
and Bryanl: (1977)

There are two rules in the model for regeneration of the limb when 

tissue has been removed,

1• Shortest intercalation rule

When cells with normally non-adjacent positional values in either 

radial or circular sequence are brought together, growth occurs to 

intercalate the missing positional values i.e. if circular levels 4,

5 and G are removed, the missing parts must be intercalated between’ 

them. The circular sequence is continuous, therefore there are two 

possible values which could develop between the two lion-adjacent 

values i.e. the shortest set is 3(4, 5) 6 and the longest set is 
3(2, 1, 12, 11, 10, 8, 8, 7.) 6.



2, Complete circle rule

From any given radial position, .transform;tion to form all the more 

central (distal) radrl values can occur, "v‘ovi.ded that a complete 

set of positional values in the circular sequence (O' to 12) is 

either exposed by amputation or generated by intercalation i.e. if

D, E a^e removed the levels left are A s B, C, F and the levels P and 

E must be intercalated between them.

This intercalation theory has been illustrated experimentally 

by Iten and Bryant (1975) and Stocum (1975) in the newts Hotophthalmus 

viridiscens and Amblystoma maculata. The forearm bud was transplanted 

to the upper arm of the same animal, omitting the middle section of 

the arm. See Figure 1.34 below* There was considerable dedifferen

tiation of the stump of each of the transplanted sections and 

intercalation occurred to replace all the missing proximo-distal 

levels.

O r i g i n a l  tlmb 
2 r e m o v e d

1 a p p a s e d  t o  3

b e t w e e n  1 & 3

Figure 1.34 Sketch showing the trmoplant experiment of 

Itan and Bryant (1975) and .Stocum (3975)

This experiment was also interpreted graphically by Faber (1976) as 

shown in Figure 1.31 on page 28,

Maden (1977) developed a theory along the lines of French, 

Bryant and Bryant (1976), incorporating the "positional information" 

theory c*‘Wolpert (1969), to explain regeneration in the amphibian 

limb. He gives the epithelium surrounding the limb a value of 0 and 

all the other cells inside the epithelium a value higher than 0. See 

Figure 1.35 an p'32
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According to this theory, based on mathematical formulae, when the 

difference between two colls is higher than 1,1? the cells will 

differentiate* On the other ir. ml the cells dedifferentiate* when 

their difference is lower than this value and this initiates 

regeneration, by causing mitosis to occur. Mitosis usually ceares 

with the onset of c^fferonliaiion, According to this theory, cells 

display their positional values in ordtn* to compare them and this 

. ties us' '.nth Wolpsvt*a third theory of cells conraun^atins posi

tional values to each other.

MarVlillianis (i»?C) devised a theory usirg positional, inform

ation tn try to explain the of the Ktno.ffe ougoosted that the 

pattern formation was control Ins by severe1 vp^dionts of “morphoosns" 

and Invoke the role of "all osier it protein:; “'which bind the 

ti(0r|;fu,i!_,c’iis , by complex rnathe-w.Ucal fortnuliie this model predicts 

the formation or a variety of simple shapes} simply by varyintj the 

concentr«tions of the “liiorphogi-'rts". Some of the shapes produced by 

this Pi‘.ththustic..ii mode 1 ros».«H?1ed limbs. According to this model the 

concentration of the "allostaHc proteins" varies with respect to 

their position in the limb. If one adds wore proteins to the model 

the shakos can be made n?os© complcx« A modification of his model can 

be used to explain repeating structures.

Edo and law (1969) attempted a computer simulation of the limb

in order to describe pattern formation. This was improved upon by

•Kilby <md toe (1975) using localised cell-cell interaction to give

the cartilage pattern in ;'ny limb shape. In the model, the cells

modify their metobolism irreversibly at critical threshold levels of

diffusible ii.orpho'jen, which may be made or destroyed by cells,

Cartilage! ekiu.nl:; are initiated as single cells and expand

centrifuyally to fu11~si>e developing sequentially along the antoro-

pocterior*asis. Thr final computer pattern gives a good*approximation 

of '(he final li!nh'-pntt<Tn,



-1.6  How the cells in the Jinib hud ^ . * f ! a n o t h e r

As dlscusned in Section 1.5, it has boon postulated that them must 

he $oi::3 s o rt  of signal which tolls the limb which structure to fonrt 

and what the. final -shape is to be. In order to achieve the final , 

shape, the cells must communicate with one another.

