THE EFFECTS OF 5-BROMODEOXYURIDINE AND 5-FLUORODEOXYURIDINE
ON DIFFERENTIATION AND METAMORPHOSIS IN XENOPUS LAEVIS TADPOLES

Caroline Annc Christie

A Dissertation Submitted to the Faculty of Science,
University of the Witwatersrand, Johannesburg
for the Degree of Master of Science

March 1982

e R ) . Ll i . . i . i \_ e : R



THE EFFECTS OF 5 BROMODEOXYURIDIME AND 5-FLUORODEOXYURIDINE
ON DIFFERENTIATION AND METAMORPHOSIS IN XENOPUS LAEVIS TADPOLES

- -

Caroline Anne Christie

A Dissertation Submitted to the Faculty of Science,
University of the Witwatersrand, Johannesburg
for the Degree of Master of Science

éi ' March 1982

: R e wn e T e T R
- " oy P g g AP e e e i




g
i <3
*
.
¥
!
i
¥
f‘,
i
¥

I hereby declare that this project is my own work and
rhat it has not been submitted to any other university

p ..ﬁ:ﬁ' m~&ﬁf:;;lx TS e

C. A. Christie

o s

11| e T S, et SIS




UMY 0 g

e i e e i e LI u

ABSTRACT
The effects of 5~FUR and 5-BUdR on differentiation and
metamorphosis in Xenopus Tacvis tadpoles were studicd. In part-
icular, a detailed study was made of the effects of b-FUdR on
cellular patterning and tissue differentiation during hindiimb
development. Xenepus laevis tadpoles grown in solutions of S-I'UdR
and 5~BUJR demonstrated hindlimb deformiiies, which were analysed by
staining for cartilage visibility. Furthermore a comparison of the

uptake of exogenous radicactive thymidine in the presence and
absence of 5-T'UdR by Xenvpus laevis tadpoles showed that 5-FUdR
depressed exogenous thymidine untake, |

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

; was underiaken using the analytical ultracenirifuge. The resulting
WE - ) v .

ultraviolet abscrplion photographs showed bands »f heavy and normesl
8 DA, |

Auodel is proposcd to explain the paiteening of the Xenopus
Jaevis hindTimb 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 hindliwb deveiopment during the

‘metamorphosis of Xenopus Taevis tadpo]és, 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) nrevents the formation of thymidine, which
thus prevents DNA 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 Timbs 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
1ife. Some of the more obvious external changes are : the loss of
the tail, the widening of the mauth, a change of the skin to the
adult pattern {Brown 1870). Furthermore, internal gills are replaced
with Tungs, 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 haemogiobin 1s
changed (Grisswold and Miller 1977). Xenopus laevis is unusua] in
that the adult animal remains aguatic. 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
1imbs. The hindlimb develops first, beginning at stage 43 in Xenopus
Jaevis, whereas the forelimb only starts to develop from stage 46,




(ATT stages veferved to in the toxt will be Niowshoop and Feber 1967

stages and will subseconntly boe re grrcd to as NF stane.)
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i “=Spinal Cord

: ——Enidermis
WMMWMesenchymc

o ‘wa-\

Parietal Layer of
Lateral Plate

Visceral Layer of
Lateral Plate

Figure 1.2 Draw g oF otng the protrusion of the mesemchyme and

- the tnzaa&;ﬁna of the overlying epidermic to Form a
Limb bud (from Hmwmj 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 Nieuwkoop and Faber (1967). The mesenchyme cells
proceed with the formation of cartilage, The cells Ffirst clump
together (although not very clearly described by D,R. Reuth 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 1i.e. clumps of cartilage
cells, are noted; this stage is the procartilage stage. Meanwhile
the extracellular matrix has now been laid down separating the
chondroblasts and this association of cells and extracellular matrix
s 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 perichon-
dral ossification. This development is summarised in table 1.1 and
discussed stage for stage on pages 4 to 9.
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NF Stages 43 - 47

At NF ste=e 43 the hindlimb bud is >Lcogn1sab1c for the first time
as a slight concentration of mesenchyms CG]]S,dOYSa« and lateral to
the anal tubc, under the epicermis which thickens over them. Th*s is
the stage shown in detail in Figure 1.2. The mesenchyme then becomes
concentrated divectly under the epidermis in NF stages 44 and 45. By
NF stage 46 the Timb rudiments are represented by clearly defined
masses of mesenchyme. Up to stage 47 mesenchyme continues to migrate
from the lateral plate mesoderm (Fig. 1.1), thereafter it condenses
under the epidermis, which thickens over it and becomes a double
Tayer of cells (Fig. 1.2). Subsequent to all this, growth takes
place by mitosis of existing mesenchyme cells. The external Tocation
of the hindlimb bud in stage 43 is indicated below. (The hindlimb is
not seen externally at this stage.) A1l sketches taken from
Nieuwkoop and Faber (1967).
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Figure 1.3 rLateral view of Stage 43 Xenopus lacvis tadpole

ghowing the location of the hindlimb bud.

