
1

THE ROLE OF SONIC HEDGEHOG IN 

PATTERNING THE 

CHICK EMBRYONIC LIMB

Garyfalia Drossopoulou

A thesis submitted for the degree of Ph.D

Department of Anatomy and Developmental Biology 

University College London 

University of London

December 1998



ProQuest Number: 10797827

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10797827

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



2

To my parents



ABSTRACT

This thesis investigates the cellular and molecular basis of patterning of the 

antero-posterior axis of the chick limb by Sonic Hedgehog (Shh). Shh is expressed in 

the polarizing region, which is localised at the posterior margin of the limb bud. Shh 

expression is stable when the polarizing region is transplanted to the anterior margin 

of another chick limb bud and additional digits are specified, but Shh is not induced in 

host tissue. Application of Shh at the anterior of the chick limb bud also gives rise to 

digit duplications. High Shh concentrations result in shoulder girdle defects mediated 

by activation of Bmps. Shh acts in a dose dependent manner specifying digits in an 

anterior to posterior sequence, with anterior digits being specified first. Dil and DiA 

labelling shows that the fate of cells up to 300pm away from the Shh source can be 

influenced and cells that would not normally contribute to digit formation, can now 

give rise to an extra digit 2 or 3 according to the length of time that they have been 

exposed to Shh. Molecules such as Bmp-2, Fgf-4, Hoxd-13 and Hoxa-13 involved in 

antero-posterior patterning are induced by Shh at 16 hours after application. The 

tumor suppressor gene patched (ptc), the putative receptor for Shh is induced as early 

as 2-4 hours indicating a rather fast response. However, it is not until 24 hours after 

Shh application that irreversible digit pattern duplications are produced and this 

correlates with irreversible ectopic Bmp-2 expression. Application of Bmp-2, at 16 

hours can not replace the effects of Shh, but can enhance significantly the polarizing 

activity, especially if combined with Fgf-4. In talpic? chick mutant, ptc is not 

expressed at high levels even after exogenous application of Shh, suggesting that 

induction of Bmp-2 and Hoxd-13 is independent of ptc. A COS cell line expressing a 

membrane tethered Shh construct was prepared but these cells did not produce pattern 

changes when grafted to chick wing buds.
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INTRODUCTION

1.1- How pattern of structures arises.

The three dimensional form of organisms is achieved through a process termed 

pattern formation (Wolpert, 1969). During embryogenesis, the body plan of an animal 

is initially laid down in a broad outline, which is subsequently refined, leading to the 

formation of self-autonomous regions termed as secondary fields in which the 

processes of regional specification are repeated anew (reviewed in: Blair, 1995; 

Lawrence and Struhl 1996; Brook et. al. 1996). In these secondary fields, pattern 

formation occurs in separate steps: first the cells that comprise the field itself are 

defined, then specific signalling centres which serve to provide positional 

information, are established within the field. Subsequently, positional information is 

recorded on a cell-by-cell basis and cells respond to additional signals according to 

their already encoded positional information.

In terms of building the pattern of the developing organism, it is not so much the 

individual molecules involved, but the flow of information and the general system in 

which they participate that is important (Lawrence and Struhl, 1996). So, pattern 

formation in several animals might use some of the same procedures and even similar 

molecules. Therefore, certain principles that have been identified in organisms such as 

Drosophila might be applicable to vertebrates. In Drosophila, patterning can be 

viewed in three steps. First, positional information in the form of morphogen 

gradients allocates cells in non-overlapping domains, creating a compartment. 

Second, each of these compartments obtains an identity and by the combination of 

certain active and non-active “selector” genes, cells are instructed not only what part 

of the body to form but also how to interact with neighbouring compartments. Third, 

interaction of cells between compartments initiates new morphogen gradients that 

specify pattern. Initially one compartment makes a short-range inducer (Basler and 

Struhl, 1994), that stimulates responding cells in the neighbouring compartment to 

produce a long-range morphogen that carries positional information to the cells of 

both compartments (Nellen et. al. 1996). In Drosophila wing development the short- 

range inducer, specified by the engrailed gene, is the secreted protein Hedgehog,
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which is regulated by engrailed and is expressed only in the posterior but not the 

anterior cells of the wing imaginal disc (Lee et. al 1992; Tabata et. al. 1992). It 

activates decapendaplegic {dpp) in the anterior compartment cells, which is believed 

to act as the long-range morphogen (Nellen et. al. 1996). In vertebrates, one example 

of compartment formation is the rhombomeres. However there is no evidence so far 

that the boundaries between rhombomeres act as cellular interfaces that build 

morphogen gradients. In the developing vertebrate limb, there are indications that 

Sonic hedgehog (homologue of the Drosophila hedgehog) acts as a secreted molecule 

organizing the antero-posterior pattern (Riddle et. al. 1993) and induces the 

expression of Bone morphogenetic proteins (homologues of dpp). This conserved 

relationship between Sonic hedgehog and Bone morphogenetic proteins provides an 

indication that the third step, the induction of morphogens by short-range signals, 

might apply to antero-posterior patterning in vertebrate limb development.

It is important to distinguish a morphogen from other organizing molecules. A 

morphogen is a substance that diffuses through a tissue and its distribution determines 

the development of cells in the tissue (Wolpert, 1969). In gradient models of pattern 

formation, a morphogen diffuses away to establish a concentration gradient which is 

interpreted as pattern, so that for example downstream genes are activated in specific 

domains. The morphogen gradient orchestrates cellular behaviour, so that its 

distribution prefigures the pattern (Wolpert, 1969). Therefore, if the distribution 

changes, even details of the pattern change in ̂ co-ordinated and predictable manner 

(Wolpert, 1969). In the establishment of a morphogen gradient two specialised 

regions are required, a source and a sink (as reviewed in Slack, 1991). According to 

this model, the source is at one end of the field having a constant concentration of Co 

and the sink is the entire responding field with each cell destroying the morphogen at 

a rate proportional to its local concentration. If the source region is left fixed and other 

regions of tissue are rearranged then the gradient will eventually relax to its original 

configuration (reviewed in Slack, 1991). If a source region, which can be identified as 

an organizer, is removed then the concentration will fall to zero and no structures will 

be formed. If the source is removed from one end of the field to another then the 

predicted structures will be established but in an overall reverse polarity. Furthermore, 

if an extra source is applied to the far end of the field, then a duplication will be 

formed, which consists of two sets of similar structures arranged with opposite 

polarity around a central plane of mirror symmetry (Slack, 1991). This model can
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account for the requirement of organizer regions, the determination of structures at a 

distance from the organizer and the establishment of mirror image duplicated patterns 

when a second source is introduced.

Another possibility is a double gradient model, developed by Gierer and Meinhart 

that depends on lateral inhibition and involves two morphogenetically active 

substances, an activator and an inhibitor. The activator stimulates its own production, 

and that of the inhibitor, while the inhibitor represses the expression of the activator 

(reviewed in Slack, 1991). Both substances are diffusible and the inhibitor diffuses 

faster than the activator. This way a periodic pattern of multiple peaks can arise that 

account for repeating patterns, such as the three digits that develop in the chick wing 

and are determined as 2, 3 and 4 from anterior to posterior.

The best understood example about the establishment and interpretation of 

gradients comes from the Bicoid protein, which is the primary determinant of anterior 

body pattern in Drosophila. One possibility is that morphogens act directly in a field 

of cells creating differences of concentration between individual cells or groups of 

cells. This way, cells should be able to discriminate between relatively small 

concentration differences (Lawrence and Struhl, 1996) in order to follow a particular 

cell fate decision. An alternative way is that morphogens act indirectly. The 

extracellular gradient is transduced via receptors, resulting in regional and maybe 

graded distribution of intracellular transcription factors. These factors would 

subsequently determine different properties or even initiate the synthesis of other 

regulatory proteins (Lawrence and Struhl, 1996).

1.2- Development of the vertebrate limb

1.2.1- Laying down the limb pattern

The developing limb is a good model to investigate the identity of the molecules 

and their complex interactions that assign positional information. The embryonic limb 

bud is a very informative system, because it can be subjected to several powerful 

complementary approaches, such as surgical manipulations, ectopic expression 

studies in the chick and targeted gene disruption studies in the mouse. The limb bud is 

identified as a secondary field in development. It first develops as a bud of
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mesenchymal cells originating from the lateral plate and somitic mesoderm. The wing 

bud first appears at stage 16 and the leg bud at stage 17 (Hamburger and Hamilton 

1951). Several approaches have focused on the limb field and how initiation or 

budding of the limb bud is accomplished. Initial experiments have shown that, if a 

barrier is placed between the intermediate and lateral plate mesoderm, no limbs will 

be formed, while removal of the intermediate mesoderm also results in loss of limb 

formation (Stephens et. al. 1991; Geduspan and Solursh 1992). However, normal limb 

initiation and development can occur without differentiation of the intermediate 

mesoderm (Femandez-Teran et. al. 1997). The discrepancies between these results 

may be due to the different type of manipulation performed, since any physical 

disruption of the limb field, with a barrier or surgery, may lead to abnormal limb 

development (Femandez-Teran et. al. 1997). Fibroblast growth factors (Fgfs) are 

involved in limb initiation. Fgf-8 expression is transiently localised to the 

intermediate mesoderm at hind- and forelimb levels prior to limb initiation (Crossley 

and Martin, 1995; Vogel et. al. 1996). Application of beads soaked in Fgf-4, -8 placed 

in the interlimb flank regions, induce ectopic limb formation (Cohn et. al. 1995; 

Ohuchi et. al. 1995; Crossley et. al. 1996; Vogel et. al. 1996). Useful information 

regarding gene expression associated with budding, can be obtained by the study of 

the limbless mutant, which in the homozygous condition is characterised by chicks 

that lack wings and legs (Carrington and Fallon, 1988; Ros et. al. 1996; Grieshammer 

et. al. 1996). Fgf-8 expression is undetectable in the limbless limb ectoderm, 

indicating that this domain of Fgf-8 expression is dispensable for budding (Ros et. al. 

1996; Grieshammer et. al. 1996). Because, Fgf-8 expression in the intermediate 

mesoderm is normal, it is possible that only this source of Fgf-8 is sufficient for 

budding (Ros et. al. 1996). However, limbless limb buds can emerge in the absence of 

intermediate mesoderm Fgf-8 expression (Femandez-Teran et. al. 1997). It is possible 

that Fgf-8 acts via a relay mechanism, inducing another signal in the lateral plate 

mesoderm. One good candidate for a signalling molecule that relays the initial Fgf-8 

signal is Fgf-10 which is expressed in the early limb field and can be induced by 

application of Fgf-8 (Ohuchi et. al. 1997a).

The mesodermal cells comprising the limb bud divide faster than the surrounding 

flank cells so that the limb buds start to bulge out. A thin peripheral layer of ectoderm 

encloses the loosely packed mesodermal cells of the bud. The ectoderm thickens at 

the distal margin and as the limb bud increases its proximo-distal dimension, this
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thickened ectoderm becomes a well defined ridge which follows the rim of the bud 

along the antero-posterior axis at the interface of the dorsal and ventral surfaces of the 

bud and is termed as the apical ectodermal ridge (AER). The apical ectodermal ridge 

remains as a recognizable ridge at the apex of the bud until the digits are completely 

formed at stages 32-33. As the limb bud grows, cell division remains high at the distal 

tip and reduces proximally, thus the mass of cells is expanding most rapidly at the tip. 

Between stages 16-24, the limb is paddle shaped and curved ventrally (Fig. 1.1). As it 

continues to grow, a kink develops which will become the elbow (or knee). Later a 

broad hand- or foot-plate is formed, from which the digits are established and in the 

chick wing the three digits formed are termed as 2, 3, and 4 (from anterior to 

posterior) (Fig. 1.1). So, the limb unfolds with proximal structures appearing from the 

undifferentiated tip region before the more distal structures. The final contours of the 

developing limb are defined by regions of programmed cell death, that become more 

apparent at later stages during the establishment of interdigital regions. The completed 

elements show characteristically different skeletal patterns in fore- and hindlimbs. A 

limb is a three-dimensional structure with several different tissues, cartilage, bone, 

tendons, muscles and other soft tissues.

Pattern formation in the developing limb involves assignment of positional values 

within this three-dimensional co-ordinate system, followed by interpretation of these 

values that leads to appropriate cytodifferentiation. The simplest co-ordinate system 

corresponds to the three axes of the limb: - the proximo-distal (P-D) axis which runs 

from the attachment of the limb via the shoulder/pelvic girdle to the body wall, to the 

tips of the digits; - the antero-posterior (A-P) axis, which runs at right angles to the P- 

D axis, for example, in the hand from thumb to little finger; - the dorso-ventral (D-V) 

axis, which runs from the back of the hand, for example, to palm (Fig. 1.1). 

According to the idea of reaction-diffusion mechanisms, in a system that contains an 

activator that stimulates its own synthesis and that of an inhibitor, which in turn 

inhibits the synthesis of the activator, a type of lateral inhibition will occur so that 

synthesis of the activator is restricted in one region. Under certain conditions which 

are determined by the reaction rates and the diffusion constants of the components, a 

closed system of a certain size, can spontaneously develop a spatial pattern of 

activator with a single concentration peak. If the size of the system is increased two 

peaks will develop and so forth. Such a system could thus generate periodic patterns, 

like the arrangement of the digits. Therefore, in the wing, such a reaction-diffusion



Figure 1.1-

Illustration of development of the chick wing. The wing bud develops as a protrusion 

of the flank and subsequently grows distally, to eventually develop into the 

characteristic shape of a wing, by day 10 of development. Ossification has not 

occurred by this stage. (Figure adapted from Tickle and Eichele, 1994)

A: anterior, P: posterior, Pr: proximal, Di: distal, Do: dorsal, Ve: ventral.
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mechanism (or other mechanism) could result in a single peak of some morphogen in 

the proximal region of the limb bud, which would specify the pre-pattern of the 

humerus, in more distal regions, alterations in the reaction-diffusion conditions 

mediated by changes in proximo-distal positional information may give rise to three 

peaks of the morphogen that specify the three digits. These pre-patterns could then be 

modified by signals determining A-P and P-D positional information.

1.2.2- Outline of interactions in the three main axes and molecules 

involved

The three major axes appear to be set up at different times and by different 

mechanisms. Establishment of pattern requires three major sets of interactions: an 

epithelial-mesenchymal interaction between the apical ridge and the underlying 

mesenchyme, that is involved in P-D patterning, a second interaction, specifying the 

D-V axis, between the covering ectoderm of the limb bud and the underlying 

mesenchyme, and a mesenchymal-mesenchymal interaction between a specialized 

region at the posterior limb domain and the nearby cells at the tip of the limb bud, 

determining A-P polarity. Several genes have been identified so far, exhibiting 

restricted patterns of expression along the three axes of the limb and are involved, 

either directly or indirectly, in the establishment of pattern.

1.2.2.1- Patterning along the proximo-distal axis

Once the limb buds form, the apical ridge is essential for limb outgrowth. The 

closely packed columnar cells that comprise the ridge may give the apical ridge a 

mechanical strength that probably keeps the limb flattened along the dorso-ventral 

axis. The length of the ridge controls the width of the bud. A specialised region 

termed the progress zone is located underneath the apical ridge. This is a region of 

rapidly proliferating undifferentiated mesenchymal cells where the cells acquire their 

positional information and is also involved in limb bud outgrowth. The apical ridge is 

responsible for maintaining the progress zone. If the ridge is surgically removed, then 

outgrowth is affected and limb truncations occur (Saunders, 1948; Summerbell, 

1974b). The proximo-distal level at which the limb bud is truncated depends on the 

time that the ridge is excised. Early removal of the apical ridge gives rise to severe
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truncations at the level of the humerus, while removal at later stages results in 

truncations of only the distal parts of the digits (Summerbell, 1974b).

At least three Fgfs are expressed in the apical ridge, Fgf-8, Fgf-4 and Fgf-2. Fgf-8 

is the first to be expressed prior to apical ridge formation, in a broad stripe in the 

ectoderm over the distal limb-forming region. Its expression later becomes restricted 

to the apical ridge (Heikinheimo et. al. 1994; Ohuchi et. al. 1994; Crossley and Martin 

1995; Mahmood et. al. 1995; Crossley et. al. 1996; Vogel et. al. 1996) (Fig. 1.2A). 

Apart from Fgf-8, Fgf-2 is also expressed along the entire length of the apical ridge, 

while Fgf-4 is expressed in the posterior two-thirds (Niswander and Martin 1992; 

Suzuki et. al. 1992; Savage et. al. 1993; Dono and Zeller 1994) (Fig. 1.2A). The 

signal from the apical ridge can be sutftituted by Fgf-2, Fgf-4 and Fgf-8 (Niswander 

et. al. 1993; Fallon et. al. 1994; Crossley et. al. 1996). Implantation of beads soaked in 

Fgf-4 protein to apex and posterior limb margin of chick limb buds, following 

removal of the apical ridge, maintained the undifferentiated mesoderm, allowed 

complete outgrowth of the distal limb field and thus permitted subsequent 

determination and formation of distal limb structures (Niswander et. al. 1993). This 

means that, a limb bud that would normally just give a humerus when the apical ridge 

is removed can develop radius, ulna and a set of digits, in addition to humerus, with 

appropriate application of Fgf-2 or Fgf-4 beads. In addition, when Fgf-2 is 

misexpressed, using a retrovirus, in intact limb buds, the humerus and radius may be 

duplicated and extra digits can also form, most frequently a digit 2, due to growth 

stimulation in anterior tissue (Riley et. al. 1993).

Many other genes are known to be expressed by the apical ridge cells, including 

other signalling molecules such as Bmp-2, -4 and the product of the Wnt5a gene, and 

a number of transcription factors such as distaless, engrailed (reviewed by Tickle and 

Eichele, 1994). Transcripts of some genes such as Msx-1 and Msx-2 are expressed in 

both apical ridge and distal mesenchyme and are believed to be concerned with the 

function of the progress zone (Davidson et. al. 1991; Tickle and Eichele, 1994).

Patterning along the proximo-distal axis depends on a timing mechanism. As the 

limb bud grows, cells are continuously leaving the progress zone. Thus in the case of 

the forelimb, cells leaving first give rise to the humerus, while cells that leave last will 

give rise to the tips of the digits. Cells may measure the time spent in the progress 

zone according to the number of cell divisions. Removal of the apical ridge results in 

cessation of proliferation so cells differentiate according to the positional value they



Figure 1.2-

Molecules expressed (A) at the tip of the limb bud and (B) in ventral and dorsal 

ectoderm. (A) limb showing expression of Fgf-2, Fgf-4 and Fgf-8 transcripts in the 

apical ridge and Shh transcripts in the posterior distal limb region. (B) Transverse 

section through the wing bud. Wnt7a is expressed in the dorsal ectoderm and Lmx-1 is 

restricted in the dorsal mesenchyme. En-1 is expressed in the ventral mesenchyme. 

Arrow pointing at Shh indicates maintenance of Shh expression by Wnt7a.
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had at the time of ridge removal and, because no more distal values are specified, 

truncations will occur. Evidence for this idea also comes from experiments based on 

killing cells in the progress zone, or blocking their proliferation at an early stage by 

using X-irradiation. The result is that proximal structures are absent but distal ones are 

almost normal (Wolpert et. al. 1979).