One of the most we 11 -studied cases of cell communication 'In the 

limb is the ep i i he T1 a 1 - we senuhynia 1 interaction.

Balinsky {*93, 1931, 1933) and Filatow (1930 a and b, 1932) ,  

in a study on the limb development of newts5 found that the 

outgrowth of the mesoderm was inhibited if it did not have, contact 

wi'ih the limb epidermis. This has been confinecd by Tschumi (1957). 

wi'in showed that after the initial outgrowth of the limb,, farther 

development of the limb bad t?epr"-‘. d on an epithelial-mesenchymal 

interaction, He placed the naked lis-b bud mesenchyme i.e. with 

epidermis removed, into the abdominal wall of the same or another 

tadpole, This abdominal wall consists of an epidermis m d  a

connective tissue lyim* in between.

In one series of experiments, he placed the noked 1 fab bud 

rcesenchyrsc- between tne muscles and epidermis, so that It was in 

contact with the dif^entialed tmn-limb epidermis. In the second 

se> ies 01 experunerit- placed the naked 1 imb bud mesenchyme 

between the peritonea and the ruseles so that it would be isolated 

frc.ii the epidermis. the controls were transplanted to the same sites 

with their 1imb bud epithelium intact. The location of the buds in 

the experiment is shown in Figure 1.36 below. .

pigmented peritoneum with parallel bundles of muscle fibres arid some

muscu's & ep in now i s
m u s c l e s  & PERITONEUM

hiUU' -lit 1 r i .\v;*



The experimental limbs without epidermis, transplanted between the?

. epidermis v H  inesenchywe, did net establish a now epidermis and did 

not establish contact' with the non-limb epidermis in the wall . ' the 

abdomen. In the second case, as there was no epidermis between the 

peritoneum and muscles, the limb hid also developed without 

epidermal contact. In these two cases, elements did not develop, 

that were more distal to those presumptive regions already present 

in the mesenchyme a!; the start of the experiment i.e. according to 

the fate maps based on size* see Figure I.i9. Tschumi thus concluded 

that further distal outgrowth of the mesenchyme depended on the 

epithelial mesenchymal contact,

1.7 Cvtodiffet•ontiati on

Differentiation is the path the cell takes to final development in 

response to its posit tuna! information. The limb begins its 

development as a multi-potential Resords^al core which can form 

cliondrohlasti, rcyobi.'̂ t.s or fibroblasts {presumptive cartilages 

.ijû ule or connective tissue), One way in which 'these equipotential 

cells could decide whether to form cartilage or muscle is suggested 

by ,apian (19??) in which he fou*1 that a high concentration of NAD 

(nieotim-mkk; adenine d1nucleotide) in chick lirabs causes the cells 

to become myoblasts ..while a low concentration of MAD causes 

cartilage formation. The internal pool size of HAD is regulated by 

the vascular system, There are two types of vascular zone in the 

avian limb. The heavily vascylaHsed zone form? myogenic cells while 

the lightly vasculanswi zone forms cartilage. Differentiation W  

characterised by the formation of proteins specific to the special

ised function of the cell, This is in addition to the proteins that 

the cells need to survive, which are common to all cells. In a well- 

studied case of a differentiating organ, the pancreas, Rutter el al 

(19GB) divide the process of differentiation into a series of well- 

defined stages. Tlu> above authors worked on the pancreas of the 

cmck ensbro, but as the present project is mainly a study of 

cartilage in limb development the stages of differentiation in the

pancreas will be compared tc those of the cartilage wherever 
possible, . ‘
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The cells begin as undifferentiated cells when synthesis of 

"luxury" or cell-specific proteins, either for the pancreas or limb 

cartilage, is zero. This is called the undifferentiated state, see 

Figure 1.37.