NF_Stage 48

During this stage the hindlwmb bud 1s visible for the first time as
shownkin Figure 1.4 below.
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Hindlimb bud enlarged
semicircular

Figure 1.4 Lateral view of Stage 48 tadpole showing

hindlimb bud
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NF _Stage 49

During this stage the lxmb bud increases in size and becomes

vascularised.
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Figure 1.5 Lateral view of Stage 49 tadpole shawing the
Location of the hindiimb bud

NF Stage 50
The future pelvic girdle now hecomes “1nd1cated” by a mass of

mesenchyma at the base of the 1{imb bud. This stage 50 Timb bud
differs externally from the stage 49 bud by a constriction at the
to elongate distally.

base, The bud ber’ns

“Hindlimb bud
constricted

at base
Figure 1.6 Iateval view of Stage 50 tadpole

NF Ctage 51

b

Hindlimb bud

enlarged

(a2

Hind!h%bbud

enlarged

At this stage the Timb bud becomes innervated. The femur is
"indicated". The bud is distally elongated and referred to as the
"cone" stage. During this stage the mesenchyne begins to condense

preliminary to cartilage formation.
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Figure 1.7 ILateral view of Stage 51 tadpole
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) NF Stage 52 !

At this scage the Fumur is procartilage ard the tibio-fibula is ?

"indicated", The bud s externally recugnisable by e constriction in
the ankle region. We refer tn this stage as the "paddle stage".
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Mindiimb bud

_ ‘ enlarged showing
Himdlimb bud

ankle_constriction
Figure 1.8 TILateral view of Stage 52 tadpole

NF Stage 53

At this stage, the masses of mesenchyme begin chondrifying centrally
in the peivic girdle. The femur chondrifies while the tibio-fibula
and the‘tibiaWe fibu]are are procartilage. The beginnings of the
digits are noticeable distal to the ankle constriction as a s1ight
protrusion in the paddle region. The forerunners of digits 4 and 5

are seen,
|
e Hindlimbbud
11 | 'Hind”mltx bud enlarged showing
F-‘ . ’ 4th. and S5th digits
Tt Figure 1.9 Zateral view of Stage 53 tadpole
: NF Stage 54 L ' v
] (e At stage 54 the femur and tibio-fibula are completely chondrified,
L ~ while the tibiale fibulare is chondrifying and the metatarsals are
1 procartilage. The beginnings of the digits are noticeable distal to
the ankle constriction as a slight protrusion in the paddle vegion,
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NF_Stane 55
During this staue the femr undergoes perichondral ossification and
the stare s retoonised hy the sresence of 5 clearly demarcoted

digits.
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During this stage the tihio-Tibula unaergoes perichondral ossi-
fication, The tibiale fikulare ossifics. The meietarsals nssify
while the phalanges are ¢ﬁrti1aginnual The digits are 1ongcr,than

those in stagn 65,
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I Diglts of hindlim

v

Figure 1,12 Lateral view of Stage 66 tadpole

Nf_Stage 57
buring this stage the phalanges ossify and the cTaws become visible

as a result of the cornification of the epidermis at the tips of
digits 1, 2 and 3 to form the claws .

Figure 1.13 Lateral view of Stage §7 tadpule,

NF ttage 58

During this stage the tibio~fibula is enciosed in a tony sheath in

the middle layer. The forelimb erupts from its pouch, {at this stage)
indicating the beginning of the metamorphic ciimax iu whirh the | ;

final rapid changes occur to convert the tadpole inte o frea.
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Figure 1.14 Zateral view of Stage 58 tadpole
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NF Stages §8 - GO
During these final stages of metamorphosis the hindlimb bud
continucs arowing, certilage continues ossifying and the sdult skin
forms. Figure 1.15 belew shows these raraining ctages,
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1.3.2,  Skruclure of the adull froy {iab
In this investigation, an analysis of the posuible deformitics in
. the developing hindlimb from experiwcntal treatmenis 1.e. the use of
= 5-BUdR and 5-FUdR, is carried out, by comparisen to the nevmal adult
i
| amphibian hindlimb.
’ ,
1 Figure 1.16 below shows the arrangement of the skeletal
1 elements of the normal adult amphibian hindlimb (after A, Hilnes-
; [ Marshall 1947) ; l ‘
o elvic ] Digtel toireals
e R | 1(2+3)
| girdle l centvale 3 2 , ,
[t mememesi e i i, P St oo w8 SN i~ o e
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| Prousinal tat s
| . it digits
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Figura 1,16 A Jivgesy slosing Ho cecngen ol of Lhe oReTotal
ahencrba ot wcemad adidlb coptBian BSnd b
(ftae &0 Milwwe=tavaliadl 1047)
For convenience the Timb elesunts have boen straightened out.
The Tinb has also bron sketebed in a wore convenient Tayout. For the
present analysis 1€ is useful to arvange the hindlisb elewents into
five Tevels, nwely A, B, €, D and E. |
Level A consists of the fuaur. This is the stylopodium,
Level B consists of the tibio-fibula which {s forwed by the fusion
of the tibia and the fibula at about stage 85, This is the Znugopndium.
Level C consisks of the proximal and distal rarsals, The proximal
tarsals are known as the Liblale and fibulare, The Libiale and
Fibulare are the Tirst of two rows of tarsals which in the freg have
i become Tengthened to Torm an extra Joint, Those are followed by the
i
j . :‘,i
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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 éxtra element in ancestral