1.2.2.2- Patterning of the dorso-ventral axis

Rotation of the ectoderm through 180° around the dorso-ventral axis results in 

inversion of dorso-ventral polarity (McCabe et. al. 1974). This suggests that signals 

from the ectoderm can specify mesodermal dorso-ventral cell fate. Engrailed-J (En- 

/), is expressed in the ventral ectoderm (Davis and Joyner 1988; Davis et. al. 1991; 

Gardner and Balard 1992), and the secreted factor Wnt-7a is expressed in the dorsal 

ectoderm (Dealy et. al. 1993; Parr et. al. 1993) (Fig. 1.2B). A L1M homeodomain 

protein, Lmx-1 is expressed in the dorsal mesoderm (Riddle et. al. 1995; Vogel et. al. 

1995a) (Fig. 1.2B). Either Lmx-1 or Wnt-7a can dorsalise ventral mesoderm (Riddle 

et. al. 1995; Vogel et. al. 1995). Loss of function of En-1 also results in dorsalisation 

of the distal mesoderm (Loomis et. al. 1996). Furthermore loss of Wnt-7a function 

results in ventralisation of dorsal characters (Parr and McMahon 1995), while targeted 

disruption of Lmx-lb, the mouse orthologue of the chicken Lmx-1, results in similar 

dorsal-to-ventral conversions (Chen et. al. 1998). All this suggests a model for D-V 

patterning in which Wnt-7 a, the dorsal ectodermal signal, results in expression of 

Lmx-1 in the dorsal mesoderm and En-1 represses the expression of Wnt-7 a in the 

ventral ectoderm. Since Lmx-1 is a transcription factor it must instruct dorsal fate by 

regulating the expression of other factors which themselves contribute to the 

determination of dorsal fate (Johnson and Tabin 1997).

In the eudiplopodia chick mutant embryos, ectopic apical ridges form in the dorsal 

ectoderm and the resulting ectopic limbs are double dorsal (Goetinck 1964). 

Furthermore, limbless mutants that lack an apical ridge have double-dorsal wings 

(Ros et. al. 1996; Grieshammer et. al. 1996). The apical ridge develops at the 

interface between dorsal and ventral ectoderm, at the boundary between cells that 

express radical fringe (r-fng) and cells that do not (Laufer et. al. 1997; Rodriguez- 

Esteban et. al. 1997). When the interface between r-/hg-expressing and non

expressing cells is disrupted, either by ectopic r-fng expression or by eliminating
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portions of endogenous r-fng expression, then new ridges form at boundaries of r-fng- 

expressing and non-expressing cells (Laufer et. al. 1997; Rodriguez-Esteban et. al. 

1997). Therefore, it has been suggested that r-fng acts as a boundary-determining 

factor between the dorsal and ventral domains. However, loss of function 

homozygous Wnt-7 a mutants, have a defined apical ridge in the proper location (Parr 

and McMahon 1995). Furthermore, ectopic Wnt-7 a expression in the ventral ectoderm 

does not affect AER positioning (Riddle et. al. 1995; Vogel et. al. 1995). Therefore, 

although Wnt-7 a can alter dorso-ventral cell fate specification, it does not affect 

positioning of the apical ridge, which is mediated by r-fng.

1.2.2.3- Patterning along the antero-posterior axis

Antero-posterior positional specification in the limb bud is determined by a region 

of posterior-distally positioned mesenchymal cells. Grafting these cells to the anterior 

margin of chick limb buds reorganised the antero-posterior order of structures within 

the limb and this region was thus termed the zone of polarizing activity (ZPA) or 

polarizing region (Saunders and Gasseling 1968). The Sonic hedgehog gene, (Shh), is 

expressed in the polarizing region (Riddle et. al. 1993) and it is the vertebrate 

homologue of the Drosophila gene hedgehog. Misexpression of Shh by retroviral 

injection or by implantation of beads soaked in Shh protein, at the anterior limb 

margin, results in mirror-image duplications along the antero-posterior axis (Riddle et. 

al 1993; Lopez-Martinez et. al. 1995). Furthermore, targeted disruption of Shh does 

not affect limb initiation, but the resulting limbs exhibit loss of distal structures 

(Chiang et. al. 1996). In addition, the dorsal signal Wnt-7 a is required for the 

maintenance of Shh expression (Parr and McMahon, 1995; Yang and Niswander, 

1995). Apart from Shh, retinoic acid, a derivative of vitamin A, can also mimic the 

effects of polarizing region grafts (Tickle et. al. 1982). Other molecules may also be 

involved in positional signalling by the polarizing region. Bone morphogenetic 

proteins (Bmps), such as Bmp-2 and Bmp-4 are expressed at the posterior distal region 

of the limb bud (Francis et. al. 1994). Genes of the Hoxd complex are also expressed 

in restricted domains along the antero-posterior axis (Izpisua-Belmonte et. al. 1992b). 

Patterning along the antero-posterior axis and the function of the polarizing region 

will be examined separately in detail.



Chapter 1: Ceneral introduction 2 /

1.2.3- Cell differentiation, the route to bone formation

During vertebrate limb development, the mesenchymal cells form condensations 

in areas that are destined to become bones providing a model of the future limb 

skeleton. These cells, which are initially expressing typel collagen and typella 

collagen, will differentiate along the chondrocytic pathway. This differentiation is 

characterised by the expression of typellb collagen. Chondrocytes then undergo a 

program of differentiation including hypertrophy and expression of typeX collagen. 

The hypertrophic chondrocytes die through apoptosis and osteoblasts brought in by 

the blood vessels start depositing bone tissue. This process of chondrogenesis, 

cartilage hypertrophy, degradation and replacement by bone is termed endochondral 

ossification. At either end of the growing bones the chondrocytes get organised in a 

structure called the growth plate cartilage which is located between the forming bone 

and the epiphyseal cartilage, and is responsible for longitudinal growth.

The first factor shown to control chondrocyte differentiation was the parathyroid- 

hormone-related-peptide (PTHrP). In PTHrP deficient mice there is premature 

differentiation of the chondrocytes to hypertrophic chondrocytes thus resulting to 

dwarfism (Karaplis et. al. 1994). This finding provided one line of evidence 

suggesting that PTHrP controls the rate of chondrocyte differentiation into 

hypertrophic chondrocytes. PTHrP expression and function is believed to be under the 

control of Indian Hedgehog (Ihh), another member of the hedgehog family of 

signalling molecules. During endochondral ossification, Ihh is expressed in cells 

undergoing the transition from proliferating to hypertrophic chondrocytes 

(prehypertrophic chondrocytes). Overexpression of Ihh in developing cartilage leads 

to formation of cartilage elements, which are broader and shorter and lack 

hypertrophic chondrocytes (Vortkamp et. al. 1996; Lanske et. al. 1996). Also, there is 

increased expression of PTHrP in the perichondrium suggesting that PTHrP is 

downstream of Ihh. One other family of factors that play a role in chondrocyte 

differentiation comprise the Fgfs and their receptors. Also Bmps are the only 

members of the TGFp superfamily that can induce ectopic bone formation and 

potentiate osteoblast and chondrocyte differentiation in tissue culture experiments 

(Chen et. al. 1995). In these respects all these molecules can also be potential 

therapeutic agents in bone loss conditions.
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1.3- Analysis of patterning along the antero-posterior axis by the 

polarizing region

The establishment of a little finger in one edge of the hand and of a thumb at the 

other is a very good example of patterning in embryonic development. Digits are 

markers of position along the antero-posterior axis of a limb and changes in positional 

values are reflected by changes in the resulting digit pattern. Digit pattern appears to 

be determined by a group of mesenchymal cells at the posterior-distal margin of the 

limb bud which comprise the polarizing region or ZPA (see above). The polarizing 

region was discovered by Saunders and Gasseling (1968).

1.3.1- Discovery and functional analysis of the polarizing region

In an attempt to examine the control of cell death in anterior and posterior necrotic 

zones observed in chick limb buds, Saunders and Gasseling found that a region at the 

posterior margin of the early limb bud has dramatic effects on the antero-posterior 

pattern when grafted at an anterior position. The standard grafting procedure involved 

removing a block of tissue out of the rim of the host and replacing it with a block of 

tissue from the posterior margin of a donor embryo. The resulting wing, six days later, 

had duplicated structures, which were symmetrical about the midline (Saunders and 

Gasseling 1968).

This ability to induce digit duplications when grafted to the anterior region of host 

wing buds, known as polarizing activity, is present in the posterior distal region of the 

limb bud from the initial stages of limb bud formation, and is maintained as the bud 

grows. Grafting experiments, mapping the polarizing activity, based on the efficiency 

of the tissue to induce digit duplications, have shown that it is present up to stage 29 

of development and confined to progressively more distal parts of the limb as the limb 

elongates, remaining at the edge of the progress zone (MacCabe et. al. 1973; 

Summerbell, 1974a).

The polarizing region itself does not give rise to the extra structures in grafting 

experiments. The anterior structures develop from the anterior host tissue under the 

influence of the grafted polarizing region. Polarizing region grafts from a chick leg 

bud to a wing bud, specify extra wing digits, just as grafts of the polarizing regions 

from a wing bud (Saunders and Gasseling 1968; Summerbell and Tickle 1977), 

although a toe may form next to the graft, and on some occassions, this is composed
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of both grafted and host cells. Furthermore, grafts of quail polarizing regions can give 

rise to extra digit structures that consist of host tissue (Smith, 1979). An equivalent 

posterior region, from hamster or mouse limb buds has the potential to induce mirror- 

image duplications if grafted to chick wing buds, giving rise to extra wing structures, 

since the responding tissue is the anterior chick mesenchyme (McCabe and Parker 

1976b; Tickle et. al. 1976). In a similar fashion, limb buds of many other vertebrates 

from snapping turtles to humans have polarizing regions that can affect digit pattern 

formation in the chick (Fallon and Crosby 1977). These observations not only show 

that the polarizing region is the patterning agent across the antero-posterior axis, but 

also that the information it provides is conserved in the limbs of all vertebrates 

including mammals.

A grafted polarizing region needs to be placed in the progress zone and next to the 

apical ridge, since grafts of polarizing region in proximal regions do not affect digit 

pattern. Grafted polarizing regions result in widening of the limb bud which is 

accompanied by maintenance and thickening of the ridge over the anterior part of the 

bud (Saunders and Gasseling 1968). An initial idea proposed was that the increased 

efficiency of signalling of polarizing region grafts under an intact apical ridge, was 

due to the fact that only the layer of those polarizing region cells that lie beneath an 

intact apical ridge are involved in specification of additional structures (Tickle, 

1981a).

In the normal limb, digits arise from the posterior half of the bud (Summerbell, 

1979; Vargesson et. al. 1997). If an additional polarizing region is grafted at the 

anterior margin, then the wing that develops has six digits in mirror-image symmetry 

giving a pattern of 432234 (Saunders and Gasseling 1968; Tickle et. al. 1975). If the 

graft is placed slightly nearer the host polarizing region then the resulting digit pattern 

is 43234 or even 4334. If the grafted polarizing region is placed at the apex of the 

limb bud, then the resulting digit pattern is 234.4334, with digits 2,3,4 arising from 

the tip of the wing anterior to the grafted polarizing region and digits 4,3,3,4 arising 

from the region between the graft and the host polarizing regions. Therefore, there is a 

relationship between the distance from the polarizing region and the type of digit 

formed, with digit 4 forming next to the polarizing region, digit 3 forming a bit further 

away and digit 2 further away still (Tickle et. al. 1975). In accordance with this result, 

when a piece of anterior leg tissue is placed between a grafted and a host wing bud 

polarizing region, then apart from toes being formed, an additional digit 2 is also
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specified, suggesting that a possible signal emanating from the polarizing region can 

travel through the leg tissue and specify a wing digit 2 cell fate in cells that have 

never been next to the grafted polarizing region (Honig, 1981). The maximum size of 

the intervening leg tissue, so as to obtain an additional digit 2 is 200pm, about 20 cell 

diameters (Honig, 1981).

Polarizing regions that have been treated with massive doses of y-radiation have 

no activity, presumably because all the polarizing region cells have been killed. At 

lower doses of radiation the grafted polarizing regions can produce more posterior 

digit duplications (Smith et. al. 1978). Therefore there is a quantitative relationship 

between the number of polarizing region cells and the digits specified (Tickle, 1981a). 

Grafts of polarizing region cells mixed with inactive cells from the anterior region, 

show that as the proportion of polarizing region cells in the re-aggregates decreased, 

the digit formed next to the graft changed progressively. Therefore, first a digit 3 

instead of a digit 4 was specified, then a digit 2 instead of a digit 3 and finally no 

additional digits were formed (Tickle, 1981a). Grafts of small numbers of polarizing 

region cells stuck on pieces of plastic show that very few cells can specify additional 

digits. To specify a digit 4 at least 100 polarizing region cells are needed, whereas 

specification of digit 3 requires 79 cells and an additional digit 2 can be specified by 

as few as 35 polarizing cells, or even 9 cells (Tickle, 1981a). These findings indicate 

that the polarizing region acts in a dose-dependent manner.

1.3.2- Patterning is mediated by a diffusible morphogen

One suggested way in which the polarizing region could signal to the responding 

mesenchyme so that structures develop according to their distance from the polarizing 

region, would be if the polarizing region is the source of a diffusible morphogen 

(Tickle et. al 1975), which would establish a concentration gradient across the antero

posterior axis. Then the concentration at any point would provide information of 

position relative to the polarizing region. According to this model, cells close to the 

polarizing region would be exposed to a high concentration of the morphogen and 

become determined as a posterior digit 4, cells further away exposed to a lower 

concentration would become a digit 3 and cells even further away would be exposed 

to even lower concentrations and thus give rise to an anterior digit 2. Therefore, 

different concentrations would specify each digit, a fact that is consistent with the
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dose-dependent digit specification seen in the grafting experiments of different 

numbers of polarizing region cells. When another source of the diffusible morphogen 

is placed at the other end of the limb bud, then the concentration profile of the 

morphogen would change. Assuming interaction between the graft and the host 

polarizing region, the concentration at the centre of the limb bud would be too high to 

specify a digit 2, but taking into account the fact that at the time the digit pattern is 

being laid down the limb has widened by 50% the obtained pattern of 432234 or 

43234 can be explained (Tickle et. al. 1975). When widening of the limb bud is 

interrupted, by reducing the number of cells in the limb bud with X-irradiation, then a 

digit 2 is not specified and the resulting pattern can even be 434 (Smith and Wolpert 

1981).

1.3.3- The intercalation model

An alternative model is based on the intercalation of missing structures between 

the grafted polarizing region and adjacent anterior mesenchyme (Iten and Murphy 

1980; Bryant and Iten 1976) and is analogous to the intercalary regeneration of 

cockroach^ and amphibian limbs and insect imaginal discs (French et. al 1976; Bryant 

et. al. 1981). According to this hypothesis, the effects of a polarizing region graft 

would involve local interactions between grafted polarizing region and anterior host 

tissue and not long-range signalling. The basic rule of cellular behavior proposed by 

this model is that when cells with normally non-adjacent positional values are next to 

each other, growth occurs until cells with intermediate values have been intercalated 

and the discontinuity is eliminated (French et. al. 1976; Bryant et. al. 1981). When 

anterior or apical limb tissue is transplanted to a more posterior position in a host bud 

then extra digit structures, or a separate supernumerary wing can develop (Iten and 

Murphy 1980). In the intercalation model, it is assumed that there is an even 

distribution of positional values along the antero-posterior axis of the limb bud. The 

wing digits developing opposite somites 18 and 19 are assigned positional values 5, 

6/7, 8 respectively. When the polarizing region, which has a positional value of 10 is 

placed at the anterior margin, there is intercalation between the positional value of the 

graft and the adjacent positional value of the host (value of 3). This way a complete 

new set of digits is formed. When the polarizing region is placed in the apex of the 

bud (opposite somite 18), then there is interaction of different positional values and
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the digit pattern arising from such a graft can be accurately predicted by the 

intercalation model. Therefore, this model can account for pattern specification after 

polarizing region grafts to different positions along the antero-posterior axis.

According to the intercalation model the effects of polarizing region grafts are 

additive and positional values are never lost, but the morphogen model indicates that 

cell fate is determined according to the concentration of the morphogen at a distance 

from the source, and if the concentration is too high then positional values may be lost 

and anterior digits may not form. When two polarizing regions are grafted in a wing 

bud, one placed at the anterior margin and the other at the apex, then the digit patterns 

formed are specified according to the distance between the grafted polarizing regions 

and the host polarizing region (Wolpert and Hombruch 1981). Since an anterior digit 

2 is never formed, the model of a diffusible morphogen can account for the results 

However, the predictions of the intercalation model, suggesting that cells respond to 

the discontinuity of positional values by dividing and re-establishing the missing 

positional values, are not met (Wolpert and Hombruch 1981). Furthermore, the 

intercalation model can not explain the dose-dependent effects of grafts of different 

numbers of polarizing region cells (Tickle, 1981a), or the attenuation of the polarizing 

region signal, which is observed when the polarizing region is subjected to increasing 

doses of y-irradiation (Smith et. al. 1978).

1.3.4- Order of digit specification

The time required for positional signalling by the polarizing region was 

determined by grafting irradiated quail polarizing regions to chick host wing buds and 

then removing them at subsequent time points (Smith, 1980). Such polarizing regions 

are capable of inducing complete digit duplications (Smith et. al. 1978), they can be 

recognised as white areas and their polarizing activity is not passed on the 

neighboring host tissue (Smith, 1979). Removal of the polarizing region at 4 or 12 

hours results in normal digit patterns, while removal at 15 hours results in the 

specification of an additional digit 2 only and by 17 hours digits 2 and 3 can be 

formed (Smith, 1980). There is therefore a sequence of digit specification, with 

anterior digits being specified first and posterior digits last.

There are several ways that this sequence of events leading to digit specification, 

can take place (Fig. 1.3). The polarizing region clearly has long-range effects, since
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an additional digit 2 can be formed from wing tissue, which is separated from the 

grafted polarizing region by anterior leg tissue (Honig, 1981) (Fig. 1.3A). This result 

seems to exclude the possibility of a short-range signal that specifies digits 

sequentially by progressive displacement (Fig. 1.3B), as the cells that form the 

additional digit 2 have never been next to the grafted polarizing region. Another 

possibility is of a short-range signal that specifies an additional digit 4, which then 

signals adjacent cells to form a digit 3 and finally these cells specify neighboring cells 

as digit 2 (Fig. 1.3C). Although this model could account for propagation across leg 

tissue it can not explain how an anterior digit is the first to be specified (Smith, 1980; 

reviewed by Tickle, 1995).

One other possibility that can account for the long-range effect and the sequence 

of digit specification, is that the polarizing region activates a series of short-range 

signalling molecules each controlling local patterning at certain threshold 

concentrations. According to this idea one signal would determine digit 4 identity, 

another signal digit 3 identity and yet another digit 2 (Riddle et. al. 1993). It would 

also be possible that the polarizing region initiates the expression of secondary signals 

that interact in order to specify digit pattern. A short-range signal can also determine 

digit identity in a dose-dependent manner if it induces its own expression in 

neighbouring cells but at an attenuated level.