The cells are subsequently converted to cells with "pancreatic 

potential" or "chondrogenic potential" in the primary regulatory 

event, see Figure 1.37. In the case of the pancreas, although 

pancreas-specific proteins such as insulin and lipase are not now 

present, they are present at a concentration which is 10 - 10 

fold lower than that found in the fully differentiated pancreas 

cell, BowLver, their level is significantly higher than that found 

in non-pancreatic cells. This state of pancreatic cell development 

is referred to by Rutter et al (1968) as the protodifferentiated 

states see Figure 1.37, In the cartilage cell, the protodifferen

tiated state is characterised by the first appearance of chondroitin 

sulphate (which can be detected by alcian blue and chlorantirie fast 

red with which it gives a distinct blue stain).

The conversion of the protodifferentiated cells to the fully 

differentiated state occurs as the second regulatory event, see 

Figure 1.37. This second regulatory event is preceded by a terminal 

cell division which is followed by a 10^ - 10^ fold increase in 

specific pancreatic proteins i,e, lipase and insulin. In the 

cartilage there is an increase in the production of chondroitin 

sulphate as a result of a dramatic increase in the concentration of 

the chondrogenic enzymes. (A teminal cell division is not necess

arily the last cell division as the fully differentiated catilage 

cells continue dividing to achieve growth of the cartilage.)

Rutter et al (1968) also describes a tertiary regulatory event 

in which the enzyme concentration in the pancreas can be modulated 

by external factors such as diet or hormones. This is the stage for 

the maintenance of the differentiated state.
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1,7.1. A riPitailfid discussion of a differentiated

cell type, namely cartilage 

As seen in Figure 1.38* cartilage consists of cells called chon

drocytes and a matrix surrounding them. The matrix consists of 

collagenous fibres, chondroitin sulphate, chondromucoid, albumoid 

and 701 water. The cartilage is enclosed in a fibrous bag, the 

perichondrium consisting mainly of collagenous fibres. This layer is 

not immediately obvious after cartilage growth ceases. The chon

drocytes found in the matrix tend towards a spherical shape in the 

centre of the cartilage. However, at the edges near the peri chon- 

drium, the cells are relatively young and flattened. ,

To mark the beginning of cartilage development, mesenchyme 

cells enlarge into crowded vesicular cells in a mucinoid fluid. 

(Procartilage stage.) Thin plates of matrix then appear between the 

cells and enclose them. The cells are now called chondrocytes. 

Mesenchyme surrounding this mass of cartilage becomes compressed and 

is known as the perichondrium. In the mature cartilage the chon

drocytes are found singly or in groups in spaces in the matrix. The 

spaces are known as lacunae.



Cartilage grows in one of two ways :

1, Intqrst'i hi-:'] .growth

This is the internal growth of .the? -car'd lege* taking place* by the 
continued growth of matrix between the chondrocytes, pushing them 
further apart.

2. Appos 1 tjonaJL JPiBitfl? •

This type of growth takes place from the perichondrium, The 

innermost cells of the perichondi ium specialise into ehondroblasts 

and deposit r^iirix about themselves, These become over!..id by newer 

cells and matrix added fmi the perichondrium. As the cells get 

buried deeper in the matrix they undergo interstitial grov/th. (ftrey 

1968.)

In the limb itself, the first externa! sign that cartilage is 

terrains is the condej'^tien of cartiUeo cells (chondrocytes at this 

stage known as cbu*i !roblasts). In the tadpole this stays is referred 

to fay ftfeuv/koop and Faber (]%;} as the procartilage stage. In the 

chick v.irsg, these cc-sdensations are arr«:.n:!«„d in the pattern of the 

future 1 ir.ih in which the prospective humerus etc arc indicated. 