~amphibians.
Level D consists of the five metatarsals which make up most of the

foot.

Levql_g 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 ~ tibjo-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 Tlaevis
There are three main axes in the hindlimb, the pro xxmo~dwsta1 axis,
the antero-posterior axis and the dorso-ventral axis. As 111ustrated
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 Toot i.e. dorsal is the uppermost
part,
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1.4.1, The proximo-distal axis

1.4.1.1, The experinental evidence for this axis

T

Saunders {1942} found that the wing fud &f the chick embryo grows
mainly at ite distal end, This comes figu a swudy in which carbon
particles were insarted into all perts of an early wing bud vhere it
was found that the distal particles spread more widely than the
proxiual particles. At the extrene distal end no carbon particles
were found, which Ted him to the concluzion that the distal elopents
are laid down succrnsively during Timb development 1.e. they are not
present from ihc cartiest stage, These exporiments of Saundars were
repeated and extended by Tschumi (1957) on Xenopus laevis. He
inserted the carben or carmine particles into the meseachyme using
the tip of a very fine steer needle. After a period of Timb grawth,
the larvae vore Tixed and stained with Mothyl Green and cleared
Berizyl Benzoate to show up the cartilage skelelon. After two to
Lhree days, the mavks which were at first compact and well-
delinited, spread into several agoregalos of variable size as shown
in igire 1.5 onpas, ‘ '
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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 Sauhdars' findings of distal
growth being greater than proximal growth. ‘ '

Figure 1.18 Results of a carbon-marking experiment showing the
prowimal elumping and distal spreading of the
carbon particles.

As the 1imb developed, Tschumi traced back the parts that developed
te their presumptive areas in the original buds and from this
constructed a series of fate maps. The results shown 4in Figure 1.19
on page 15 show that, for example, fn MF 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 Tschumi's‘fate maps Table 1.2 below has been constructed. It
correlates well with the "indicated” stagc of the cartilage in Table

1.1, on page 10,

Stage Pelvis Femur Tibio- Tibfale Metatarsals "Phalanges
Fibula  Fibulare

48

X
50 X X X
52 X X X X
53 X X X X
54 X X X X X

Table 1.2 Sumnary of Tschumi's results

Stark and Searls (1973) conducted more sophisticated experiments on
this aspect of Timb development by means of autoradiography. They
made maps of embryonic chick wing by implanting blocks of 3.
thymidine-labelled cells into chick limbs. The final location of the
cells was established by autoradiography of histo]ogica] sections.
Contrary to the findings of Tschumi (1957) the authors located
prospective hand cells at the earliest stages. They arque that these
cells would have been Teft 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
Tenger period of time.

Dent (1962) did studies on the regeneration of the Xenopus
laevis hindlimb bud, by cutting it off at different proximo-distal
levels, The same type of experiment was attempted chemically 4n the
present dissertation using 5-BUdR and 5-FUdR. For a detailed
discussion of the effects of 5-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 regencrates are shown in Figure 1.20,
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.Figure 1.20 Eesulis of Dent's

of Xencrua lavvic were amputated al various stages

of development,

The results of Dent's experiments are also summarised as folicws
Number of digits reformed

Amputated Stage

OO

experiments in whieh hindlimb buds

51 ' 5
53 4
55 3
57 2
60 1

It will be noticed that the Tater in the development the limb is
cut off, the less regeneration takes place.

Dent studied the gross morphology only of the 1imb., The author
of this dissertation studied the cartilage development of the Timb
before and after treatment with 5-BUdR and 5-FUdR using stains and
clearing the tissue for cartilage visibility o
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The results correlated will with those of Dent in that after stage
53 chemical treatment did not cause 1imb abnormalities. Dent finds
that at this stage a normal Timb does not regenerate i.e. all Timb
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
indjspensable to the proximo-distal outgrowth of the limb. The ALR is a
thickening of the ectoderm atong the edges of the flattened 1imb
bud. See Figure 1.21 below. (It will be recalled that the Timb is a
core of mesoderm surrounded by ectoderm.)