A long-range signal that acts in a dose-dependent fashion could specify digit 

identity by progressive spread across the limb bud (Fig. 1.3D). In this way, the signal 

starts to spread across the limb bud and cells exposed to low levels are determined as 

digit 2. As time passes the concentration of the signal increases in strength and 

continues to spread. Thus, cells further away are now specified as a digit 2, while 

adjacent cells are promoted from a digit 2 to a digit 3 identity. The pattern is repeated 

again and as the strength of the signal increases, cells next to the graft are promoted 

from a digit 3 to a more posterior digit 4, cells further away are promoted from digit 2 

to digit 3 while cells at the edge of the signal are specified as anterior digit 2 (Fig. 

1.3D). It is not clear how cells respond to the polarizing region and whether the same 

cells are promoted from anterior to posterior fates or whether each digit is formed 

from distinct cell populations.



Figure 1.3-

Models for signalling by a polarizing region, grafted to the anterior margin of a chick 

wing bud. For simplicity the growth of the bud, with time, is not taken into 

consideration. Also for (B-D) only additional digits are shown in the diagram. (A) 

Experiment demonstrating long-range signalling by the polarizing region. A graft of 

leg tissue is placed between the polarizing region graft and the responding wing 

tissue. Toes develop from the leg tissue as well as an extra digit 2, from host wing 

giving a 2234 digit pattern. (B) Short range signalling and displacement. First an 

additional digit 2 is specified by the short range signal and the cells become displaced, 

then a digit 3 is specified next to the graft and displaced and finally digit 4 is 

specified. (C) Sequential short-range signalling. A short-range signal, first specifies 

cells to become a digit 4. Cells that are specified as digit 4 signal adjacent cells to 

become a digit 3 and finally these cells signal adjacent cells to give rise to a digit 2. 

(D) Progressive spread of graded signal and one-way promotion. Signal starts to 

spread across the wing bud and cells that are first exposed to low levels of signal, are 

specified as digit 2. As signal continues to spread across and increase in strength, cells 

next to the graft are promoted from digit 2->3, while cells further away are specified 

as digit 2. Finally cells next to the graft are promoted from digit 3->4, cells a little 

further away are promoted from 2->3 and cells at the end of the signal range form a 

digit 2. Dotted line indicates extend of spread. Anterior is at the top and distal to the 

right. (Figure adapted from Tickle, 1995).



A. Leg anterior 
mesenchyme

Polarizing 
region graft

Responding 
wing tissue

Digits

B. Short-range signalling and displacement

C. Sequential short-range signalling

D. Progressive spread of graded signal and one way promotion

K
lU



Chapter 1: General Introduction 35

1.4- Positional signalling by retinoic acid

The best evidence for a diffusible morphogen, that is released from the polarizing 

region, would arise from the identification of a potential candidate and demonstration 

that cells can respond according to its concentration. The first molecule identified to 

have the ability to mimick the effects of the polarizing region was retinoic acid (RA) 

(Tickle et. al. 1982), and analyses of its properties became of considerable interest as 

retinol, which is the main dietary form of vitamin A, can be enzymatically converted 

into all-rr<ms-retinoic acid, in the chick limb buds (Thaller and Eichelle, 1990). 

Furthermore, molecules that interact with retinoids in mediating cellular response, 

include cellular binding proteins and nuclear receptors and are endogenously 

expressed in chick limb buds (reviewed in Tabin, 1991; Brown and Tickle 1992; 

Maden et. al. 1998).

1.4.1- The effects of retinoic acid on limb development

Like polarizing region grafts, retinoic acid can specify digit pattern in a dose- 

dependent fashion. When a high concentration of retinoic acid is applied at the 

anterior wing margin, minor image digit duplications occur, resulting in a 432234 

digit pattern (Tickle et. al. 1982; Summerbell, 1983; Tickle et. al. 1985). 

Progressively lower concentrations specify an additional digit 3 and even lower 

exogenous RA concentrations give rise to only an additional digit 2 (Tickle et. al. 

1985). Apart from wing buds, leg buds respond to administration of retinoic acid in a 

similar fashion to the wing buds.

Extra digits can be also specified by increasing the length of exposure to the 

applied retinoic acid (Eichele et. al. 1985). After application of high retinoic acid 

concentration, the mean number of digits, changes from three to four after about 12 

hours (Eichele et. al. 1985), and although application of retinoic acid for 12 hours 

only, has no effect on digit pattern, this exposure is necessary for the subsequent digit 

patterns (Eichele et. al. 1985). The character of the fourth digit changes with time, so 

that a pattern of 2234 after 12 hours, becomes a pattern of 4334 at about 20 hours 

(Eichele et. al. 1985). Therefore, the temporal sequence of additional digit 

specification is very similar in duplications mediated by polarizing region tissue grafts 

and by retinoic acid. The additional digits are specified in a two-step process: the first 

phase lasts about 12 hours and no additional structures are specified. This is followed
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by a phase of sequential digit specification, during which additional digits are 

specified in an anterior-to-posterior sequence.

In accordance to what is observed after polarizing region grafts, the pattern of 

digits that develop following exogenous retinoic acid application depends on the 

position along the antero-posterior axis to which the graft was made (Tickle et. al. 

1985). The apical ridge has an essential role in limb bud outgrowth. Changes in limb 

bud pattern with applied retinoic acid shows that the length of the ridge is related to 

the number of digits that will develop. As the number of additional digits first 

increases and then decreases in response to increasing doses of retinoic acid, the 

apical ridge first lengthens and then shortens (Lee and Tickle, 1985). Recombination 

experiments between mesenchyme and ectoderm of retinoic acid treated buds with the 

appropriate tissue from normal buds, showed that the effect on the ridge is indirect 

and is mediated by the mesenchyme (Tickle et. al. 1989).

1.4.2- Endogenous retinoic acid in the developing chick limb

An important breakthrough in the investigation of whether retinoic acid is the 

diffusible morphogen released from the polarizing region, came from findings that 

chick limb buds contain endogenous retinoic acid (Thaller and Eichele 1987; Maden 

et. al. 1998). In contrast to its biologically inactive precursor, retinol, which is 

abundant in the limb buds, endogenous retinoic acid forms a concentration gradient, 

with a 2.5 fold higher concentration at the posterior quarter of the limb bud, than the 

remaining anterior region (Thaller and Eichele 1987). Also, the endogenous retinoic 

acid concentrations are similar to those needed to induce duplications when applied 

exogenously (Thaller and Eichele 1987). Furthermore, locally applied radiolabeled 

alb/raws-retinol, to the posterior limb bud margin can be converted to retinoic acid 

(Thaller and Eichele 1990). One problem is that the estimated gradient of retinoic acid 

across the antero-posterior axis is rather shallow, ranging from 50nm posteriorly to 

20nm anteriorly and given the estimated dissociation constants for cellular receptors 

(between 10'10 M-10‘8 M (Robertson, 1987; Maden et. al. 1988), this gradient might 

be too shallow to supply positional information and mechanisms may exist to amplify 

the retinoic acid gradient (Robertson, 1987).
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1.4.3- Cellular binding proteins and nuclear receptors for retinoic 

acid

There is a class of proteins that directly interact with retinoids. There are four 

members of the retinoid-binding-family. Two isoforms specifically bind a single 

molecule of retinol, the retinol-binding proteins I and II (CRBPI and CRBPII) and 

two other isoforms specifically bind a single molecule of retinoic acid and are termed 

retinoic acid-binding proteins I and II (CRAPBI and CRAPBII) (Maden, 1985; Maden 

et. al. 1988; reviewed in Brown and Tickle 1992; Tabin, 1991; Horton and Maden, 

1995; Maden et. al. 1998). CRABP is present in the chick limb buds and CRABP 

levels are higher at the anterior margin of the limb bud than at the posterior (Maden 

et. al. 1988). This gradient of CRABP expression is opposite to the one observed for 

retinoic acid, suggesting that it acts as a buffer steepening the gradient of free retinoic 

acid across the antero-posterior axis (Maden et. al. 1988), thus, amplifying the 

difference in concentration of free retinoic acid in the limb bud.

There are three genes that encode nuclear receptors for retinoic acid. Each of these 

genes expresses a number of different isoforms that differ in their amino-terminal 

sequence (Dolle et. al. 1989; Giguere et. al. 1987). These include two major a  

isoforms (retinoic acid receptor alpha RARa), three major p isoforms (RARp) and 

two major y isoforms (RARy). There are also three types of retinoid-x-receptor 

(RXR), similarly designated as RXRa, RXR p and RXRy (reviewed by Brown and 

Tickle 1992). RARa and RARy are detected in a uniform distribution across the early 

mouse limb bud, while RARp is only detected in the most proximal edge of the 

mouse limb bud (Dolle et. al. 1989). However in the chick limb bud expression of 

RARp is uniform (Smith and Eichele 1991). Application of retinoic acid on a bead at 

the anterior margin of chick wing buds resulted in strong local increase of RARp 

expression around the bead (Rowe et. al. 1991). Since RARs are retinoid-dependent 

transcription factors which when activated bind to regulatory DNA sequences, located 

upstream of target genes, it was suggested that RARp may be involved in 

reprogramming gene expression in the area of retinoic acid application (Rowe et. al. 

1991). Targeted disruptions of both the RARa and RARy genes, resulting in double 

mouse mutants (Lohnes et. al. 1994), showed a number of malformations affecting 

many skeletal elements in the forelimb. The entire forelimb appears shorter, while in 

some double mutants only 4 digits are present and the missing digit is presumambly
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digit I. Additional malformations included a delay in ossification of the metacarpals 

and phalanges (Lohnes et. al.1994).

1.4.4- Retinoic acid signalling is required during early chick limb 

development.

In a series of transplantation experiments, tissue next to the implanted retinoic 

acid bead was removed and transplanted to the anterior limb domain of another host. 

This tissue can induce digit duplications in the host limb buds, if it had remained next 

to the retinoic acid source for 16-18 hours, and thus acquires polarizing activity 

(Summerbell and Harvey 1983; Wanek et. al. 1991; Noji et. al. 1991). The extra digits 

do not arise from the donor tissue, and passive transfer of retinoic acid cannot account 

for the observed results, because the highest concentration of retinoic acid is present 

in the tissue before it acquires polarizing activity. Therefore it was suggested that 

retinoic acid exerts its effects by inducing the formation of a functional polarizing 

region.

Prospective wing bud tissue is a high point of retinoic acid synthesis (Helms et. al. 

1996). Blocking retinoic acid synthesis and application of retinoid receptor-specific 

anatgonists disrupts limb morphogenesis and downregulates a polarizig signal Sonic 

Hedgehog (Stratford et. al. 1996; Helms et. al. 1996). Limb agenesis can be rescued 

when the exposed wing buds are treated with retinoic acid. The Hoxb-8 gene is 

expressed in the lateral plate mesoderm, corresponding to the posterior part of the 

future limb bud and in the posterior part of the early limb bud, roughly overlapping 

the polarizing region (Charite et. al. 1994; Stratford et. al. 1997). Transgenic mice, 

carrying the Hoxb-8 gene under control of the mouse RARJ32 promoter, thus 

extending the Hoxb-8 expression pattern in neurectoderm as well as somitic and 

lateral plate mesoderm, show mirror-image duplications in the forelimb, analogous to 

those observed in chick in response to a polarizing region graft (Charite et. al. 1994). 

Therefore, it was proposed that Hoxb-8 acts in the lateral plate mesoderm, to specify 

the region in which the polarizing region will subsequently develop, although it is not 

required for maintaining the polarizing region, since Hoxb-8 expression decreases and 

subsequently vanishes while polarizing activity remains at the posterior margin of the 

limb (Charite et. al. 1994). Inhibition of retinoic acid synthesis in the flank 

downregulates Hoxb-8 expression, suggesting that RA is required for endogenous
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flank Hoxb-8 expression (Stratford et. al. 1997). Furthermore, application of a retinoic 

acid bead to the anterior margin of chick wing buds, leads to induction of Hoxb-8 in a 

dose-dependent fashion (Stratford et. al. 1997). In addition, retinoic acid application 

can induce Shh expression in the fin buds of zebrafish embryos (Akimenko and 

Ekker, 1995). Although retinoic acid can induce Shh expression in chick limb buds 

within 24 hours (Riddle et. al. 1993), Hoxb-8 transcripts are detectable within 30 

minutes of retinoic acid treatment, suggesting that the effect of retinoic acid on Hoxb- 

8 could be direct (Stratford et. al. 1997). Furthermore, the use of an RXR-specific 

ligand, showed that Hoxb-8 induction acts through the ligand- bound RXR receptor 

(Hui-Chen et. al. 1997). Therefore, retinoic acid, via the activation of Hoxb-8, may act 

in positioning the polarizing region and in early polarizing region signalling.

1.5- Expression and function of Hedgehog genes in vertebrates

Much of the existing knowledge about genes and their involvement in patterning 

has come from experiments performed in the ffuitfly Drosophila melanogaster. 

Hedgehog was identified in a genetic screen in Drosophila, which was carried out by 

Nusslein-Volhard and Wieschaus (1980) and in which a number of mutations 

affecting embryonic and larval development were identified. In the Drosophila wing 

imaginal disc, hedgehog expression is regulated by engrailed and is present in all 

posterior cells and absent from the anterior ones (Lee et. al. 1992; Mohler and Viani 

1992; Tabata et. al. 1992; Tashiro et. al. 1993). One hedgehog gene has been 

identified in Drosophila, but there are several homologues in vertebrates. More 

specifically, Sonic hedgehog (Shh) is found in human, rat, mouse, chicken, Xenopus 

and zebrafish (Chang et. al. 1994; Echelard et. al 1993; Riddle et. al. 1993; Roelink et. 

al. 1994; Johnson et. al. 1994a; Ekker et. al. 1995a; Marigo et. al. 1995), Indian 

hedgehog (Ihh) is found in human, mouse and chicken embryos (Echelard et. al. 1993; 

Bitgood and McMahon 1995; Marigo et. al. 1995; Vortkamp et. al. 1996), Desert 

hedgehog (Dhh) is found in mouse embryos (Echelard et. al. 1993; Bitgood and 

McMahon 1995; Bitgood et. al. 1996). Another two homologues, Cephalic hedgehog 

(X-chh) and Banded hedgehog (X-bhh) are found in Xenopus embryos (Ekker et. al. 

1995a), while in zebrafish two other homologues are tiggy-winkle hedgehog (twhh) 

(Ekker et. al. 1995b) and echidna hedgehog (ehh) (Currie and Ingham 1996). The
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Hedgehog (HH) proteins are secreted intercellular signals and are expressed in many 

diverse sites throughout embryonic development. The secreted protein products are 

associated with both short- and long-range signalling activities (reviewed by 

Perrimon, 1995; Concordet and Ingham 1995; Hammerschmidt et. al. 1997). I shall 

concentrate, mainly, on the examination of the Shh gene in vertebrates and the hh 

gene in Drosophila.

1.5.1- Biochemistry of the hedgehog protein

Hedgehog precursor proteins undergo an internal autocatalytic processing, which 

is regulated by conserved sequences on the C-terminal portion (Lee et. al. 1994; 

Porter et. al. 1995). This generates a 19kDa N-terminal peptide and a 26-28kDa C- 

terminal peptide (Lee et. al. 1992; Tabata et. al. 1992; Porter et. al. 1995; Bumcrot et. 

al. 1995; Marti et. al. 1995a). The cleavage that generates the mature amino and 

carboxyl peptides in vivo, occurs between amino acids 194 and 203 in the mouse Shh 

(Bumcrot et. al. 1995), just before cysteine 199 (Porter et. al. 1995; Marti et. al. 

1995b). Although mutations that block proteolysis can impair hedgehog function 

(Porter et. al. 1995), both the short-range and long-range activities reside on the N- 

terminal peptide, which is associated with the surface of the cells that synthesize it, 

while the C-terminal domain is freely diffusible (Lee et. al. 1994; Porter et. al. 1995; 

Marti et. al. 1995a; Roelink et. al. 1995; Marti et. al. 1995b; Fietz et. al 1995). The N- 

terminal signalling domain, expressed from a construct lacking the C-terminal domain 

sequence, can exert the hh signalling activities and this truncated protein is not tightly 

cell-associated, when expressed in cultured cells, but can be found predominantly in 

the culture medium (Porter et. al. 1995; Yang et. al. 1997). This observation suggests 

that the autocatalytic internal cleavage by the C-terminal domain, influences the 

cellular localisation of the active N-terminal peptide, regulating its distribution. The 

autoprocessing reaction proceeds via an internal thioester intermediate, which is 

subsequently cleaved by nucleophilic substitution (Porter et. al. 1996a). The attacking 

nucleophile is cholesterol and the C-terminal processing domain functions as a 

cholesterol transferase (Porter et. al. 1996b). As a result of this activity, a cholesterol 

adduct is attached via an ester linkage to the C-terminal of the N-terminal signalling 

peptide of the hedgehog protein (Porter et. al 1996b). As a result of this tethering,
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which limits diffusion, a high local concentration of the N-terminal peptide is 

generated on the surface of the cells synthesizing it.

The crystal structure of the N-terminal peptide has been solved (Hall et. al. 1995). 

One interesting observation is the presence of a zinc cation, which suggested that the 

N-terminal peptide might have proteolytic activity (although such biochemical 

activity has not been demonstrated). It has been suggested that the N-terminal 

peptides are their own substrates cleaving neighbouring peptides close to their C- 

terminus thus releasing a diffusible form when the cell bound form has reached a 

critical concentration (Hall et. al. 1995). This could result in a gradient of the Shh 

peptide, which might account for the concentration dependent Shh signalling (Marti 

et. al. 1995b; Roelink et. al. 1995; Tanabe et. al. 1995; Yang et. al. 1997). Another 

possibility that could account for long-range signalling by the Shh peptide, although it 

is associated with the cell surface, is that the cholesterol-bound N-peptide is shed 

from the cell surface (as reviewed by Tabin and McMahon 1997). There are 

specialized regions of the cell membrane called caveolae, which are also sites where 

cholesterol is released extracellularly. If cholesterol-bound Shh is present in the 

caveolae, the tethered protein could be released along with the cholesterol (Tabin and 

McMahon 1997). Other possibilities include direct cell to cell transport or limited 

diffusion in the form of cholesterol containing vesicles (Tabin and McMahon 1997).

1.5.2- Expression patterns and mode of action of Sonic Hedgehog

Sonic hedgehog {Shh) has been implicated in short- and long-range patterning 

processes in various sites during embryonic development mediating the signalling 

activities of several key organizing centres which regulate central nervous system, 

limb and somite polarity, as well as left-right asymmetry.