Indeed tda and Aoerbik ( J % 8) compare this to the Talpid3 chick 

lieb (a Mutant of t’ie chick which exhibits the phenomenon of 

polyd.elyly), These* authors found that at the above stage many more 

condensations th?n usual are found, winch go on to form more than 

the usutil niKubor of oigits. According to tde and FTin (1972) the 

cartilage condensations expand by. the inclusion of wore and more 

undifferentiated c-Jls at the periphery. The condensations then 

nieHjG to iorui arcus of precai t.iloge corresponding to the various 

eler^tts of the 1 m b  to be formed. These authors claim that this is 

a good argument for the increasing mobility of the chondrocytes 

changing the pattern formation in the Talpid3 chick limb, Due to the 

grttuer adhesiveness, larger less separate condensations form, the 

breadf.ii of the paddle is larger thus more digits form,
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1,8 How cHff erarM «ti/m _ and c;ej 1 divIjsJnri can bo 

affsHr' ed hy Hit' une b-45lMR

* G-Brotnodftoxyuv’idiup (It-BUdR) is found to act a.. a replacement for 

the bnso thymidine, in the DNA tnaleculn. As a result the differen

tiation process of cells is affected (Wilt and Anderson 1972),

5-F1 uorodeoxyur 1 ditie (5-FUdR) was first observed as an inhibitor of 

the mitosis of cells ’n culture, Tho reason for this inhibition was 

that it prevented the production of thynmiylr.te synthetase4 an 

enzyme required for the production of endogenous thymidine. As tins 

thymidine is required tor tho replication of DNA, mitosis was 

inhibited (Conrad and Ruddle 197?), In the present study. tha 

effects of t!*.«se two drugs,-'-9th sinoly and in ccnb-snation, have 

be^n analysed, to gain further understanding of early limb develop

ment In Xenopus la^yis tadpoles,

1,8,1, Structure1 of (VIA 

As both of these drugs affect the nucleic scid DNA in sojsg wey, it 

will be useful to look at the structure of DNA, The effects of the 

drugs will be studied in scction 1,8,3, and 1.8,4,

Dak is padt- up of purine and pyrimidine bases, deoxyribose 

sugar and phosp.. ic acid. (Stva rigurc* 1 3 9  below.)

o • V *  «
fS,n Thyn,7e ^ v
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wy I; dooxy. t*:t ll..*1;,*O CH
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‘ " 11 >*-• tc

o f  tha dco;Mjvrh-nvA!->lcoHthm o f  DNA

The purines are adenine and guanine, while the pyrimidines are 
cytosine and thymine. The respective purinh or pyrimidine is 
comtanscd with d(-oxyi»ento«.n sugar to form a nucleoside i.e. 
guanosine, adenosine, cytidine, thymidine, Tho phosphoric ester of 
tho nuclcosidn ■]* a deoKyribonucleoLido (see Figure 1.39 above) i.e. 

a deny I ate, cyt > dy 1 ata > thy,n i dy 1 ate, gunny! nte,



These fot^ phosphoric esters are twiVted onto two spiral strands 

which intertwine to form the double he1 ix of DNA (s>e Figure 1,40).

1,8*2, HopHi cation of DNA ,

Each strand of DMA consists of a particular sequence of purines or 

pyrimidines, with a purine on the one chain pairing with the 

complementary pyrimidine on the other chain. The adenine pairs with 

the cytosine and the guanine pairs with the thymine. During 

replication, the two strands dissociate and each one serves as a 

template for the synthesis of two new complementary chains of DNA. 

When the new chain is being synthesised, adenosine picks up its 

complementary nucleotide thymine and guanosine picks up its 

complementary nucleotide cytidine (Da idson 1969).

Figure 1,40 Replication of DNA

1*3*3. 5-Flu o rodeoxyuri dine

S-Fluorodeoxyuridine has a similar structure to the nucleoside 

thymidine (pyrimidine + deoxyribose sugar), see Figures 1,41 and 

1.42 oiip.41 The only difference is that the CIL group of the 

thymidine molecule is replaced by a fluorine atom, 5-Fluoro- 

deoxyuridine is referred to as S-’FUdR,
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