Cross section(T1.5.) of ljmb bud

g
/ O\“ <Ap2cal ectodermal. udge

\ "\ SEelodarm
b .

Mesoderm

T Apical ectodermal ri

Dorsal view of limb bud dae

N ﬁ" h: .
E egltoderm : &t' M Ridga alang limb bud

13 1.8, here
M mesodearm \\ (

Figure 1,21 Crocs-section of an advanced chick 1imd bud
showing the apieal cetodermal vidge. (After
Balinsky 19481,) : .

The cells of this ridge contain more RNA and glycogen than ghe
surrounding epidermal cells and a high content of alkaline phos~
phatase. These biochemical propertiss indicate an active metabolism
(8a11nsky 1981). If the AER of a three day chick embryo is removed,
the distal parts of the Timb fail to develop (Saunders 1948),
Likewise if the ectoderm covering the 1imb bud in a chick embryo is
‘removed and replaced by epidermis from another part of the budy, an
apical ridge does not form and proximo-distal outgrowth 1is inhibited..




Amphibians are not normally considered to have an AER, but
Tarin and Sturdee (1971) found a structure at N stage 50 which they
consider to be the counterpart of the AER, & narvrow band of
thickened epidermis which runs around the tip of the bud and extends
a short distance proximally 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
Targer amounts 1in the "suspected ridge” of the Amphibia (Tarin and
Sturdee 1973). Although histoiogica11y this appears-to be a ridge it
does not have the biochemical properties of a true AER,

1.4.1.3, Final deternination of the proximo-distal axis
The proximo-distal axis is capable of reversal, at Teast until the
stages just prior to the appearanze of the 11.b bud, as shown by
Hamburger {1938), Chaube (1959), Reuss and Saunders ({19658) and
MacCabe and Saunders (1971) that is in the prospective Vimb bud region.
there is a proximo-distal anis which can be reversed to form a
normal bud until the stage when the Timb bud is visible. This was
shown by experiments ir which the mesodermal component of the left
Teg primordium (prospective bud) at stage 16 (seventeen ta twenty
somites) in the chick embryo was grafted o 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 1imb bud now faced
outwards. See Figure 1.22 below,

N\ forelimb forelimb

flank

et {145 4 K

- Hindlimb

;M’y,tﬂndlhnb
. e N T Y E Y
v - proximal 2k ~——.
M\W_,M‘_/ distal proximal
p P
i Figure 1,22 Sketeh showing reversal of the proaimo-distal avts

in the ehick enbryo. (For comvenience the limb s
shown as a bulge,)
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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 Tormed 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
1imb ectoderm is removed and the mesoderm is rotated to change

antero-posterior polarity. Prospective 1imb 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 Yimb is
back to front, the mesoderm which would have developed the first toe

will still develop the first toe, but it will now paint 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 4n
determining the antero-posterior axis. It will be recalled that the
proximo-distal axis is determined by the AER 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), Balecuns et al
(1970) in Saunders (1972). For the Jocation of this area see Figure
1.23 on page 21.
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Figure 1.23 Distribution of the ZFa “n the right wing bud of

the chick embryo (aftcr Saunders 1972).

P posterior

The properties of the ZPA were revealed by Gasseling (Saunders and
Gasseling 1968) when mesoderm from the zonz below the apical ridge
in the ZPA was grafted to the preaxial apex of & 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 outgrawth of a
supernumerary Timb (extra 1imb), 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 Timb with mirror image symmetry was induced.
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Figure 1.24 Experiment showing roplacement of preaxzial mesoderm
with Z2PA,and the resuliing mirror image symmetlry.
After Saunders (1972)

The activity of the ZPA is first detected in grafts from the
tissues of the postaxial border of the limb bud (HH stage 17,
Hamburger and Hamilton (1951} Appendix B). 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 polarisihg activity s shown with Tow 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..ior axis. He
did a series of transplants, by moving the Timt .uci~cit to a
distinct site on the flank, where in most cases « Fwrelinb is
formed. When the same grafts were placed on the head, the forelimb
did not grow. However, if a wide strip of flank tissus was grafted
along with the anterior disc (presumptive 1imb tissue), limbs did
form. As this flank tissue is the position of the ZPA, it must play
a role in the onset of Timb 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 trc the
stump. (See Figure 1.250np23),
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Figure 1.25 Sketeh showing the votation of the hindlimb bud
by Comeron and Fallon.

Supernumerary Timbs (two Timbs 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 ZPA and did the same experiment, the incidence of
supernumerary 1imb 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 Timb. A shallow gradient will
suppress the pattern while a deepel gradient will evoke a double |
struciure in the centre of the 1imb and an even deeﬁer one will

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

1

R T TR S
» 01 nresholds

I L

St feved

i

S e ey s

Positing

Figure 1.26 Sketch showing the Gradiens Theory of Slack (Slack
' 1877b)
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K A. shows the model for the specification of the normal Tlimb.
B. shows the suppression of the 1limb in t"e case of a shallow
gradient.
C. shows the double fusion in the centre of the Timb.
D. shnws formation of two mirror image limbs.