Shh is expressed in the polarizing region of chick and mouse limb buds (Riddle et. 

al. 1993; Chang et. al.1994; Marti et. al. 1995a) and application of Shh expressing 

cells at the anterior limb margin can induce digit duplications (Riddle et. al. 1993; 

Lopez-Martinez et. al. 1995). Expression is also found in other embryonic regions 

with known polarizing activity, such as the notochord, the floor plate of the neural 

tube and Hensen's node (Riddle et. al. 1993). The use of peptide-specific polyclonal 

antibodies showed that Shh peptides are expressed in midline cell types from 

gastrulation stages in the chick and mouse embryos (Marti et. al. 1995a). Shh
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expression extends from the most rostral midline mesoderm of the prechordal plate, 

underlying presumptive forebrain neurons, to the notochord at spinal cord levels. By 

early somite stages Shh expression is localized in the ventral midline of the 

presumptive CNS and, later on, Shh expression is also found in the floor plate cells. In 

the most rostral regions of the brain that do not exhibit floor plate morphology, Shh is 

also expressed in midline cells, indicating that its expression pattern does not 

demarcate a particular cell type but position within the ventral CNS (Marti et. al. 

1995a). In the node the Shh expression pattern shows left-right asymmetry (Levin et. 

al.1995), and appears to be responsible for the left-right situs of the heart through the 

activation of the transcription factor Pitx2 (Logan et. al. 1998; Piedra et. al. 1998). In 

the limb buds, there is graded distribution of the Shh protein which is highest near the 

apical ridge but does not extend more than 50-75pm (5-7 cell diameters) along the 

antero-posterior axis, suggesting that long-range diffusion does not occur, although 

the antibody may be unable to detect low amounts of protein (Marti et. al. 1995a).

The transcript and protein distribution of Shh in the central nervous system is 

indicative of a role of Shh in determining cell fate. In the CNS, expression of Shh 

from the notochord and the floorplate induces ventral cell fates. In explants of 

intermediate mesoderm at spinal cord levels, Shh protein induces floorplate and motor 

neuron development in a concentration dependent manner, with floorplate being 

induced at high concentrations and motor neurons at lower concentrations (Roelink et. 

al. 1995; Marti et. al. 1995b; Tanabe et. al. 1995). Antibody blocking studies suggest 

that Shh produced by the notochord is required for induction of motor neurons (Marti 

et. al. 1995b). Therefore the contact mediated induction of floorplate cells observed in 

vitro (Placzek et. al 1993), is due to the high Shh concentration localized at the 

midline cells and can account for the positioning of the floorplate immediately above 

the notochord in vivo. On the other hand, lower Shh concentrations released from the 

notochord and the floorplate induce motor neuron cell fates, a process which is 

contact-independent in vitro (Yamada et. al. 1993). In explants taken at midbrain and 

forebrain levels Shh also induces appropriate ventrolateral neuronal cell types 

(Ericson et. al. 1995).

Shh expression in the midline is also involved in somite patterning (Johnson et. al. 

1994b; Fan et. al. 1994; Fan et. al. 1995; Munsterberg et. al. 1995; Weinberg et. al.

1996). In chick and mouse paraxial mesoderm explants, Shh induces the expression of 

sclerotome-specific genes such as Paxl and Twist at the expense of the



Chapter 1: Ceneral Introduction 43

dermamyotomal gene Pax3. Filter barrier experiments suggest that Shh mediates the 

activation of sclerotome markers directly (Fan et. al 1995). Analysis of mouse 

mutants with targeted disruption of the Shh gene show that Shh is not required for 

initiation of Paxl expression, but is necessary for sclerotome development (Chiang et. 

al. 1996).

In the limb, Shh is expressed in the polarizing region and is involved in antero

posterior patterning (Riddle et. al. 1993; Chang et. al. 1994; Lopez-Martinez 1995). 

Loss of function of the dorsal signal Wnt-7 a results in reduced levels of Shh 

expression, which is correlated with loss of posterior digits (Parr and McMahon, 

1995; Yang and Niswander, 1995). Both retinoic acid and polarizing region grafts 

induce the sequential activation of genes of the Hoxd complex. Similarly, anterior 

misexpression of Shh leads to ectopic activation of Hoxd genes after 24-36 hours 

(Riddle et. al. 1993). Furthermore, Shh is involved in proximo-distal limb outgrowth 

by inducing the expression of Fgf-4 in the posterior apical ridge (Niswander et. al. 

1994; Laufer et. al. 1994). In mouse mutants lacking Shh expression, limb bud 

development is initiated but distal limb structures are absent (Chiang et. al. 1996).

In the Drosophila wing imaginal disc, hh synthesized in the posterior cells is 

involved in the activation of a secondary signal at the antero-posterior border of the 

discs. Decapentaplegic (<dpp), is expressed in dorsal and ventral regions close to the 

antero-posterior border (Tabata and Komberg 1994; Basler and Struhl 1994). 

Although it has been suggested that hh acts as a morphogen (Heemskerk and 

DiNardo, 1994), and direct long-range hh signalling has been demonstrated by 

expression of mutated receptors that block formation of structures at a distance 

Strigini and Cohen 1997), there is also evidence that dpp expression, which is only a few 

cell diameters wide, reflects the range of normal hh signalling and more distant 

regions are patterned by dpp itself (Capdevilla and Guerrero 1994; Zecca et. al. 1995; 

Ingham and Fietz, 1995; Nellen et. al. 1996; Lecuitet.al. 1996)1 The close 

relationship between hedgehog protein and dpp has been conserved at many sites of 

vertebrate hedgehog expression. In the limb one homologue of dpp, Bmp-2 is 

expressed in a domain broader than that of Shh at the posterior limb margin, while 

ectopic Shh can induce expression of Bmp-2 (Laufer et. al. 1994). Furthermore, Shh 

and Bmp-2, -4 or -6  show a striking correlation in their expression patterns in 

epithelial and mesenchymal cells of the stomach, the urogenital system, the lung, the 

tooth buds and the hair follicles (Bitgood and McMahon 1995). The issue of whether
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Shh mediates patterning via Bmps, in a similar fashion to the relationship between hh 

and dpp in Drosophila has not been resolved so far.

1.5.3- Mechanisms involved in the interpretation of Hedgehog 

signals

Most of the knowledge of the pathways involved in the regulation of Hedgehog 

signals comes from the genetic analysis of Drosophila development. However most of 

the genes initially found in Drosophila have been cloned also in vertebrates.

The putative receptor for the Hedgehog protein is a receptor complex consisting of 

two transmembrane proteins, smoothened (smo) and patched (ptc). Smo is a seven- 

transmembrane domain protein with structural similarities to G-protein-coupled 

receptors (Van Den Heuvel and Ingham 1996; Alcedo et. al. 1996). Although there is 

no evidence so far that hh binds to smo (Stone et. al. 1996), the phenotype of smo 

mutants is very similar to that of hh mutants (Van Den Heuvel and Ingham, 1996). Ptc 

is a twelve-transmembrane domain protein with a structure similar to channels or 

transporter proteins (Hooper and Scott, 1989; Nakano et. al. 1989). Murine 

homologues of these two genes have been identified (Goodrich et. al. 1996; Marigo 

et. al. 1996a; Marigo et. al. 1996b), while the chicken homologue of ptc  has also been 

cloned (Marigo et. al. 1996b). Recently a novel mouse patched gene (Ptch2) was 

identified and its expression was localised in the epithelial cells of the developing 

hair, tooth and whisker (Motoyama et. al. 1998). Ptc and Ptch2 are differentially 

expressed during epidermal development and Ptch2 but not ptc is co-expressed with 

Shh in epithelial cells (Motoyama et. al. 1998).

Direct biochemical evidence indicates that ptc binds smo (Stone et. al. 1996) and 

Shh (Stone et. al. 1996; Marigo et. al. 1996a). In addition, the level of ptc  expresssion 

increases in response to hh signalling and this up-regulation is a conserved response, 

observed in all the systems investigated so far from flies to chick and mice (Hooper 

and Scott, 1989; Nakano et. al. 1989; Capdevila et. al. 1994; Tabata and Komberg, 

1994; Goodrich et. al. 1996; Marigo et. al. 1996a). Forcing high levels of ectopic ptc 

expression in the anterior cells of the Drosophila wing disc, can limit the amount of 

hh available to anterior cells (Chen and Struhl, 1996). On the other hand elimination 

of ptc, or blocking its normal upregulation in anterior cells, allows hh to spread 

further into the anterior compartment until it reaches wild-type /tfoexpressing cells
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(Chen and Struhl, 1996). This suggests that hh is normally sequestered by ptc (Chen 

and Struhl, 1996). Furthermore, smo can function independently of hh, since while, 

ptc and smo double mutants lack transcription of hh target genes, these genes are 

expressed independently of hh in ptc mutants (Ingham and Hidalgo, 1993). One 

model that can explain these results, is that smo is a constitutive activator of the hh 

target genes. This activity is normally repressed by ptc and hh induces a relief for this 

repression of smo (Van Den Heuvel and Ingham, 1996; Alcedo et. al. 1996; Quirk et. 

al. 1997). Since both ptc and smo are transmembrane proteins, it seems very likely 

that they associate to form a receptor complex. This is supported by the fact that ptc 

can be co-immunoprecipitated with smo from cultured cells that are expressing both 

proteins (Stone et. al. 1996). The release of smo from ptc inhibition involves a 

conformational change rather than a dissociation of the complex, since the association 

of the proteins is unaffected by the presence or absence of hh as assayed by co- 

immunoprecipitation (Stone et. al. 1996). In conclusion, both in Drosophila and in the 

vertebrates, ptc might be the binding component and smo the intracellular signalling 

component of the receptor complex for hh or Shh respectively (and possibly other 

hedgehog proteins as well).

In Drosophila, intracellular signalling is mediated by the action of the gene 

encoding cubitus interruptus (<ci), whose vertebrate homologues belong to the gli- 

family of DNA-binding transcription factors and their function is necessary and 

sufficient to mediate the hedgehog signal (Alexandre et. al. 1996; Dominguez et. al. 

1996; Hepker et. al. 1997; Von Ohlen et. al. 1997a). Binding sites for ci have been 

identified upstream of the promoters both of wg and ptc and these sites have been 

shown to be sufficient to mediate activation of reporter genes by ci in tissue culture 

assays (Von Ohlen et. al. 1997b) and in the case of the ptc promoter to mediate hh- 

dependent transcription in transgenic flies (Alexandre et. al.1996). In vertebrates, 

transcription of the gli genes is under the control of Shh (Marigo et. al. 1996c). In 

Drosophila however, ci is clearly idependent of hh (Slusarski et. al. 1995). Actually, 

ci is subject to proteolytic cleavage (Aza-Blanc et. al. 1997). In cells not exposed to 

the hh signal the predominant form of ci is a 75kDa species that comprises of the N- 

terminus and the central DNA-binding zinc finger domain, but lacks the C-terminal 

half of the full length protein (Aza-Blanc et. al. 1997). This proteolytic cleavage 

eliminates the form of ci that can activate transcription (Alexandre et. al. 1996). When 

cells receive the hh signal, this cleavage is blocked and cells accumulate the 155kDa
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full length protein. The 75kDa form retains DNA binding activity and acts as a 

transcriptional repressor (Aza-Blanc et. al. 1997). This correlates with the finding that 

some hh target genes, like dpp, are ectopically activated in cells lacking ci expression. 

This suggests that the activation of certain downstream targets such as dpp may 

actually require the elimination of the 75kDa repressor, rather than the accumulation 

of the full-length form of the protein (Aza-Blanc et. al. 1997). On the other hand 

activation of other hh targets, such as ptc, requires the presence of ci (Forbes et. al. 

1993), while ectopic expression of ci is sufficient to induce dpp and ptc expression 

(Alexandre et. al. 1996; Dominguez et. al. 1996; Hepker et. al. 1997; reviewed by 

Ingham, 1998a). The product of the Costal-2 gene (Cos2), encodes a kinesin-related 

protein localized in the cytoplasm. Three proteins, ci, fused (fu) and Cos2 are 

normally found in a complex that docks at microtubules through the action of Cos2 

(Robbins et. al. 1997; reviewed by Ruiz-i-Altaba, 1997). In the proposed model that 

mediates hedgehog signalling, it is suggested that possibly there is a series of 

phosphorylation events mediated by fu and other kinases that regulate the state of ci, 

which are regulated themselves by hedgehog signalling. In the absence of hh 

signalling ci, fu and Cos2 are associated in a complex that binds to microtubules. In 

this complex the ci found in its smaller form is translocated to the nucleus where it 

acts as a transcription repressor. In the presence of hh signalling, the hh protein binds 

to ptc inactivating its repression on smo which then sends a signal that activates fu 

and represses Cos2, which results in the dissociation of the complex from the 

microtubules and stops the further cleavage of ci. Subsequently, ci is modified in a 

nuclear form and acts as an activator of transcription of the target genes (reviewed by 

Ruiz-i-Altaba, 1997; Ingham, 1998b) (Fig. 1.4A,B).

Vertebrates have at least three gli genes, gli-1, gli-2, gli-3, encoding proteins that 

are mostly cytoplasmic, binding to microtubules, in parallel to what is seen with ci 

(Hui et. al. 1994; Lee et. al. 1997). Prior to floor plate induction, they are expressed 

throughout the neural plate, apart from gli-3 which is weak or absent from the midline 

(Hui et. al. 1994; Sasaki et. al. 1997; Lee et. al. 1997). At later stages, gli-1 is the only 

one expressed in the midline cells becoming floorplate and subsequently in the 

ventral-most domain adjacent to the floor plate, in cells that become ventral neurons. 

In contrast, gli-2 and gli-3 are expressed throughout the neural plate with the 

exception of the midline (Lee et. al. 1997), while later on gli-2 is restricted to ventral 

and intermediate neurons, gli-3 is expressed dorsally in the neural tube (Hui et. al.



Figure 1.4-

Hedgehog signalling and interactions between ci and hh and Gli and Shh. (A) 

Signalling cascade initiated by binding of hh or Shh to its receptor complex. Arrows 

indicate inductive interactions and blunt lines indicate repressive interactions. The 

circle (target genes) indicates the nucleus. (B) hh induces the activity of active ci 

(Aetci) and represses the formation of the repressive ci form (Repci). Active and 

repressive ci compete for binding sites. (C) Interactions between gli genes and Shh. 

Shh induces the expression of Gli-1 and represses the expression of Gh-3. Gli-2 is 

proposed to balance the interactions of Gli-1 and Gli-3, which compete for binding 

sites. (Figure adapted from Ruiz-I-Altaba, 1997).



47

A  H h / S h h

1
S m o  P tc

C o s 2 — 11 —  F u  

P K A — i!

target genes

B  A ct Ci 1 | R e p C i

\  y/
Hh

Gli-2 
Gli-1 t= iG li-3

Shh



Chapter 1: Cieneral Introduction 48

1994; Sasaki et. al. 1997; Platt et. al. 1997; Lee et. al. 1997). Consistent with this, gli- 

1 also induces ventral cell fate development in mice (Hynes et. al. 1997) and while 

gli-1 in tissue culture assays activates the transcription of an Hnf-3fl reporter gene, gli- 

3 represses it (Sasaki et. al. 1997).

In the limb, gli-1 is expressed in a wide band in the posterior domain and at later 

stages it is expressed in the areas of future cartilage condensation (Mo et. al. 1997; 

Buscher et. al. 1998). Furthermore, in the chick limb, misexpression of gli-1 mimics 

Shh signalling (Marigo et. al. 1996c). The gli-3 expression pattern is similar to that of 

gli-2, being rather diffuse and expanding almost throughout the entire limb domain, 

apart from the posterior distal margin, where neither of these two genes are expressed 

(Mo et. al. 1997; Buscher et. al. 1997; Buscher et. al. 1998). Molecular analyses of the 

human disorder Greig cephalopolysyndactyly syndrome (GCPS) and the mouse 

mutant extra-toes {xt), have revealed a role for gli-3 in skeletal patterning (Vortkamp 

et. al. 1991; Hui and Joyner, 1993). Loss of one copy of the human GLI-3 gene results 

in craniofacial abnormalities, as well as limb defects including preaxial and postaxial 

polysyndactyly. Heterozygous xt mice show craniofacial and limb abnormalities 

similar to those seen in GCPS patients. The xt allele contains a deletion in the gli-3 

gene (Vortkamp et. al. 1992; Schimmang et. al. 1992). Mice with targeted mutations 

in gli-2 exhibit skeletal defects that are distinct from those in gli-3xt mutants, but are 

exaggerated in gli-2/gli-3 double homozygotes, suggesting some unique and 

redundant functions of these genes in skeletal development (Mo et. al. 1997). In xt 

mutant mice, there is ectopic expression of Shh (Buscher et. al. 1998). Furthermore, 

ectopic Shh signalling induces gli-1 expression but represses gli-3 (Marigo et. al. 

1996c). In vertebrates there is an antagonistic operation for Shh signalling, including a 

positive regulation between Shh and gli-1 and a repressive regulation involving gli-3 

(Fig. 1.4B). Therefore, in vertebrates, separate genes appear to mediate the different 

functions of gli genes regarding transcription of downstream targets, while in 

Drosophila, ci, in different forms fulfills both the activating and repressing functions 

(Fig. 1.4B).

The existence of a gli-1 independent pathway, downstream of Shh, for the 

generation of ventral spinal cord neurons has been demonstrated in gli-1/gli-2 double 

homozygous mutants (Matise et. al. 1998). Recent evidence suggests that there might 

be at least two distinct pathways downstream of hh in both flies and vertebrates. One 

pathway is acting through the ci/gli function and the other independent of these
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proteins. It has been reported that the activation of a motomeuron-specific enhancer 

element of the COUP-TFII gene by Shh, can occur by a mechanism independent of 

gli protein binding activity (Krishnan et. al. 1997).

1.5.4- Other hedgehog genes involved in developmental processes 

of chick and mouse embryos

Indian hedgehog (Ihh) shows two main sites of expression, in gut endoderm and 

cartilage. In the early gut tube, there is some overlap in the expression domains of Ihh 

and Shh but as the gut develops the expression domains of the two genes separate 

(Bitgood and McMahon, 1995). In the developing stomach, for example, the highest 

levels of expression of the two genes occur in distinct regions. While Shh expression 

in the intestine becomes restricted in the duodenum, its expression is absent from the 

epithelium of the rectum. Ihh on the other hand is expressed at the epithelial cells 

lining the length of the intestine including the rectum (Bitgood and McMahon, 1995). 

The only other site of Ihh expression is in the chondrocytes in the growth regions of 

developing bones and to a lesser extent in the hypertrophic cartilage. This pattern of 

expression suggests that Ihh plays a role in the proliferation of chondrocytes, which is 

essential for the normal growth of skeletal elements, or the stimulation of the 

differentiation of chondrocytes into hypertrophic cells (Bitgood and McMahon 1995). 

Interestingly, overexpression of Ihh in developing cartilage in chick leads to the 

formation of cartilage elements, which are broader, shorter and lack hypertrophic 

chondrocytes (Vortkamp et. al. 1996). Furthermore, there is an increased expression 

of PTHrP in the perichondrium indicating that PTHrP is downstream of Ihh 

(Vortkamp et. al. 1996).