1.4.3. The dorso-vertral axis
The dorso-ventral axis distinguishes the top of the limb from the
bottom of the Timb. It seems to be the axis which is established
first (Chaube 1959). It also seems to be under ectodermal control
as, when the 1imb bud mescderm of a chick forelimb is dissociated
into a cell suspension, re-aggregated and placed in an ectodermal
jacket, the resulting Timb 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, 1mposwtwoqhoi antero-posterior polar1tytby implant~-
ation of the ZPA in exther anterior or posterior end of recombinant does
not alter dorso- ventra}wty which sti11 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 1imb development
Many theories have been proposed to account for cell patterning in
the Timb. Some of these theories explain cell patterning in the
proximo- ~distal direction, while others explain cell patterning in
the antero- postervor direction.

0f 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 1imb development, namely movphogenesis,
pattern formation and differentiation, WO1per (1969) distinguishes
between pattern formation and morphogenesis.

~ oAt
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- During pattarn formation, the spatial organisation of cellular
| | differentiation is specified i.e. the muscle and cartilage are

placed in their correct positions in the Timb. During morphogenesis
the shape of the Timb is moulded i.e. the wing shape or the leg
shape. It is obvious that pattern formation precedes morphogeneSls.

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 cartw1age.

A theory is proposed for pattern formation of the
Timb 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 Timb 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 form 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 poswtwona1
information:
As one method of informing each cell of jts 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 Tlow point as shown in
Figure 1,27. }&

Soutrce \\\\~
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Figure 1,27 Sketeh indicating a monotonie gradient 7. e. a

gradient in one direction wilh g source at the
high point and a sivk at the low point.
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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.e. 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 sou-ce must be of constant concentration forming a boundary
at the highest point of the gradient,

As a second method suggested'by Wolpert, 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 Timb bud which is 350 i wide. Its existence depends on the AER.
The AER permits rather than directs the pattern (Wilby 1977). Cells
proliferate in thr progress zone by cell division and cells overflow
from the progress zone becoming fixed in positional vaiue as they
cross its proximal boundary. The cells first emerging from the
progress zone would differentiate the structural characteristics of
the proximal 1imb Tevels. (Later cells having counted more time in
the progress zone would generate‘more distal positional values.) If
the AER i.e. progress zone, is removed only those cells already
specified by their sojourn in the progress zone form the Timb and
the resulting limb is defective. When the cells Teave the progress
zone only then do they differentiate. Below is a sketch showing a
cell in the progress zone at various stages of Timb development.
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F1gure’1.28 The progress zone al various stages of Timb
development (Summerbell et ql 1973)
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The third way in which cells could determine their position is by
direct transfer of positional value from uie cell to another. This
is shown during the p.ocess of induction r~ing deveiopment of the
embryo. The neural plate of the amphibian embryo is induced by the
direct transfer of positional information from the underlying
mesoder, , | ' ‘ ,

To illustrate his theory of positional information clearly,
Wolpert (1969) uses the French flag (see Figure 1.29 below).

Source
Biue White ! |"Red
L et gt e g——c—e | yo—— —— JrorT—. Jro— it s Fo—. i pRor T -—‘-ﬁ;\-‘,)"""
Source i Sinlk
|
CSink
i

Figure 1.29 fThe 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
Towest, 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.)

Red

Thresheld
Value

B .
lue Threshold

Vajue=

Figure 1.30 Sketeh showing the concentrabion threshold

o

The cell could determine its positidn by means of the mohotonic
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

| ag to the
bottom, at right angles to the fipst gradient,
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where these two gradients cross wou'ld mark the position of the cell
i.e. there would be a proximo-distal gradient and an antero-

Cposterior gradient. One other way in which a cell couid determiﬁ&

its position 1s suggested by Goodwin and Cohen‘(1969) in which each
cell knows its position by measuring the differcence in phase between
two propagating events sent out from a source, Thesa propagating
events could be chomical morphogens,

Cells interpret their position and show a genetlic response as
is shown in Figure 1,31 below. The Figure 1s a sketch of the Trench
and American Tlags, whicn can be used to i1lustrate further the
experiment discussed in Wolpert (1981) on page 25. (o) and (b) show
the flags. A portion {is vemoved {vom the middle of the French flag
in (c) and transplonted to the front end of the faerican flag in (d)
and vice versa., It will be noled that, while the flags remain |
gonetically true in (e) and (), Ancricen flag tissue remains
Rmerican and French flag tissue remains French, they behave
according to their new positien by foruiny the portion of the flag
they would have formed at that position “n their flag of origin,

s e %&;?f?d “3:7
tall & v I R ROt
v s it 1o
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Figure 1.3 Peaweplemtation Debseen (he Foonel Plag
il Lhe dmercon flag ’
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The ,Q)[H(HL ott paae 25, i vhich thigh 11€uam formped a tos when : § 
transplented to the wine bud of the chick embryo, is a practical ;
iTTustration of the theory discussed shove.