Desert hedgehog (Dhh), shows no overlapping domains of expression with either 

Shh or Ihh. Its two major expression sites are the male gonad in the somatically 

derived Sertoli cells and their precursors, and the peripheral nerves in their 

encapsulating Schwann cells (Bitgood and McMahon, 1995). Additionally there is 

some expression associated with the developing atrioventricular valve of the heart and 

the endothelial cells of the major blood vessels. The Sertoli cells have many important 

functions, including the initiation of the male program of sexual development and the 

regulation of spermatogenesis in the testis. Expression of Dhh in Schwann cells
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suggests that it may play a role in nerve-Schwann cell interactions (Bitgood and 

McMahon, 1995).

1.5.5- Positive interactions between Shh and Fgf-4 establish 

growth and patterning in the developing limb bud

Several lines of evidence suggest that the two signalling centers in the developing 

limbs, the apical ridge and the polarizing region, interact with each other to mediate 

patterning. When the mesenchymal cells of the polarizing region are placed in culture, 

polarizing activity is rapidly lost (Honig, 1983; Hayamizu and Bryant, 1992). 

Furthermore, grafts of polarizing region cells are more efficient when placed in 

contact with or under an intact apical ridge (Tickle, 1981a). The apical ridge is 

required for the maintenance of a functional polarizing region (Todt and Fallon, 1987; 

Niswander et. al. 1993; Vogel and Tickle, 1993). Addition of Fgf-4 in vivo, or to 

cultured polarizing region cells, at the start of the culturing period can maintain 

polarizing activity (Vogel and Tickle, 1993). Posterior mesenchymal cells cultured 

with Fgf-4 continue to express posterior genes such as Msx-1, Hoxd-13 and Bmp-2, 

when grafted to chick limb buds (Vogel et. al. 1995b). Furthermore Fgf-4 can 

maintain the responsiveness of cultured anterior mesenchymal cells to positional cues 

in the posterior of the limb bud (Vogel et. al. 1995b). Application of Fgf-4 (as well as 

the activity of other F gf s) following removal of the apical ridge can maintain 

outgrowth (Niswander et. al. 1993; Fallon et. al. 1994; Niswander and Martin, 1993b). 

Removal of the posterior apical ridge results in downregulation of Shh expression 

within 10 hours (Laufer et. al. 1994), while addition of Fgf-4 protein can maintain Shh 

expression (Niswander et. al. 1994; Laufer et. al. 1994).

Ectopic application of Shh can induce expression of Fgf-4 (Niswander et. al. 

1994; Laufer et. al. 1994). Application of Shh to either the proximal-medial limb 

domain or to the anterior-distal limb margin, in the absence of an apical ridge, does 

not induce mesenchymal proliferation or ectopic gene expression (Niswander et. al. 

1994; Laufer et. al. 1994). Ectopic application of Shh and Fgf-4 at the anterior limb 

margin, denuded of an apical ridge, rescues the ectopic expression pattern of the 

downstream genes (Niswander et. al. 1994; Laufer et. al. 1994). Therefore, the 

induction of Fgf-4 by Shh and the maintenance of Shh expression by Fgf-4 suggest 

that these two genes are normally sustained by a positive feedback loop (Niswander
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et. al. 1994; Laufer et. al. 1994) that allows the coordination of patterning along the 

antero-posterior axis and mesodermal outgrowth. The only exception, so far, of an 

Shh downstream target gene that does not depend on the presence of a functional 

apical ridge is ptc (Marigo et. al. 1996b). Ptc expression in the absence of an apical 

ridge is downregulated due to the loss of Shh expression, but application of Shh 

results in activation of ptc even in the absence of an apical ridge (Marigo et. al. 

1996b).

Natural mutations in the chick {limbless) and in the mouse {limb deformity {Id)), 

show abnormal apical ridge formation (Prahlad et. al. 1979; Kleinebrecht et. al. 1982) 

and lack Fgf-4 expression (Haramis et. al. 1995; Noramly et. al. 1996; Ros et. al. 

1996; Grieshammer et. al. 1996). In the limbless mutant limb buds begin to form but 

subsequently degenerate as they fail to form an apical ridge (Carrington and Fallon, 

1988; Noramly et. al. 1996). Shh and Bmp-2 are not expressed in the polarizing region 

while genes of the Hoxd complex are expressed at low levels (Noramly et. al. 1996; 

Ros et. al. 1996; Greishammer et. al. 1996). In the Id mutant, apical ridge cells fail to 

differentiate resulting in oligodactyly and syndactyly of the autopod skeletal elements 

(Haramis et. al. 1995). Shh expression is initiated normally, but ceases prematurely 

due to lack of Fgf-4 expression (Haramis et. al. 1995). In both mutants there is 

disruption of the Shh/Fgf-4 positive feedback loop.

Recent results show that the vertebrate homologue of the Drosophila protein, 

Dorsal, nuclear factor-kappa B (NF-kB) is vital for the formation of the apical ridge 

(Kanegae et. al. 1998; Bushdid et. al. 1998). Rel/ NF-kB  is detected in the chick 

presumptive limb bud mesoderm at stage 15 (Kanegae et. al. 1998; Bushdid et. al. 

1998) and as the limb grows it becomes confined to the most distal mesodermal cells. 

Surgical removal of the apical ridge results in loss of Rel/ NF-kB  expression within 4 

hours, but its normal expression can be restored by the addition of Fgf-4 (Kanegae et. 

al. 1998; Bushdid et. al. 1998). The use of transdominant inhibitors of Rel/ NF-kB 

activity (Kanegae et. al. 1998; Bushdid et. al. 1998), result in limb buds that fail to 

develop and are reduced in size, normal apical ridge structure is lost and expression of 

Fgf-8 is downregulated or absent. Furthermore, expression of Shh is also reduced 

(Kanegae et. al. 1998; Bushdid et. al. 1998), as well as expression of Msx-1 (Kanegae 

et. al. 1998), while expression of Bmp-4 is increased (Bushdid et. al. 1998). In 

addition there is a marked decrease of Twist expression in the transdominant-negative 

mutants. During Drosophila development, Twist is required for transcription of genes
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encoding Fgf receptors (Shishido et. al. 1993) and in vertebrates the role of Fgfs 

seems to be partially mediated through the activation of Fgf receptors 1 and 2 

(MacArthur et. al. 1995; Deng et. al. 1994). Therefore, these results indicate that NF- 

kB may transduce the Fgf-mediated signals that regulate Shh expression and may 

participate in the formation of the antero-posterior organizing center (Bushdid et. al. 

1998).

1.6- Bone morphogenetic proteins (Bmps) are important regulators 

of vertebrate limb development

Bone morphogenetic proteins are members of the TGFp superfamily and are 

involved in the development of nearly all organs and tissues, as well as in the 

establishment of the basic embryonic body plan (reviewed Hogan, 1996). They are 

synthesized as large precursors, which are processed and proteolytically cleaved to 

yield carboxy-terminal mature proteins. There is a striking correlation in expression 

patterns of hedgehog and Bmp genes in sites associated with epithelial-mesenchymal 

interactions (Bitgood and McMahon et. al. 1995). In the limb, Bmp-2, Bmp-4 and 

Bmp-7 are all expressed in the apical ectodermal ridge, where they may function in 

regulating signalling to the progress zone. In the mesenchyme though, they show 

different patterns of expression. Bmp-4 is expressed in both anterior and posterior 

mesenchyme. Bmp-7 expression is diffuse throughout the posterior part of the limb 

bud mesenchyme and at subsequent later stages it is found around the digit rudiments, 

in the interdigital regions, where there is high level of cell death. Bmp-2 is first 

expressed in the posterior mesenchyme, in a broad domain overlapping that of Shh 

(for all patterns see: Francis et. al. 1994; Laufer et. al. 1994; Zou and Niswander

1996). Polarizing region grafts, as well as Shh expressing cells at the anterior of the 

limb bud induce ectopic Bmp-2 expression (Francis et. al. 1994; Laufer et. al. 1994). 

Furthermore, the posteriorly restricted Bmp-2 domain, is expanded anteriorly in the 

polydactylous talpid mutant (Francis-West et. al 1995). The activation of Bmp-2 

expression in response to Shh requires Fg/"produced by the ridge. Bmp-2 may then be 

able to act as a secondary signalling molecule to induce the expression of other 

downstream molecules. As shown by Duprez et. al. 1996 application of Bmp-2 

expressing cells can induce ectopic expression of Fgf-4 and of Hoxd-11 and Hoxd-13
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in anterior ridge and mesenchyme respectively. In the absence of a ridge however, 

Bmp-2 inhibits cell growth and counteracts the effect of Fgf-4 (Niswander and Martin 

1993a). Expression of Bmp-2 in the polarizing region is lost, to a variable extent, in 

the Wnt-7a mutant embryos (Parr and McMahon 1995).

Signalling by Bmps involves two types of transmembrane serine/threonine 

kinases, called the type I and type II receptors (reviewed Hogan, 1996). Ligand 

binding to both receptors (BMPRs) results in the phosphorylation of the type I 

receptor by the type II receptor. The type I receptor then transduces the signal by 

phosphorylating intracellular targets, including members of the Smad family. In 

vertebrates, two types of type I BMPRs have been identified, namely BMPR-IA and 

BMPR-IB. Examination of their role in the development of the chick limb has shown 

that they control different developmental processes (Zou et. al. 1997). BMPR-IB is 

expressed in precartilaginous condensation zones in the limb, beginning at stage 24. 

From stage 27 to 32 it is strongly expressed in the developing digits particularly in the 

distal phalangeal region where condensation is still actively occurring (Zou et. al.

1997). Misexpression of both gain-of-function and loss-of-function mutant forms, 

indicates that BMPR-IB is necessary and sufficient for cartilage condensation (Zou et. 

al. 1997). Fu^hermore, interruption of Bmp-4 signalling by dominant-negative 

BMPR-IB represses both Bmp-4 and Msx-2 expression (Zou and Niswander, 1996). 

On the other hand BMPR-IA expression is detected at low levels throughout the limb 

bud mesenchyme with highest levels of expression in the distal progress zone 

mesenchyme and at later stages is highly expressed in prehypertrophic chondrocytes 

(Zou et. al. 1997). Overexpression of the dominant-negative form of BMPR-IA results 

in inhibition of programmed cell death in anterior, posterior and interdigital necrotic 

zones, further suggesting that Bmp-2 and -4 are mediators of cell death especially in 

the interdigital region, since this interruption of Bmp-2, -4 signalling also resulted in 

extra tissue formation in the leg buds (Yokouchi et. al. 1996). In addition, 

misexpression of BMPR-IA results in a delay in chondrocyte differentiation (Zou et. 

al. 1997), which is similar to 'that observed after misexpression of Ihh (Vortkamp et. 

al. 1996). As proliferating chondrocytes exit the cell cycle and start to hypertrophy, 

they start to express high levels of Ihh. Ihh then acts on the adjacent perichondrium 

which expresses ptc , so that the responding cells express Bmps, which signal back to 

BMPR-IA in the prehypertrophic chondrocytes, thus setting off a signalling cascade 

mediated via Bmps to inhibit the differentiation of neighbouring cells (Zou et. al.
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1997). Furthermore, misexpression of BMPR-IA results in increased PTHrP 

expression (Zou et. al. 1997). Ihh also regulates PTHrP expression in the more distant 

periarticular region, possibly indirectly since ptc  is not expressed in this region 

(Vortkamp et. al. 1996). It is possible that Bmps expressed in the perichondrium could 

act on the periarticular region, where BPMR-IA is expressed to relay the Ihh signal to 

PTHrP (Zou et. al 1997). Therefore, in the cartilaginous skeleton, Bmps may mediate 

both local and long-range effects.

Loss-of-function Bmp-2 mutant mice die around 9.5 dpc so that they do not help 

to assess the role of this factor in limb patterning. In contrast, Bmp-7 null mutant mice 

survive to birth and show polydactyly (Luo et. al. 1995; Hofmann et. al. 1996). 

Furthermore, double heterozygous Bmp4/7 mutants have an extra anterior digit, 

suggesting that these two molecules play a similar role in controlling the number of 

digits through the induction of apoptosis in interdigital and anterior mesenchyme 

(Katagiri et. al. 1998). The overlapping expression patterns of Bmps in the limb buds 

indicate that they may function as heterodimers. Interestingly, Bmp-2/7 and Bmp-4/7 

heterodimers have been generated in vitro and are much more active than either 

homodimer (Hazama et. al. 1995). The different phenotypes and the frequent lethality 

of single null mutants as well as the absence of abnormal phenotypes in Bmp-2/7, 

Bmp-5/7 and Bmp-2/4 double heterozygous mutants (R. Behringer, personal 

communication in Katagiri et. al. 1998), is a major barrier in investigating the role of 

heterodimers in limb development (Katagiri et. al. 1998).

1.7- Hox genes in vertebrate development

The four vertebrate Hox gene clusters represent one of the best examples of 

structural and functional conservation in animal species. The genomic structural and 

organizational similarities between the vertebrate Hox genes and the Drosophila 

homeotic (HOM-C) complexes provided evidence that the Hox/HOM-C clusters arose 

by duplication and divergence from a common ancestral cluster that was speculated to 

be conserved in an even broader range of animal species (Krumlauf, 1994).

In vertebrates, analysis of the mouse and human Hox complexes is the most 

detailed. There are 39 genes organized in four different chromosomal complexes the 

Hoxa, Hoxb, Hoxc and Hoxd. The genes in each cluster are all oriented in the same 5'
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to 3' direction of transcription (Duboule, 1992; Krumlauf, 1994) and, in their 

structural and functional organization, they share similarities with that of the 

Drosophila Bithorax and Antennapedia complexes (Duboule and Dolle, 1989). A 

distinguishing feature of the Hox complexes is the correlation between the physical 

order of genes along the chromosome and their expression along the antero-posterior 

axis of the embryo, a property referred to as spatial colinearity. This spatial 

colinearity is associated with the order of the genes along the DNA such that Hox 

genes located at 3' positions in a given complex have boundaries of expression that 

are rather anterior along the antero-posterior axis, while more 5 '-located genes are 

expressed more posteriorly. This pattern is found in all the expressing tissues, such as 

the paraxial mesoderm, neural tube, neural crest, limbs, hindbrain segments, surface 

ectoderm, branchial arches, gut and gonadal tissue (Dolle et. al. 1989; Duboule and 

Dolle, 1989; Dolle et. al. 1991; Krumlauf, 1994). There is also a relationship based on 

the time of appearance of expresssion called temporal colinearity. Therefore, genes at 

the extreme 3' end of the clusters are activated the earliest and have the most anterior 

boundaries of expression, while moving along the complexes in a 5' direction, each 

successive gene adopts a progressively later and more posterior pattern of expression 

(Izpisua-Belmonte et. al. 1991; Krumlauf, 1994) (Fig. 1.5). In this sense the number 

of Hox genes and the extent to which they operate in patterning along secondary 

structures probably depends on the time of appearance of this structure during 

development. A structure appearing late, such as the genital bud, will express only the 

last few Hox genes (those located at the 5' ends), whereas structures appearing earlier, 

such as the limb buds, will require the action of many genes (Duboule, 1992).

Hoxa and Hoxd complex genes are expressed in restricted domains along the 

proximo-distal and the antero-posterior axes of the limb (Fig. 1.5). Their sequential 

3 '-to-5' activation during early limb budding leads to colinear and nested transcript 

domains (Izpizua-Belmonte and Duboule, 1992;Yokouchi et. al. 1991). Thus, at early 

stages, Hoxa-13 and Hoxd-13 display the most restricted expression domains towards 

the posterior and distal region of the limb bud (Fig. 1.5). Hoxa genes show domains of 

expression that are restricted along the proximo-distal axis of the limb (Yokouchi et. 

al. 1991). The initial expression of Hoxa-13 at stage 19 is restricted in the posterior 

distal mesenchyme, but by stage 25 its expression is throughout the hand/foot plate 

and has no antero-posterior bias (Yokouchi et. al. 1991). The Hoxd-13 gene is the 

most 5 '-located gene of the Hoxd complex and the last Hoxd gene to be expressed at



Figure 1.5-

Illustration of expression patterns of Hoxa and Hoxd genes in developing limb buds. 

(A) Hoxa9-13 show nested expression pattern domains along the proximo-distal axis. 

Initially Hoxa-13 is expressed only at the posterior distal limb region. (B) Expression 

pattern of Hoxd9-13 genes in nested domains along the antero-posterior axis.
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the most posterior and distal parts of the limb buds (Izpizua-Belmonte and Duboule, 

1992; Izpizua-Belmonte et. al. 1992b). By analogy to the key roles that homeobox 

genes play in determining segmental identity in Drosophila, the idea of a Hox code 

was proposed, in which antero-posterior positional identity would be specified by the 

combinatorial expression of different Hoxd genes. Proximo-distal identity might be 

similarly encoded by the Hoxa genes. Targeted disruption of Hoxd-13 expression 

induces alterations in skeletal elements (Dolle et. al. 1993). While some of the 

alterations in the vertebral column can be described as homeotic transformations, the 

phenotype observed in the limbs can not be explained using this framework. The adult 

mutant limbs have features of wild-type fetal limbs, suggesting that the loss of Hoxd- 

13 function produces a localized heterochrony (Dolle et. al. 1993). Targeted 

disruption of the Hoxa-13 gene results in loss of the most anterior digit (digit I) in 

both forelimbs and hindlimbs, while the most posterior digit (digit V) in the hindlimbs 

remains in the state of a small precartilaginous condensation (Fromental-Ramain et. 

al. 1996). In addition, misexpression of Hoxa-13, in chick limb buds, sometimes 

generates a supernumerary anterior digit cartilage in both wing and leg (Yokouchi et. 

al. 1995). These studies indicate a role of this gene in controlling digit formation. 

Compound heterozygous Hoxa-13 and Hoxd-13 mutants, displayed a phenotype that 

reproduced some of the abnormalities generated either by Hoxa-13 or Hoxd-13 loss 

(Fromental-Ramain et. al. 1996). However, both the forelimb and the hindlimb of 

double homozygous mutants were severely reduced in size and had a round shape 

with no apparent digits (Fromental-Ramain et. al. 1996). This finding suggests that 

the products of these two genes are partially functionally redundant and that they are 

indispensable for the growth and patterning of the entire distal part of the limb 

(Fromental-Ramain et. al. 1996). The investigators speculate that the inactivation of 

these two genes may reduce the growth rate in the presumptive autopod region that 

leads to a premature truncation of the axis. This results in a structure resembling the 

fish fin, which appears like a truncated limb without the autopod (Fromental-Ramain 

et. al. 1996). It has been proposed, that the bending of the metapterygial axis in the 

tetrapod lineage is a consequence of increased posterio-distal proliferation, leading to 

an enlarged autopod (Coates, 1994).

Polarizing region grafts as well as misexpression of Shh at the anterior limb 

margin, can initiate ectopic Hoxd gene expression (Izpisua-Belmonte et. al. 1992a; 

Riddle et. al. 1993). However, asymmetric expression of the most 5' Hoxd genes
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occurs in the limbless mutant, without apical ridge influence and without any 

detectable Shh, suggesting that the initial Hoxdll-13  activation is not downstream of 

Shh (Ros et. al. 1996). In recombinant limbs made with anterior mesoderm, 5' Hoxd 

expression occurs without any detectable levels of Shh (Ros et. al. 1994; Hardy et. al. 