The "positienal” theory cain also he used Lo deseribe recovery
of the Timh after an injury. Two methods are rungested by Holport
iveo morphalloxis or epimorphosis, In marphalest the Timb remodels
fhe remaining tissue and forms a smaller but complete Timb, whareac

in epimorphosis there is >r011 foration or tha cells st the cut en
to give rise to a new Timb bud which forms the missing parts.

Searls (1GG7) illustrated the pher acnon of “posiiional
information" by showing thet wien cc]]s were placed in the centre of
the Timb they formed cartilags, but when cells were placed on the
periphery of the Tinb thoy fomrad nuscle,

Faber (1976 uses the bipoler gradient theory of Holport and

applies 1t te amphibian Timb dovelopment. The boundsrios of the

gradient 1ie at the eirdle skeleton proxinally and at the digits
distally. The dists] end of the gradient is defined by tne Ack. The
high point of the gradient is <dietal and the Tow noint proximal,
parte of the Timb which fall in the centre of the gredient are
removed, the gradient heccwaz ta& sleep, as thers i35 a shorter
distance Trom the previsal to e distal end, The limb therefore
grows aasin Lo sprasd the eradient ever a v tonger distance. This
process s called futercalation i.e. filling in the missing parts
(morphaticnis). coe Ploure 1,27 below.
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An elegant model for intercalation has been described by French,
Bryant and Bryant (1976). According to.the model the Timb is in the
form of a cone, decreasing in diameter distally. At various points
along the Tength of the cone a definite distance apart are circlas,

"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 Timb,
Figure 1.33 below illustrates this model.

—

A Proximal
F Dista)

fﬁiﬁﬁﬁi};gé‘ she vadial (A to F) and erreular sequences (0 to 18)
From the model of French, Bryant and Bryant (1976)
and- Bryank(1977)
There are two rules in the model fop regeneration  of the Timb 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 6 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 non-adjacent

values i.e. the shortest set is 3(4, §) 6 and the longest set is

3(2, 1, 12, 11, 10, 8, 8, 7,) 6.




2. Complete circle rule

From any given radia] position, transform:tion to form all the more
central (distal) radi-1 values can occur, nvovided that a complete
set of positional values in the circular sequence (0 to 12) is
either exposed by amputationkor generated by intercalation i.e. if
D, E ave removed the levels left are A, B, C, F and the Tevels D and

E must be intercalated betwean them.

This intercalation theory has been illustrated experimentally
by Iten and Bryant (1978) and Stocum (1975) in the newts Notophthalmus

viridiscens and Amblystoma maculata. The forearm bud was transplanted

R R S PR R R s i i st

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,

3 =
Original limb \‘S%h

2 removad

2 ftﬂarccﬂai'ed

between 1 & 3

Figure 1.34  Sketch showing the tranep lant cmperﬁment of

Iton and Bryant (1978) and Stocum (1975)

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 ¢ Yolpert (1969), to explain regeneration in the amphibian
Timb. He gives the epithelium surrounding the Timb a value of 0 and

all the other cells inside the epithelium a vaTue higher than 0, See
Figure 1.35 onp3?
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According to this theory, based on mathomatical formulae, when the
difference hetwaen twe cells s hicher than 1,12 the cells will
difforentiate, On the other hond the cells dedifferentiate when

~their difTerence 95 Tower than this value and thie initiates

regeneration, by causing mitosis Lo occur. Mitosis usually ceaces
with the onset of wiffercatiation. Accerding to this Lhee&y, cells
display théiv posttional values in ordor fo compare them and fﬁis
Lies ap with Holpert's 1hird tivory of cells communicating posi
tional values to each other, |

Maciillians (LP?&) devised & theory usivy positional inforne-
ation to Lry te explain the shape of the Tow, He suggested that the
patiern Tovmation was controlled by severe? avdionts of "morshogons ™
and involes the rote of "allostoric proteins” which bind the

. » * PR

"morphocens™, By corplox malherelical forpulae this model prodicts
the foraation of a variely of %iﬂ??@ shapes, stuply by varying the
concentralions of the “morphog: Sz of the shapes producod by
this methenatical modet 1e,¥u'19 P Twhs, According Lo this model the
concentration of the "allosteric proteins" varies with respect to
their position in the imb., If one adds more proiuins to the model
the shapes can be made move conplex, A wodification of his mndel can
be used to cxplain repeating structures.