1995). These facts strongly support the idea that the expression of these genes is an 

intrinsic property of growing limb mesoderm. Interestingly, treatment of chick limb 

buds that lengthens the cell cycle in anterior cells results in expansion of the Hoxd-11 

domain (but not of Hoxd-13), followed by minor digit duplications (Ohsugi et. al. 

1997). It is possible that positive and negative regulation of growth rates could dictate 

the pattern of condensations. In this way, a local increase in the number of cells 

available to condense, may induce a prechondrogenic condensation to branch, while a 

local decrease in cell numbers may result in termination of condensation (Duboule, 

1994a).

Misexpression of Hoxd-12 can either promote or inhibit formation and 

proliferation of chondrogenic condensations that give rise to skeletal elements, 

depending on location relative to the main limb axis (Knezevic et. al. 1997). 

Furthermore, it can activate ectopic Shh expression and produce digit duplications. 

Apart from Hoxd-12, Hoxb-8 misexpression also induces Shh and produces similar 

phenotypes (Charite et. al. 1994), suggesting that these genes may be required in the 

complex regulatory circuitry modulating Shh expression, in a precise temporal and 

spatial pattern.

1.8- Aims of the thesis

The aim of the experimental work described in this thesis was to understand the 

role of the Shh gene in the development of the chick limb. In particular, I wished to 

understand how Shh acts in the polarizing region signalling pathway, which 

determines the antero-posterior pattern of the elements that form the chick limb. The 

first objective was to determine whether Shh can determine antero-posterior pattern in 

a dose-dependent manner. This was done by applying beads soaked in different 

concentrations of Shh protein at the anterior wing domain. Furthermore, we wanted to 

investigate the distance over which Shh acts in order to determine digit patterning and 

whether it can specify digit fate in a direct or an indirect manner. The second
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objective was to determine the sequence of events initiated by the ectopic application 

of Shh protein, as well as the timing of activation of downstream targets and how this 

pattern compares with polarizing region grafts. Finally we investigated the mode of 

action of Shh in the chick mutant talpid (ta3) and the pattern of gene expression after 

exogenous application of recombinant Shh protein in the mutant limb buds.
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GENERAL MATERIALS AND METHODS

2.1- General Procedures

All solutions used were prepared with de-ionised water with 0.1% DEPC and 

sterilised by autoclaving, unless this was not recommended. Glassware was sterilised 

by autoclaving or by baking at 180°C for 2 hours. Plastic ware was already sterilised 

by y-irradiation (from Nunc or Sterilin). Separate plastic ware (from Rainin) and stock 

solutions were used for RNA work.

Dissection instruments were rinsed each time with 70% alcohol before use.

2.1.1- Manipulation of chick embryos

Fertilized white Leghorn eggs were obtained from Poyndon Farm, Waltham 

Cross, Hertfordshire, U.K. Eggs were incubated at 38± 1°C and windowed on day 2 

or 3 of incubation. Eggs were briefly swabbed with tissue soaked in 70% alcohol and 

rotated 90° to ensure that the embryo was not stuck on the inside of the shell. The 

blunt end of the egg was pierced with forceps, followed by piercing the upper surface. 

Tape was placed over this hole and a “window” was cut from the shell using scissors, 

thus exposing the embryo. Embryos were staged according to the method of 

Hamburger and Hamilton (1951). For manipulation, the embryo was revealed by 

removing the vitelline and amniotic membranes around the wing bud region.

2.1.2- Bead application in chick limb buds

Beads soaked in protein solutions, were placed under a loop of apical ridge, at the 

anterior margin of wing buds of stage 19/20 chick embryos and where necessary 

secured with a platinum staple. The staples were made of platinum wire (0.025mm2 

Goodfellow Metals). The apical ridge loops were formed using a sharp tungsten 

needle. In some cases beads were implanted at the apex or at the posterior margin of 

stage 19/20 wing buds. In a certain series of experiments beads were removed at 

different time points after implantation using a sharp needle. When beads were
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removed and replaced by a new bead, then the new beads were placed in the position 

of the original bead under the apical ridge using a sharp tungsten needle.

2.1.3- Preparation of Shh beads

To prepare Shh beads, a 3pi drop of Shh protein solution was placed on a 

bacteriological grade Petri dish. Stock solutions were stored at -70°C and dilutions 

were made in 20mM Tris-HCl, 120m MNaCl buffer. 10-15 Affi gel beads (200-250 

pm in diameter) were rinsed in the above buffer and then transferred to the 3 pi drop 

and allowed to soak in Shh for 1-2 hours (or longer) at room temperature.

On some occasions, beads were kept at 4°C in the drop of Shh protein and were 

used on subsequent days. Protein solutions and soaked beads were not used for more 

than two weeks after the Shh protein was thawed.

2.1.4- Preparation of Bmp-2 beads

To prepare the Bmp-2 solutions and beads, siliconised pipette tips and eppendorf 

tubes were used. Stock solutions were stored at -70°C and dilutions were made with 

0.1% BSA in PBS (stock solution kept at 4°C ). A 2pl drop of Bmp-2 solution 

(Genetics Institute) was placed in a bacteriological grade Petri dish. 15-20 Affi gel 

beads (200-250pm in diameter) were rinsed in Tris-HCl/NaCl buffer and then 

transferred to the 2pl drop and allowed to soak for 1 hour at room temperature. Also 

heparin beads were used (200-250pm). These were rinsed in PBS and then transferred 

to the 2pl drop.

2.1.5- Preparation of Fgf-4 beads

To prepare the Fgf-4 beads, a 2pl drop of stock solution of Fgf-4 was used. Stock 

solution was kept at -20°C at a concentration of 1.74pg/ml. Heparin beads were used, 

which were previously rinsed in PBS before being transferred to the 2 pi drop. They 

were soaked for 1 hour at room temperature.
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2.1.6- Grafts of limb tissue and of polarizing region tissue

In all cases where mesenchymal tissue was grafted in host embryos the same 

principles of preparing the tissue were applied. For polarizing region grafts the needed 

piece of tissue removed, was based on polarizing region maps published by MacCabe 

et. al. 1973.

Embryos were removed from the egg, using forceps and were placed in a 

bacteriological grade petri dish with the prepared growth medium. Limbs were 

removed from the flank region using forceps and transferred to a bacteriological grade 

petri dish containing 2ml of lOx trypsin (Gibco/BRL). Limbs were trypsinised to 

remove the ectoderm, for approximately 1 hour (depending on the trypsin solution 

and the developmental stage of the limb buds) at 4°C. Subsequently they were 

removed and washed for 5 minutes at 4°C in a bacteriological petri dish containing 

growth medium. The ectoderm tended to be visible by this point and was removed 

using tungsten needles. The required pieces of mesoderm tissue were subsequently cut 

from the limb buds using tungsten needles.

The tissue was transferred to the new chick host using a Gilson pipette and was 

put in position in a loop under the anterior apical ridge using a sharp needle.

2.1.6.1- Growth medium preparation

The growth medium used to dissect the embryos was MEM buffered with 25mm 

HEPES buffer (Gibco/BRL) and was supplemented with 10% Foetal Calf Serum 

(FCS), 1% penicillin/streptomycin antibiotic and 1% glutamine (2mM final 

concentration). Growth medium preparation took place under sterile conditions and 

the medium was subsequently kept at 4°C.

2.1.7- Alcian Green staining for cartilage

Two different methods were used in order to stain cartilage.

(A). Embryos were fixed in 5% trichloroacetic acid (TCA), overnight at room 

temperature. Subsequently they were stained with 0.1% (w/v) alcian green in acid 

alcohol (70% (v/v) ethanol, 1% HC1), for 4 hours to overnight. The embryos were 

then washed in acid alcohol for 3 hours to overnight and then they were washed
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several times in absolute ethanol for 3 hours minimum. Finally, the embryos were 

cleared and stored in methyl salicylate.

(B). Embryos were rinsed twice in PBS and then placed in 95% ethanol for 6 

minutes. Subsequently they were left in acetone for two days at room temperature. 

They were thiflfi rinsed in ethanol for 1-2 hours and then stained in alcian green in acid 

alcohol (70% (v/v) ethanol, 1 % HC1), for 3 hours. They were rinsed in ethanol for 2 

hours and then in tap water for another hour. Subsequently they were placed in 1% 

KOH in H2O for 30 minutes (until skeleton was clearly visible). In order to become 

clear, they were transferred through a series of glycerine/1% KOH solutions (20%, 

50% 80% glycerine) and left in each solution the time required for the embryos to 

sink. Finally they were stored in 100% glycerine.

2.2- General Techniques

2.2.1- Restriction enzyme digestion

Retriction digests were carried out in the buffers recommended by the 

manufacturer. Typically, lpg of plasmid DNA was digested with 1 unit of enzyme, 

for at least 1 hour at 37°C, in a total volume greater than 10 times the volume of 

enzyme used.

2.2.2- Preparation of RNA probes

To generate a specific RNA probe, the DNA plasmid was linearised with the 

appropriate restriction enzyme and, following DNA purification, the riboprobe was 

synthesized using the appropriate RNA polymerase. The procedures used to label the 

riboprobes for in situ hybridisation of whole-mount embryos were carried out using 

RNase-free reagents.

The transcription reaction mixture was set up as follows: 8.5pl of sterile distilled 

water, 5pi of 5x transcription buffer, 2pi of 0.1M DTT, 2pi of nucleotide mix 

(Boehringer), lpl of linearised DNA plasmid (1 pg/ pi) stock, 0.5pl of Rnase inhibitor 

(100U/ pi), 1.5 pi of either SP6, T7 or T3 RNA polymerase (10U/ pi). The mixture 

was incubated at 37°C for 2 hours. A further incubation was carried out for further 15 

minutes after the addition of 2pl of RNase-free DNase I. This was followed by
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ethanol precipitation in the presence of 0.5M LiCl. After the RNA pellet was washed 

in 70% ethanol and air-dried, it was resuspended in 100 pi of distilled water and 

stored at -70°C. The reaction was monitored by loading 1 pi of the reaction mixture 

on a TAE agarose gel, before the Dnase I step, and after the final resuspension and 

visualising the riboprobe after brief electrophoresis.

2.2.3- Phenol/Chloroform extraction of nucleic acids

An equal volume of phenol/chloroform/isoamyl alcohol (50:49:1 v/v) was added 

to either DNA or RNA solutions and the mixture was vortexed until a homogeneous 

emulsion was observed. After centrifugation in a microfuge for 5 minutes at 

maximum speed, the upper aqueous layer was transferred to a fresh tube taking care 

not to disturb the interface. The same procedure was repeated once more. The 

resulting solution was precipitated in ethanol.

2.2.4- Ethanol precipitation of nucleic acids

Sodium acetate was added to the DNA or RNA solution to a final concentration of 

0.3M followed by the addition of 2.5 volumes of ice cold ethanol and incubation for 

30 minutes at -20°C to precipitate the nucleic acid. Nucleic acids were recovered by 

centrifugation at 4°C for 20 minutes in a microfuge. After removal of the supernatant, 

the pellet was washed with ice-cold 70% (v/v) ethanol. Subsequently the tube was 

spun under the same conditions. After the removal of the supernatant the pellet was 

air dried at room temperature and was resuspended in the appropriate buffer (usually 

distilled water or Tris-EDTA (TE buffer)).

2.2.5- Agarose gel electrophoresis

High melting point agarose (Sigma) was used for the preparation of gels. 

Restriction enzyme digests were analysed on horizontal agarose gels 0.75% (w/v) 

agarose in lxTAE (Tris-Acetate-EDTA) with 0.5 mg/ml of ethidium bromide. 

Samples to be loaded were mixed with 10% (v/v) of gel loading buffer, and 

electrophoresed at 10 volts/cm in the same buffer used to prepare the gel. The DNA 

was visualised on a short wave ultraviolet transilluminator and photographed.
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2.3- List of solutions

TE buffer: lOmM Tris-HCl, O.lmM EDTA, pH8.0.

Phosphate-buffered saline (PBS): prepared using Dulbecco “A” tablets (Oxoid).

PBT: PBS, 0.1% Triton X-100.

Proteinase K: lOmg/ml stock in sterile distilled water.

Paraformaldehyde fixative: 4% (w/v) paraformaldehyde in PBT. Heated at 65°C 

with occasional agitation until dissolved and then cooled and kept at -20°C.

Gluteraldehyde: 25% stock solution (Sigma).

Prehybridisation solution: 50% formamide, 5x SSC, 2% blocking powder 

(Boehringer), 0.1% Triton X-100, 0.1% CHAPS (Sigma), 20 pg/ml tRNA, 5mM 

EDTA, 50 pg/ml heparin. A 500ml stock solution was prepared in a sterile tissue 

culture flask and heated at 65°C with occasional agitation until dissolved and then 

aliquoted in 50ml sterile Falcon tubes and kept at -70°C.

20xSSC stock solution: 3M NaCl, 0.3M sodium citrate, pH7.0.

KTBT: 50mM Tris-HCl, pH7.5, 150mM NaCl, lOmM KC1, 1% Triton X-100.

Alkaline phosphatase buffer: lOOmM Tris-HCl, 50mM MgCU, lOOmM NaCl, 

0.1% Triton X-100.

2.4- In situ hybridisation of whole embryos

The chick embryos were dissected in PBS and cleaned of all extra-embryonic 

tissues. They were fixed overnight at 4°C in 4% (w/v) paraformaldehyde 

(paraformaldehyde in PBT). The fixative was then removed by washing once in PBT 

at 4°C and the embryos were dehydrated by washing for 10 minutes each (with 

shaking) in ice cold 50% methanol diluted in PBT and then twice in 100% methanol. 

The embryos were stored in absolute methanol at -20°C until required.

2.4.1- Pretreatment of embryos

The embryos from -20°C were rehydrated by washing (with shaking) at 4°C, for 

10 minutes, in a graded series of ice cold methanol (100%, 50%), followed by 

incubation in PBT for 10 minutes at 4°C. The embryos were treated with Proteinase K
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(20jig/ml in PBT) for 15-20 minutes at room temperature with shaking. After washing 

in PBT for 5 minutes at 4°C with shaking, the embryos were refixed with fresh ice 

cold 0.2% gluteraldehyde and 4% paraformaldehyde (v/v) for 20 minutes at 4°C with 

shaking. The embryos were rinsed in PBT twice for 5 minutes each time and then 

were prehybridised, using approximately 1.5ml prehybridisation solution, at 55-60°C 

with shaking, until the embryos would sink (approximately 2-3 hours). The 

prehybridisation solution was subsequently replaced with fresh solution and the 

embryos were left at 55-60°C overnight (with shaking).

2.4.2- Hybridisation and post-hybridisation treatments

The embryos were incubated with hybridisation mix containing the DIG-labelled 

probe overnight at 55-60°C with shaking, or for up to 3 days to enable penetration of 

the probe. The embryos were then washed twice in 2xSSC, 0.1% w/v CHAPS at 60% 

for 30 minutes each, followed by a 2x 30 minutes wash in 0.2xSSC, 0.1% w/v 

CHAPS, at the same temperature, with shaking throughout. Subsequently the embryos 

were rinsed in KTBT twice for 10 minutes each time at room temperature. Then, they 

were incubated in 20% (v/v) heat-inactivated sheep serum in KTBT, for 3 hours or 

longer with shaking. In the meantime, 1/1000 dilution of anti-DIG antibody 

(Boehringer) in 20% heat-inactivated sheep serum in KTBT was placed at 4°C with 

gentle shaking for the duration of the 3 hour period. The embryos were then incubated 

in the antibody solution overnight at 4°C.

The following day the embryos were washed in KTBT at room temperature for 1 

hour, five or more times and then overnight at 4°C. This was followed by two 

incubations at room temperature for 15 minutes each in alkaline phosphatase buffer. 

The colour reaction was performed in the dark with alkaline phosphatase buffer 

containing 4.5pg/ml NBT stock solution and 3.5pg/ml BCIP stock solution (both from 

Boehringer). The reaction was periodically monitored and when the desired colour 

intensity was obtained, the embryos were washed several times in alkaline 

phosphatase buffer and stored in 4% paraformaldehyde in PBS.
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3.1- INTRODUCTION

Early interactions between cells ensure that the limb develops with predetermined 

antero-posterior and dorso-ventral asymmetry. These signals come from the ectoderm 

that controls dorsoventral asymmetry; from the apical ridge, which in conjuction to 

the progress zone directs outgrowth along the proximo-distal axis, and from the 

polarizing region that controls patterning along the antero-posterior axis. The advent 

of molecular and genetic techniques has provided the means to start unravelling how 

these organizing centers interact with each other and also the identification of some 

molecules directly involved in providing positional cues. A vast number of these 

molecules are transcription factors and the rest are signalling molecules. The 

establishment of genetic cascades between these molecules coordinates the process of 

limb development.

One of the molecules that has been extensively studied is retinoic acid, 

establishing that it can induce mirror-image digit duplications (Tickle et. al.1982), 

when it is applied ectopically in developing limb buds. Hox genes are downstream 

targets of retinoic acid. In particular, Hoxb-8 expression is induced by retinoic acid in 

the absence of protein synthesis (Lu et. al.1997; Stratford et. al. 1997), and mis

expression of Hoxb-8 results in similar digit pattern duplications as those obtained by 

retinoic acid (Charite et. al. 1994). It is further implicated in antero-posterior axis, 

since it induces the expression of Shh. Since Shh expression co-localises with the 

polarizing region (Riddle et. al. 1993), and mis-expression of Shh at the anterior of 

the limb gives rise to duplicated digit elements, this led to the idea that the diffusible 

molecule secreted by the polarizing region is not retinoic acid, as initially has been 

suggested (Eichele and Thaller et. al. 1987), but Sonic hedgehog (Riddle et. al. 1993).

Several lines of evidence have promoted the idea of Shh acting as a diffusible 

morphogen, determining cell fate at a distance and in a dose-dependent manner. 

Differentiation of floor plate and motor neurons is mediated by Shh. Floor plate cells 

at the midline of the ventral neural tube are specified by high activity of Shh secreted 

by the notochord, while motor neurons are specified by lower levels of Shh secreted 

by the floor plate cells and the notochord. The induction of floor plate cells and motor 

neurons in vivo is mediated by the different concentrations of Shh (Roelink et. al.
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1995). This means that motor neurons can be induced by low concentrations of Shh, 

while higher concentrations of Shh produces a progressive increase in the ratio of 

floor plate cells to motor neurons (Roelink et. al. 1995).

In the chick limb, Shh makes a good candidate for the polarizing region signal. 

The signal from the polarizing region determines digit identity in a dose-dependent 

manner, as the digit pattern obtained depends on the number of polarizing region cells 

grafted. Grafts that include only small numbers of polarizing region cells specify an 

additional digit 2, while increasing numbers of grafted cells, will give rise to an 

additional digit 3 and finally a digit 4 (Tickle 1981a). In both mouse and chick limb 

buds, reduced levels of Shh expression, correlate with absence of posterior digits 

(Yang and Niswander 1995; Parr and McMahon 1995), while mutations that result in 

ectopic expression of Shh give rise to polydactylous limbs (Charite et. al. 1994; Chan 

et. al. 1995; Masuya et. al. 1995). This suggests that the number of Shh-expressing 

cells is related to digit specification. The dose-dependent effects on digit patterning 

could be attributed to the activity of a morphogen which is released by the polarizing 

region, diffuses across the limb bud to set up a concentration gradient (Tickle et. al. 

1975). Therefore, high concentrations of the morphogen specify posterior digit 

identity, while lower concentrations, specify more anterior digits. According to this 

model, the diffusible morphogen should act at a distance (of 200pm or so, Honig 

1981) and there is evidence that the polarizing region can act at a distance and induce 

the formation of an anterior digit 2 in cells that have never been next to the grafted 

polarizing region (Honig 1981). A short-range signal can also act in a dose-dependent 

manner, if it is induced in the neighboring cells but at an attenuated level. If Shh acted 

in this way then ectopic application of Shh should induce Shh expression in the 

nearby cells. Another possibility is that the polarizing region activates a series of 

different short-range signalling molecules and that each signal determines patterning 

at a particular threshold concentration (Riddle et. al. 1993). According to this model, 

one signal would determine digit 4, another signal would specify digit 3 and yet 

another signal digit 2 identity. It is also possible that the polarizing region induces the 

expression of several secondary signals that interact with each other to pattern the 

limb. According to this model, none of these secondary signals on its own would be 

able to specify digit identity.

One other important issue is how cells respond to the polarizing region signal. 

They may respond to a specific threshold concentration of the signal or they may sum
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up the total amount that they see over a certain time period by continuously 

interpreting the polarizing region signal. In the case of polarizing region grafts that 

have been removed at different time points, when the ZPA graft is left for short 

intervals no additional digits are formed but grafts left in place for 16 hours induce an 

extra digit 2, while grafts remaining for longer time periods give rise to more 

posterior digits (Smith 1981). This suggests that time, as well as concentration is 

important in limb patterning. It is possible that a series of short-range signals specify 

digit identity and the specified digits are subsequently displaced or digit pattern is 

determined according to concentration and time by one-way promotion (see Fig 1.3). 

One way to distinguish whether digit character is specified by short-range signalling 

and displacement or by one-way promotion, is to determine whether digits arise from 

the same or distinct populations.

A major question is whether Shh acts directly or indirectly in order to specify digit 

identity. Direct immunostaining only detects Shh in close association with Shh 

expressing cells (Marti et. al. 1995a), arguing against long-range diffusion. The best 

evidence for direct long-range effects comes from studies of motor neuron 

specification (Ericson et. al 1995). In other systems, Shh appears to have both long- 

range and local components (Marti et. al 1995b; Roelink et. al 1995; Fan et. al 1995; 

Ericson et. al 1995). In Drosophila, hh expressing cells at the anterior-posterior border 

of the wing disc activate dpp expression in the anterior cells, which has long-range 

effects and determines pattern by establishing a gradient (Zecca et. al. 1995; Nellen et. 

al. 1996). In the limb, there is evidence that Shh may activate secondary signals, such 

as Bmps which, are the vertebrate homologues of dpp (Laufer et. al. 1994). Although 

cholesterol modification appears to influence the range of Shh, different ways that 

could mediate diffusion have been suggested (reviewed by Tabin and McMahon, 

1997), and several molecules have been identified so far that are involved in 

sequestering and transducing the Shh signal. Apart from ptc, a new gene has been 

identified in Drosophila, named tout-velu, which is required for diffusion of hedgehog 

(Bellaiche et. al. 1998) and also a protein termed as Hedgehog Interacting Protein 

(HIP), identified in vertebrates, may be involved in attenuating the hedgehog signal 

(Chuang et. al. 1998 abstract). Furthermore, gli-3 which is expressed in the entire limb 

field, apart from the polarizing region, is suggested to be a negative regulator of Shh 

expression, while loss of gli-3 expression results in ectopic Shh and polydactylous 

limbs (Masuya et. al. 1995).
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The only other molecule that has been shown to have patterning activity is retinoic 

acid. Blocking of retinoic acid synthesis at pre-limb bud stages disrupts limb initiation 

(Stratford et. al. 1996; Helms et. al. 1996), while inactivation of Shh results in limb 

truncations (Chiang et. al 1996). As the patterning activity of retinoic acid may be 

mediated by inducing a polarizing region (Wanek et. al 1991; Noji et. al. 1991), it is 

possible that retinoic acid may function in early polarizing signalling and Shh may 

function later.

In the view of these facts I tried to investigate whether Shh can mimic: the 

patterning activities of the polarizing region and retinoic acid. Therefore, it was 

essential to establish whether Shh can determine digit identity in a dose-dependent 

manner and how digit pattern is associated to the length of time that cells have been 

exposed to the applied Shh signal. Furthermore, I wanted to establish whether Shh can 

influence cell fate at a distance, and from which cells the extra structures arise. If Shh 

acts as a diffusible morphogen then it is important to investigate whether Shh 

determines digit identity in a direct or indirect fashion. Therefore, COS cells were 

transfected with a membrane tethered Shh construct and grafted in host limb buds, to 

determine the digit patterns obtained when Shh is unable to diffuse.
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3.2- MATERIALS AND METHODS

3.2.1- Application of Shh beads

Fertile White Leghorn chicken eggs were purchased from Poydon egg farm. They 

were staged according to Hamburger and Hamilton (1951) and were windowed 

according to the method described in Chapter 2 (section 2.2.1). Shh beads were 

prepared and implanted in host chick wing buds as previously described in Chapter 2 

(section 2.1.1).

3.2.2- Removal of the polarizing region in vivo

To ensure that the entire polarizing region was removed, and no Shh expressing 

cells were left behind, a rather large part of the posterior wing was removed 

(including the ectoderm). Two deep incisions were made with a sharp needle 

perpendicular to each other, one running from the flank to the distal tip of the wing 

and the other from the distal tip towards the posterior of the wing bud. The piece of 

tissue was removed with forceps and any remnants of tissue on the flank were 

removed using a sharp tungsten needle.

Some embryos were fixed immediately in 4% paraformaldehyde. In the rest of the 

embryos, beads soaked in Shh protein (see 2.1.2 and 2.1.3 for details) were implanted 

either in the posterior or in the anterior region. Anterior beads were placed under a 

loop of apical ridge and where necessary secured with a platinum staple. Posterior 

beads were placed at the distal part of the amputation and where necessary secured 

with two platinum staples, one perpendicular to the other, so that they form a small 

cage in which the bead is stable. Embryos were observed after 24 hours to determine 

the number of operated wings with beads remaining in place and they were 

subsequently fixed in 5% TCA at 10 days of development.

3.2.3- D il and DiA injections

Dil and DiA injections were performed through glass micropipettes using a 

pressure injector (Picospritzer, General Valve Company). A dilution of 3 mg/ml in 

dimethyl formamide was used for each dye and a spot of dye was injected (diameter 

of 20-25pm) to mark cells at different distances from the implanted beads. Shh beads 

were soaked in 8 mg/ml or 16 mg/ml Shh and grafted at the anterior margin of the
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wing bud (as mentioned in 2.1.2). Injections were performed 1 hour after bead 

implantation and distances were measured with an eyepiece graticule and with 

reference to the somites. Embryos were fixed at 24, 48, 72 and 96 hours later in 4% 

paraformaldehyde. Photography was performed using a Nikon microscope with 

rhodamine filter, while all the bud widths were measured under a dissecting 

microscope using an eyepiece graticule.

3.2.4- Tissue culture

All tissue culture techniques were carried out under sterile conditions. The 

solutions were either autoclaved, or filter sterilised, or were Gibco/BRL products, 

purchased as sterile solutions ready to use. The plastic ware was also sterile and 

purchased from Nunc.

3.2.4.1- Preparation of chick embryo fibroblasts (CEFs)

Primary chick embryo fibroblasts were derived from 10 day old chick embryos, 

which had been incubated at 37°C. To obtain a sufficient number of cells, 10-12 chick 

embryos were used. The eggs were first cleaned with 70% (v/v) alcohol and the blunt 

end of the egg was opened using a pair of blunt forceps. Using a pair of curved 

forceps, the embryo was removed into a sterile Petri dish containing PBS, pH 7.5 by 

hooking the embryo by the neck. The head was removed from the embryo and 

discarded, and the viscera were removed by pinching the body cavity, and discarded. 

The trunk of the embryo was washed three times in PBS, by transferring the embryos 

into new Petri dishes containing PBS. The reason of doing this was to remove the 

erythrocytes. Once the embryos had been washed, they were transferred to a dry, 

sterile tissue culture dish and chopped into very small pieces with a pair of curved 

scissors. The pieces of tissue were then transferred to a sterile side arm conical flask 

containing 0.5gr glass beads (710-1180pm in diameter, Sigma). The beads were 

autoclaved in 5 ml water and the water removed before adding the tissue. 10 ml of 

ice-cold trypsin-versine (1:9 v/v) (lx  Trypsin and 1:5000 Versene stock solutions 

from Gibco/BRL) were then added to the flask, swirled around with the tissue and left 

to settle for about 30 seconds for the large fragments to sediment before discarding 

the fluid (containing erythrocytes) by pouring through the side arm. Trypsin/versine 

was added a further 4-5 times and poured into sterile 20 ml universals. The universals
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were kept on ice whilst this process was being carried out. Next, the universals were 

centrifuged for 5 minutes at 1,500 rpm at 4°C. The supernatant was discarded and the 

pellets were resuspended in 10 ml of PBS to wash away the trypsin, which was then 

centrifuged as before. The pellets were resuspended in a total of 10 ml PBS and 

transferred to a fresh sterile conical flask containing glass beads. This was then placed 

on ice for 1 hour, swirling approximately every 10 minutes. This incubation allows 

any residual trypsin to continue the digestion, as well as causing further mechanical 

dispersion. After incubation, the cell suspension was poured through a 220 pm sieve 

(Sigma), which had previously been sterilised by baking overnight at 180°C. The cells 

were then counted and plated out in 80cm tissue culture flasks at a density of 6x10 

cells per ml. 20 ml of medium were then added (90% DMEM (Dulbecco's Modified 

Eagle's Medium), 10% FCS, 1% penicillin/streptomycin, all from Gibco/BRL) and 

the cells were incubated at 37°C, 5% CO2 overnight. Next day, the cells were 

examined under the microscope and passaged if confluent. If not, they were washed in 

serum-free DMEM to remove any dead cells and fresh medium was added.

3.2.4.2- Passaging of Cells

CEF cells and COS cells (from Prof. J. Wood) were cultured in 90% DMEM, 10% 

FCS, 1% glutamine, 1% penicillin/streptomycin. QT6 cells (from Dr. D. Duprez) 

were cultured in 90% FI2, 8% FCS, 2% chicken serum, 1% glutamine, 1% 

penicillin/streptomycin. The drug G418 was added for selection (final concentration 

of 800pg/ml, prepared as stock solution of 5mg/ml and filtered using a 0.2pm filter) 

and maintenance of neomycin resistant clones.

Cells were passaged once they reached confluence. This was carried out by 

initially removing the medium from the cells and washing the cells with 10 ml of 

serum free DMEM. The cells were washed well to ensure that all the serum was 

removed, as this will inhibit the action of the trypsin. The cells were then trypsinised 

by adding 2-3ml of lx  trypsin EDTA solution (Gibco/BRL) and replacing the flask in 

the incubator for 3-4 minutes to allow cells to dissociate from their monolayer. This 

action was then terminated by the addition of 5ml fully supplemented medium and 

cells were resuspended, transferred into 15ml Falcon tubes and centrifuged at 

l,000rpm for 5 minutes at 4°C. The supernatant was discarded and the cells were 

resuspended in 1 ml of medium and counted using a haemocytometer. The cells were



Chapter 3: Characterisation ot Shh signalling 76

replated at a density of 5xl06 cells per ml, with 10ml of medium in a 100mm tissue 

culture dish (Nunc). The cells were then incubated at 37°C, 5%CC>2.

3.2.4.3- Transient transfections

COS cells were transfected using Lipofectin™ (Gibco/BRL). Cells were plated 

16-18 hours prior to transfection in a 100mm tissue culture dish or in a 6well tissue 

culture dish (approximately 30-50% confluent). Plates were 60-70% confluent on the 

day of transfection. All solutions were prepared in polystyrene tubes. The transfection 

mixture was prepared by combining 8pg of plasmid (Shh-N::CD4) in 300pl of 

DMEM (not supplemented with antibiotics) and 25pi of Lipofectin reagent (1 mg/ml 

stock solution) in 300pl of medium, for each 100mm plate. For each 35mm plate, 2pg 

of plasmid were used per lOOpl medium and 5pl of Lipofectin per lOOpl of medium. 

The two separate mixtures were combined and incubated at room temperature for 15 

minutes. During this time period the cells were washed 3x on the culture dish with 

DMEM. The transfection mixture was then added in the culture dish together with 

3.6ml of medium (without serum and antibiotic) for each 100mm plate or with 0.8ml 

of medium for each 35mm plate and the cells were incubated at 37°C for 6-7 hours. 

At the end of this time an equal volume of serum containing medium was added to the 

cells. The cells were then grown for a further 48 hours and prepared for grafting.

3.2.4.3.1- X-gal staining of transiently transfected COS cells

Control transient transfections were performed to measure transfection efficiency, 

by using a plasmid encoding the enzyme p-galactosidase (CHI 10, Pharmacia). The 

transfected cells were left to grow for 48 hours and then fixed in 4% 

paraformaldehyde, at room temperature for 15 minutes. They were subsequently 

rinsed twice in PBS containing 2mM MgCl2. In the meantime the staining solution 

was prepared: 20mM K3Fe(CN)6, 20mM K4Fe(CN)6-3H20 , 2mM MgCl2, 0.01% 

NaDOC, 0.02% NP-40 in PBS. To this solution X-gal was added to a final 

concentration of lmg/ml, by adding lOpl of 50mg/ml stock per 0.5pl of staining 

solution. Blue colour was allowed to develop for 1 hour at 37°C when the staining 

solution was then removed and the cells were viewed under an inverted microscope 

and photographed.
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3.2.4.4- Stable transfections

For stable transfections the same procedure as above was followed and the 

transfections were performed in 6-well dishes. At the end of the 48 hour incubation 

period cells were passaged and each 6-well plate was passaged into three 6well plates. 

Cells were left to grow for a minimum of 24 hours. The medium was then removed 

and replaced with selective medium (supplemented DMEM medium plus 800pg/ml 

G418). The cells were observed daily and after 10-15 days G418 resistant colonies 

were visible. To isolate individual colonies 50jil of prewarmed lx trypsin/EDTA was 

added to a cluster of cells within a cloning ring, for 1-2 minutes, until cells were 

rounded. The cells were transferred into 96well dishes for the initial growth of the 

colony. Surviving colonies were passaged into larger wells as they became confluent 

under continued selection with G418. Individual clones were frozen in liquid nitrogen 

at the 100mm dish stage, using the selective medium supplemented with 10% 

dimethylsulfoxide (DMSO, Sigma). After cells were thawed and grown they were 

constantly kept under continued selection with G418.

3.2.5- Preparing cell lysates for Western blotting

Transient and stable transfected cells, were plated in 6well tissue culture dishes 

and they were subsequently lysed in TENT (20mM Tris-HCl pH8, 150mM NaCl, 

2mM EDTA, 1% Triton X-100, lpg/ml pepstatin, 2pg/ml leupeptin). Each 35mm 

plate was rinsed 2x in PBS and then 200pl of ice cold TENT was added, while the 

dishes were on ice. The cell monolayer was scraped with a pipette tip and transferred 

to an eppendorf. The lysates remained on ice for 5 minutes and were then centrifuged 

in a microfuge for 10 minutes at 4°C. The supernatant was transferred into fresh 

eppendorfs and stored at -70°C.

3.2.6- Polyacrylamide Gel Electrophoresis of protein extracts.

Frozen protein samples were thawed on ice. lOpl aliquots were denatured by 

boiling for 5 minutes in the presence of loading buffer (2.5pl of 5x stock was added). 

Samples were then centrifuged for 1 minute before loading on the gel. Protein extracts 

and high molecular weight markers (Boehringer) were electrophoresed in a 15% SDS- 

polyacrylamide gel at 20mA for approximately 2 hours (until the dye front had 

reached the bottom of the gel).
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3.2.7- Western Blotting

Following electrophoresis, protein extracts were transferred to a nitrocellulose 

membrane. One comer of the membrane was cut on one side to enable orientation of 

the gel. Filter paper was placed on either side, flanking the gel and the nitrocellulose 

membrane and any trapped air bubbles were carefully removed. The transfer was 

performed at 50V for 2 hours in transfer buffer (3.02g Tris-HCl, 14.4g glycine, 800ml 

distilled H2O, 200ml methanol, 2.5ml SDS). After the transfer was completed the 

nitrocellulose membrane was incubated in 5% skimmed milk powder in TBS (for lOx 

solution: 200ml 1M Tris-HCl pH 7.5, 300ml 5M NaCl) overnight at 4°C. The 

following day the nitrocellulose membrane was incubated at room temperature in 

1/200 dilution of the anti-Shh affinity purified antibody (from A. McMahon, 

according to Bumcrot et. al. 1995), in 5% skimmed milk powder, 0.2% Tween in TBS 

for 2 hours with gentle shaking. The nitrocellulose membrane was subsequently 

washed in 5% Marvel, 0.2% Tween in TBS 3x for 10 minutes each time, and with 

gentle shaking. The secondary antibody (anti-rabbit conjugated to horseradish- 

peroxidase (HRP)) was added at a 1/5000 dilution in 5% skimmed milk powder, 0.2% 

Tween in TBS at room temperature, for 90 minutes with gentle shaking. The washing 

steps were repeated again, and subsequently the nitrocellulose membrane was briefly 

washed in TBS. The membrane was incubated in 5ml of solution 0 (solution zero: 

lOOmM Tris-HCl pH 9.35), 2pl H2O2 and 5ml solution I (390mg Luminol (3- 

Aminophthalhydrazide Aldrich) and 475 mg Fodophenol (4-iodophenol Aldrich) in 

500ml Solution 0) for exactly 1 minute with gentle shaking and then wrapped 

carefully in Saran Wrap before exposing to X-ray film for between 10 seconds to 1 

hour.

3.2.8- Embryology

3.2.8.1- Production of cell aggregates

Cell aggregates were prepared using three methods.

A. 5 x 106 Bmp2-expressing cells (QT6 cells obtained from D.Duprez) were 

plated in a 100mm bacteriological Petri dish (Nunc) 24 hours before grafting. 

Bacteriological dishes were used because cells adhere poorly to these and 

therefore form aggregates, which tend to float. These cell aggregates were 

incubated overnight in selective medium (FI2) containing 800pg/ml G418.
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The following day the cell aggregates were washed twice with medium (with 

no serum and antibiotics) and then kept in supplemented medium without any 

G418. Compact spherical cell aggregates of about 150-200jnm in diameter 

were selected using a stereo microscope. These non-proliferative cell 

aggregates were used for grafting experiments the same day only. This method 

was used only for preparing aggregates of the Bmp2-expressing cells. For the 

COS cells the two methods mentioned below were used.