Cde and Law (1969) atiempted a compiter sinulation of the 1imb

in Qrdar to describe patlern Tormation. This was improved upon by

Wilby end Eae (1975) using localised cell- cell interaction to give
the cartilage pattorn in sy Tinb shape. In the model, the cells
modify Lthetr metabolism IIIQVQPa1b3‘ at critical threshold Tovels of
diffusible worphoqgen, uhich may be mde op destroyed by colls,
Cartilage elenints are initiated as single colls and expand
centrifugally Lo full-sire developing sequentially along the antoro-
pesterior axia, The finad compuler pattorn gives a qood approximation
of the final Tinh patter,
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1.6 How the cells dn the Viwh bud com

As discussed in Secetion 1.5, 1t has been postuiated that there must
be some sort Uf‘signal which tells the Timb which structure to form
and what the final shope ds to be. In order to achieve the final .
shape, the cells nust communicate with one another,

One of the most well-studicd cases of cell communication “n the
?1ma is the cpithelial-mesondhvmal interaction.

Balinsky (7929, 1931, 1933) ond Filatow (1930 a and b, 1937),
in-a study on the Tiwb dovelepuent of newts, Tound {hat the
outgrowth of the mesodurm was inhibited if it did not have contact
with the Tiwb epidermis. This has been confivmed by Tschumi (19573,
who showed {hat after the inftiel cularowth of the Tiubh, further
development of the Timb bud de p@“ﬁ»d oin an eptthelial-nesenchyma
interection. He placed the naked Hiuh bud nzsenichyme i.e, with
epidernis resoved, into the abdeminal wall of the same or anuther
tadpole. This abdominal wall coosists of an epidermis ard a
pignented peritonsun with paralle] bundles of MQJFTQ fibres and some
connective tissue lying in belwnen.,

Inone series of oxperiments, he placed the noked 15ab bud
mesenchyue belveen tne ruscles arﬁ epidermis, so that it was in
contact with the dif eentiated von-lind epidarmis. In the second
series of exporimer - e placed the naked b bud resenzhyme
between Lhe peritonc.t and the puscles so tha® it would be isolated
Trom the cpidermis. The controls wore transplanted to the same sites
with their Tirb bud epithelium inisct, The Tocation of the buds in
the experimeot is shown in Figure 1, 36 belew. »
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The experimeatal Timbs withont (pidermis, transplanted between the

Cepidermis b mesenchyme, did not establish a new epidermis and did

not establish contact with the non-Timb epidermis in the wall < the

abdomen. In the sccond caze, as there was no epidermis between the

peritoncum and muscles, the Tinb tud also developed without
epidermal contact, In these lwo cases, elements did not develop,
that were more distal to lhose presumptive regions alveady present
in the mesenchywe at the start of the experiment i.e. according to
the faLP maps hased on size, see Figure 1.19. Tschumi thus coneluded
that further distal outgrowth of the mesenchyme deperded on the
epithelial mesenchymal contact.

1.7 Cvaﬁ!fT“'@Ptiﬂuavn
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Dift erentiation is the path the cell takes to final developmen® in

response to its positiwnal information. The Timb begins its
development as a multi-potential mesordar=al core which can form
chondrablasts, myobirats o fibvoblasts {presumptive cartilage,
muscle or connective tissuc), One vy in which these equipotential
cells could decide vhethor to forn cartilage or muscle is suggescad
by Taplan (1977} in which he fou 7 that a high concentration of NED
(nicotinamide adenine dinueleoiids) in chick limbs causes the cells
to bocome myeblasts vhile a low concentration of NAD causes
cartilage formation. The internal pool size of KAD is regulated by
the vascular systew, There are two types of vascular zohe in the
avian limb. The heavily vasculerised zone forms myogenic cells while
the Tightly vascuToriscd zone forms cartilage. Differentiation is
characteriscd by the formatien of rroteins specific to the special-
ised function of the cell, This s 1in addition Lo the proteins that
the cells need to survive, which are comon to all cells. In a wall-
studied case of a diff evahtwat1nq organ, the pancreas, Ruitar el al

(1968) divide the process of differentiation into a series of well-

defined stages. The above authers worked on the pancreas of the

ciick cubiro, but as the present project is wmainly a study of
cartitage in 1dub development the stages of differentiation in the
pancreas will be compared to those of the cartilage wherever
possihin,
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The cells begin as undifferentiated cells when synthesis of
"Tuxury" or cell-specific proteins, either for the pancreas or 1imb
cartilage, 1is 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

v event, see Figure 1.37. In the case of the pancreas, although
pancreasspecific proteins such as insulin and Tipase are not now
present, they are present at a concentration which is 10 104
fold Tower than that found in the fully differentiated pancreas
cell. However, 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
state, 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 chlorantine 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 103 - 10 fold increase in
specific pancreatic proteins i.e. lipase and insulin. In the
cartilage there is an increase in the productwon of chondroitin
sulphate as a result of a dramatic increase in the concentration af
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 reaulatory event
in which the enzyme concentration in the pancreas can be modulated
by external factors such as diet or hormones. Thws is the stage for
the maintenance of the differentiated state.
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Figure 1.37 Stages of differentiation of a el
(Rutter ot al 1968)

1.7.1. A detailed 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 70% water. The cartilage is enclosed in a fibrous bag, the
‘perichondrium consisting mainly of collagenous fibres. This 1ayer 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 perichon-
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.
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‘Carti1age arows iroone of wo ways
1, Lﬁl?%llt@f!juﬁwih ,

This 95 the internal growth of the cariilege, taking place by the
continued grawth of malrix belween the chondrocyles, pushing them
furthar apart.

2. Appesitional growth

This type of growth Lakes place from the perichondrium, The
innernost cells of the perichondr jun specialise into chondroblasis
and deposit patrix about themselves, These become overl.id by newe
cells and matrin edded from the perichondrium, As the cells get
buried deeper in the matlrix they underqo interstitial growth, (Arey
1968,) ‘ ‘ ,

In the limb iteelf, the first external sign that carvilage is

farning i the condentation of cartilase colls {chonorocyles et this
stage known as chondroblasts). In the togpole this steve is referred

Lo by Wiewsoep and Fabor (1967} as the procertilage stege. In the
chick wing, these conlensetions are arvanced in the pattern of the

+

future Vb in which the prosprctive humeres ete are indicated.
Indeed Lde and Agorbal (1962) commare ibic to the Td]“Itj chick

Tiwb (& autant ﬁf the chick whicho exhibits the phenoaenon of
polydwtyly). These xuthurt found that at lhe above stage many more
conclenzations then usual are found, which oo on to Torm more Lhan
the ususl nusler of oigits, According to Fde and Flin (1972) the
cartilage condensalions expand by the inclusion of more and nore
undi{ferentiated ¢ s at the Feriphery. The condensations then
merge to form arcas of precai tilage carresponding to the various
elenents of the 1inh to be formed. These authors claim that this is
a goou avgurent for the incrcesing mobilily of the chondrouytes
changitig the pattorn formetion 4n the ° a1p1d3 chiick Timb, Due tb the
grecier adhesiveness, Targer Tess separate condensations form, the
Cbreadti of the paddle is Targer thus more digits form.
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1.8 How differentiation ard cell division can be
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H-Bronics vqul?)d1nG (b“;an) is found to act ¢ a replacement for
the hase thywidine, in tha DNA malecuie, As a result the differen-
tiation process of ¢ells s affected (Wilt and Andorson 1872).
B-Fluorodeoxyuriding (5-FUdRY was first observed as an inhibitor of
the mitosis of ce12$ n cu]turéx The reason for this inhibition was
that it prevented the preduction of thywidylote synthetane, an
enzyme reauired for the production of endojonous thymidine. As this
thymidine 1s required tor the rﬂ;iwcatwsn of DNA, mitosis was
inhibited {Conrad and Ruddle 1972), In the present study, the

effects of these two drugs, Fﬁth sinely and ia combination, have
bewen snalysed, to gain further understanding of early Timb dcve?aaw
ment in Xenopus leevis tadpolue,

1.8.1, Structure of B4
As both of these dregs affect the nuslede acid DNA in some wey, it
Will be uzeful to Took at the strusture of DNA. The offects of the

drugs will be studicd in scclyen 1,8.3. and 1.8.4

WA is made up of puring and pyrimidice bases, deoxyrihose
sugar and phospe - ie actd, (Ses PMoure 1,30 balow.)
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Figure 1.39 Straetiare of the deoaprbonsoleotddes of DA

The purines are adenine and guanine, while the pyrimidines are
cytosine and thymine. The respective puring or pyrimidine is
condensed with decxypontosn sugar to form a nucleoside 1.0,
quanesine, adenosine, cylidine, thymidine, The phosphoric ester of
e nucleoside de a dooy yribonuelenlide (see Figure 1,39 above) 1.6,
adenylate, cytidylate, the aidylate, guanylate,
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These four phosphoric esters are twisted onto two spiral strands
which intertwinc to form the double he’ix of DNA (s:e Figure 1.40).

1.8.2. neplication of NNA )

Lach strand of 2NA consists of a particular sequence of purines or
pyrimiaines, 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 taymine.  During
“replication, the two strands dissociate and each one serves as a
tempTate 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 {(Du-idson 1969).

P

Figure 1.40 Replication of DNA -

1.8.3. 5-Fluorodeoxyuridine
5~F1uor0deoxyuridine has a similar structure to the nucleoside
- thymidine (pyrimidine + deoxyribose sugar), sec Figures 1.41 and
'5{f : 1.42 enpAl The only difference is that the CH3~group of the
ﬁ thymidine molecule is replaced by a Tluorine atom. 5-Fluoro-
deoxyuridine is referred {o as 5-FUdR.
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