B. A confluent 100mm tissue culture dish was trypsinised as mentioned in 

section. Once the cells had dissociated from their monolayer, they were 

centrifuged for 5 minutes at 1,500 rpm at 4°C. The pellet was resuspended in 1 

ml of medium. The cells were then counted and Shh-expressing cells were 

mixed in known proportions with CEF cells and then transferred to a sterile 

eppendorf, to be centrifuged at 6,500 rpm for 3 minutes. The pellet was 

removed from the eppendorf by using a sterile wire needle to release it into the 

medium and then transferring it into a 35mm tissue culture dish containing 2 

ml of medium using a blue 1 ml pipette tip with its end cut off. The dish was 

then incubated 37°C for one hour for the pellet to consolidate after which the 

pellet was ready to use for grafting in ovo.

C. COS cells from a confluent 100mm tissue culture dish were trypsinised and 

counted. Shh-expressing cells were mixed in known proportions with CEF 

cells and resuspended in 10ml of supplemented medium without G418. They 

were then centrifuged at lOOOrpm for 5 minutes and resuspended in 0.1ml of 

medium. A 30pl drop of resuspended cells was placed in a 35mm Petri dish 

which was flipped upside down to form a hanging drop and then incubated at 

37°C for 3 hours. The cell aggregates that formed were cut into small pieces 

(100-200pm in diameter) and grafted to chick limb buds.

3.2.8.2- Grafting of cell aggregates into chicken embryo wing buds

Fertilised White Leghorn eggs were incubated at 38±1°C. Eggs were windowed 

and staged according to Hamburger and Hamilton (1951). The grafting site was 

prepared by making a loop under the apical ridge at the anterior part of the wing bud 

and the cell pellet was inserted into the loop using tungsten needles. The eggs were 

resealed with tape and incubated until the desired developmental stage. Embryos were
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either fixed in 4% paraformaldehyde overnight or in 5% TCA overnight, prior to 

analysis.

3.2.9- Alcian green staining for cartilage

To investigate skeletal wing structures, embryos were left to develop up to 10 

days in total and then fixed in 5% TCA and stained in Alcian green according to 

method described in section 2.1.7

3.2.10- RNA probes

To generate an RNA probe specific for chicken Shh mRNA, the cShh plasmid was 

linearised with Sal I and after DNA purification, the riboprobe was made using SP6 

RNA polymerase.

To generate an RNA probe for the mouse Shh-N::CD4 mRNA, the plasmid was 

linearised with Hind III and, following DNA purification, the riboprobe was made 

using SP6 RNA polymerase.

To generate an RNA probe for the chicken Ptc mRNA, the cPtc plasmid was 

linearised with Sal I and after DNA purification, the riboprobe was made using T3 

RNA polymerase.

3.2.11- In situ hybridisation of whole embryos

After the embryos were fixed in 4% paraformaldehyde overnight at 4°C they were 

washed in PBS, dehydrated and stored at -20°C before being used for whole mount in 

situ hybridisation which was performed as described in Chapter 2 (section 2.4)
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3.3- RESULTS

3.3.1- Dose-dependent signalling by Shh protein

To test directly the dose effects of Shh, beads soaked in different concentrations 

of a bacterially-expressed amino-terminal peptide of Shh (Shh-N) were implanted 

beneath the anterior apical ridge of stage 19/20 chick wing buds (Fig. 3.1; Table 

3.1 A). With beads soaked in very high concentrations of Shh (16mg/ml, 14mg/ml, 

8mg/ml or 5mg/ml), most wings had an additional digit 4 (Fig. 3.1Ba) while with 

beads soaked in 2mg/ml or 1 mg/ml Shh, an additional digit 3 was the most frequently 

observed digit duplication and no additional digit 4s were produced (Fig. 3.1Bb). 

When beads soaked in concentrations of 0.75 mg/ml Shh were implanted however, 

wings with additional digit 2s were produced (Fig. 3.1 Be). Although beads soaked in 

still lower concentrations of Shh occasionally gave an extra digit 2, most wings had a 

normal digit pattern (Table 3.1 A). These results show that low concentrations of Shh 

can lead to formation of the anterior digit, digit 2, and induction of digit 2 can occur 

without induction of more posterior digits. When a bead soaked in 16mg/ml is 

removed 24 hours after implantation and placed at the anterior margin of a wing bud 

of a new host, additional 2s (2 cases) or an additional digit 3 (1 case with pattern 

3234) can be specified in that host. This indicates that Shh protein in the grafted bead 

is still active after being incubated in chick embryos for 24 hours and that the absence 

of digit 2 in wings treated with the highest Shh concentrations is likely to be due to 

high levels of Shh throughout the bud.

To test how cells in different parts of a wing bud respond to Shh protein, Shh 

beads were also implanted either apically or posteriorly. When beads soaked in either 

1 mg/ml or 16mg/ml Shh (concentrations that usually give additional digit 3s or 4s 

when placed anteriorly) were grafted at the apex of wing buds, an extra digit 3 could 

be formed in the region where the bead was placed resulting in a 2334 pattern (3/3 

cases; 16mg/ml Shh. 3/6 cases; 1 mg/ml Shh). When beads soaked in high 

concentrations of Shh were placed posteriorly, most wings had a normal digit pattern 

(5/5 cases; 16mg/ml Shh. 3/4 cases; 1 mg/ml Shh), but appeared slightly shorter than 

the unoperated limbs.

In almost all wings treated with Shh, proximal elements were thick and short. 

Even in 8% of normal limbs (i.e. limbs with no digit duplications) which developed
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Table 3.1

(A). Effects on the digit pattern o f implanting beads soaked in different 

concentrations o f Shh at the anterior margin o f chick limb buds.

234 blip extra2 extra3 extra4

Shh concentration in 
mg/ml

n normal b234 2234
(22234)

3334
*

(334,3234)

4334
(43234)*

16 4 - - - 1 3

14 4 - - - 1 3

8 5 1 2 - 1 1

5 6 2 1 1 1 1

2 7 1 1 2 3 -

1 20 10 2 1 7 -

0.75 12 5 1 4 2 -

(bead replacement) (11) (6) (2) (2) ( 1 ) -

0.5 4 1 2 1 - -

0.1 18 14 2 1 1 -

0.01 5 5 - - - -

* The digit patterns in brackets specify the less common patterns obtained.

Numbers in brackets show cases were beads soaked in 0.75mg/ml Shh were replaced 

after 16 hours with beads freshly soaked in the same concentration o f Shh. 

n = number o f cases.
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(B). Effects on shoulder girdle after application o f beads soaked in Shh at the anterior 

margin o f chick wing buds, 

n = number o f  cases

Shh concentration in

mg/ml (n) Defects

Thin or reduced coracoid

16 4/13 at most proximal joint 

Clear abnormality in

5 1/8 coracoid, thin proximally 

Coracoid tends to be thick

2 4/10 or even branched 

proximally

Proximal coracoid is

1 7/32 branched or fused with 

scapula

0.75 0/9 No abnormalities detected 

Branched and thick

0.5 2/7 coracoid

Slight thickening o f

0.1 1/20 coracoid proximally

0.01 0/3 No abnormalities detected



Figure 3.1-

Beads soaked in Shh-N protein produce dose-dependent changes in wing pattern 

(A) Diagram showing position at anterior margin of stage 20 chick wing bud where 

beads soaked in Shh were implanted. (B) Wing skeletal patterns after implantation of 

beads soaked in different concentrations of Shh (a) 16mg/ml; digit pattern is 4334. (b) 

2 mg/ml; digit pattern is 3234. (c) 0.75 mg/ml; digit pattern is 2234. (d) 1 mg/ml; in 

this case although the digit pattern is normal (234), the proximal elements (humerus, 

radius, ulna) appear shorter and thicker.

Note that in (a) the humerus, radius and ulna are very short and thick and there are 

also defects in the shoulder girdle. These defects in the proximal skeletal elements are 

also dose-dependent (compare (a) and (c)).
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after Shh application anteriorly (Fig. 3.1Bd) and in limbs with Shh beads implanted 

posteriorly, the shape of humerus and occasionally radius/ulna was distorted. Another 

vertebrate hedgehog gene, Indian hedgehog (Ihh), is expressed in early cartilage 

(Vortkamp et. al. 1996) and Shh could mimic Ihh signalling and influence cartilage 

morphogenesis (Yang et. al. 1997; Yang et. al. 1998).

It has been shown that application of beads soaked in retinoic acid at the anterior 

margin of chick limb buds, not only causes digit duplications but also defects in the 

shoulder girdle. In order to investigate whether Shh mimicks these effects of retinoic 

acid on proximal structures, the shoulder girdles of wings, which developed after the 

application of Shh at the anterior domain, were examined. In those cases in which 

high Shh concentrations were used (16mg/ml), 20% of the wings had shoulder girdle 

defects (Fig. 3.1Ba,b; Table 3.IB). More specifically the coracoid tended to be thick 

proximally. With lower Shh concentrations (l-2mg/ml), the coracoid can still be thick 

or even branched. The effects on the shoulder girdle became attenuated at lower 

concentrations. However coracoid duplications, which were usually found at Shh 

concentrations that induce an extra digit 3, can also be observed in cases with no digit 

duplications. Therefore, Shh application also altered shoulder girdle formation in a 

dose-dependent fashion as well as producing duplications in digit pattern (Fig. 

3.1Ba,b)

3.3.2- Shh application rescues skeletal defects after removal of the 

polarizing region.

Complete removal of the polarizing region from stage 20 chick limb buds results 

in severe limb truncations and loss of distal structures (Pagan et. al.l 996). However, 

it is essential that all Shh expressing tissue removed, since even a small amount of 

Shh expressing tissue left at proximal positions can give rise to an almost normal 

wing (Pagan et. al. 1996; Hinchliffe and Gumpel-Pinot, 1981). Beads soaked in Fgf-4 

can not rescue the effect of the surgical removal of the polarizing region, suggesting 

that the polarizing region cells do not regenerate and that application of Fgf-4 can not 

re-establish the lost Shh expression pattern and thus regenerate the polarizing region 

(Pagan et. al. 1996). Therefore, this provides a suitable system to test whether Shh has 

dose-dependent effects when applied posteriorly. We first needed to establish that we
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could consistently remove all of the polarizing region. So we carried out a series of 

operations in which a very large part of the posterior limb mesenchyme (and 

ectoderm) was discarded, and monitored Shh expression in the buds immediately after 

the operation (Fig. 3.2C). In 8/8 cases examined there was no detectable Shh 

expression (Fig. 3.2C). In 3 cases, Shh expression was monitored 16 hours after the 

application of a bead soaked in Shh. There was no detectable Shh expression in any of 

them (Fig. 3.2B). 24 hours after the operation the wings were elongated along the 

proximo-distal axis but the antero-posterior axis was much narrower compared to the 

contralateral wing. When the embryos were left to grow for up to 10 days of 

development, to observe the resulting wing pattern, out of 20 specimens, 13 had no 

digits and showed severe truncations, 3 had a small cartilaginous element, termed as a 

blip and 4 had a remnant of what seems to be a digit 2 (Fig. 3.2A; Table 3.2). We 

next tested whether Shh application could rescue limb development. Shh beads were 

attached to the cut surface of the posterior mesenchymal tissue. Two different types 

of beads were used, heparin and Affi-gel and since there are no differences in the 

patterns obtained, the results here are shown combined (Table 3.2). When 14mg/ml 

Shh is added at the posterior region, then out of 8 embryos that survived and had the 

beads in place 6 had digits 2 and 3 present, while 2 had only an extra blip present. 

The digits obtained were smaller in size compared to the ones in the unoperated side, 

but had normal morphology (Fig. 3.2D). In contrast to wing buds in which the 

polarizing region was removed, but not replaced with Shh, there was growth in both 

the proximo-distal and antero-posterior axes, 24 hours after bead application, and the 

tissue encompassed the implanted bead at the posterior border. It is rather difficult to 

place the beads at the tip of the operated buds after removal of the polarizing region, 

and in 5 occasions the implanted beads were found (after 24 hours) at the junction 

between the growing wing and the flank. This could account for the inability to obtain 

a normal digit 4. When beads soaked in a lower concentration (0.75mg/ml) of Shh 

were implanted, out of 5 specimens, 2 had a digit 2 present, 1 had two small 

cartilaginous elements, 1 had a long blip and 1 had no digits present (Fig. 3.2E; Table 

3.2). Thus higher concentrations of Shh are more effective in rescuing posterior digits 

In another series of experiments, removal of the polarizing region was followed by 

application of an Shh bead (soaked in 14mg/ml) at the anterior domain of the 

operated wing buds (Table 3.2). Out of 4 specimens that survived 3 had digits present 

in reverse antero-posterior orientation (patterns of 3 2 2. 4 b b. 3 3) and one specimen



Table 3.2

Effects o f surgical removal o f the polarizing region on digit pattern, and how the 

application o f different concentrations o f Shh can mimic the polarizing region, 

n = number of cases.

Digit patterns after polarizing region removal
n all digits digit 4 digit 3 digit 2 no digits

present or blip present
Polarizing

region 2 0 0 0 0 7 13
removal (no

Shh
treatment)

Posterior
addition o f 8 0 0 6 2 0
14mg/ml
Shh
Anterior
addition o f 4 3 1 0 0 0
14mg/ml (322,  4bb, 33)

Shh
Posterior
addition o f 5 0 4 1
0.75mg/ml
Shh



Figure 3.2-

Implantation of beads soaked in Shh-N protein, following removal of the polarizing 

region from stage 20 chick wing buds, can rescue digit pattern in a dose-dependent 

fashion. (A) skeletal pattern following removal of the polarizing region, showing loss 

of distal structures. (B, C) lack of Shh expression in the posterior wing after removal 

of the polarizing region (compare with leg buds where Shh domain can be clearly 

seen). In (B) the normal, posterior Shh expression domain is lost and has not been re

established 16 hours after removal of the polarizing region and application of a bead 

soaked in Shh. Furthermore, the applied Shh protein does not induce Shh expression; 

position of the bead indicated by arrow. In (C) specimen fixed immediately after 

polarizing region excision; the entire Shh expression domain has been removed, along 

with the polarizing region; the wing bud is slightly smaller if compared to (B) in 

which some outgrowth has been promoted. Arrow indicates the implantation of the 

Shh bead. (D, E) skeletal patterns obtained after implantation of beads soaked in 

different concentrations of Shh at the posterior wing, following removal of polarizing 

region. (D) 14mg/ml, digits 2 and 3 can be obtained (E) 0.75mg/ml, only digit 2 is 

specified. (F-H) skeletal patterns obtained after implantation of beads soaked in 

14mg/ml Shh at the anterior margin of wing buds after removal of polarizing region. 

(F) digit pattern 3,2,2 is specified in reverse polarity (G) digit pattern 4,b,b (b stands 

for cartilaginous blip) (H) digit pattern 3,3.
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Polarizing
region

removed

Shh expression after polarizing region removal

Posterior application of Shh 
14mg/ml 0.75mg/ml

Anterior application of Shh 
14mg/ml
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had a single digit 4 present (b stands for blip) (Fig. 3.2E-H). Thus, these results show 

that Shh can rescue digital development after removal of the polarizing region in a 

dose-dependent fashion.

3.3.3- Timing of specification of additional digits by Shh

Digit specification depends not only on the number of polarizing region cells, but 

also on length of exposure to the polarizing region. When grafts of polarizing region 

are removed after 16 hours, only an additional digit 2 is specified, while when grafts 

are left in place for longer, posterior digits are formed (Smith, 1980). In order to find 

out whether length of exposure to Shh affects digit specification, beads soaked in 

16mg/ml Shh were implanted at the anterior margin of wing buds and then removed 

at different times (Table 3.3). When beads were removed at 12 hours and 14 hours 

after implantation, no additional digits were formed, while with beads removed at 16 

hours, an additional digit 2 developed. With Shh beads left in place for 20 hours, 

more extensive duplications were produced and after a 24-hour treatment, an 

additional digit 4 was formed. Thus there appears to be two phases in digit 

specification; a phase lasting around 14 hours in which no irreversible changes in 

digit pattern are induced and a second promotion phase, about 8 hours long, in which 

additional digits are progressively specified.

A high concentration of Shh on beads (16mg/ml) applied for a shorter time (16 

hours) can give the same results as low concentration Shh beads (0.75mg/ml) applied 

for a longer time. However when exposure of the wing bud to low Shh beads was 

prolonged, by replacing a low Shh bead with a second bead freshly soaked in low 

Shh, this failed to reproduce the effect of a higher concentration Shh bead. In only 1 

out of 11 cases was a digit 3 formed and the pattern of remaining limbs was either 

2234 or normal (numbers in brackets in Table 3.1 A).

3.3.4- Over what distance does application of Shh influence cell fate?

In order to find out which cells in the limb form extra digits when Shh is applied, 

Dil and DiA injections were performed to mark mesenchymal cells at different 

distances from the Shh bead. Beads were soaked in either 8 mg/ml or 16 mg/ml of
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Table 3.3

Digit patterns o f  wings following removal o f beads soaked in 16mg/ml Shh at 

different times after implantation to anterior margin o f stage 20 wing buds, 

n = number o f cases

time when bead 
was removed

n 234
normal

blip
b234

extra2
2234

extra3
3334

(334)*

extra4
4334

bead not removed 45 7 1 3 23 11

24 hours 8 1 1 - 5 1

20 hours 5 3 - - 2 -

16 hours 9 3 3 3 - -

15 hours 4 1 2 1 - -

14 hours 3 3 - - - -

12 hours 1 1 - - - -

* The digit patterns in brackets specify the less common patterns obtained
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Shh protein and injections were performed 1 hour later (injections performed by N. 

Vargesson). Cells under the apical ridge near the posterior edge of the bead were 

marked at 90pm away from the bead and then at intervals up to 480pm away from the 

bead. In some wing buds, just a single mark of Dil was applied; in other cases, two 

spots, one of Dil and one of DiA, were applied at different distances from the bead in 

the same bud.

Fig. 3.3A shows an example of a wing bud with an Shh-bead injected at time 0. 

Two spots of dye which are about 20-25pm in diameter can be seen in the bud. Fig. 

3.3B shows a similar bud about 36 hours later; marked cell populations have given 

rise to two thick stripes of labelled cells extending from the apical ridge. Table 3.4A 

shows the position in which cells initially marked near the bead, end up relative to the 

anterior margin of duplicated wing buds at 96 hours and indicates the proliferation 

that has occured to generate the new digits. At this time, the condensing cartilage of 

the digits can be seen and contribution of labelled cells to the extra digits assessed 

(Fig. 3.3).

Most of the duplicated wings had a pattern of 4334 as expected, while others had 

extra 3s (pattern 334 and 3334). As shown in the summary diagram at the top of Fig. 

3.3, an additional digit 4 came from cells initially within a 90pm radius of the bead 

edge, while the additional digit 3 came from cells initially between 90pm and 300pm 

away; the normal digit 3 came from cells that lie more than 480pm from the bead 

(Fig. 3.3E,F). In contrast, in control wing buds in which buffer soaked beads were 

implanted, cells initially marked between 90pm and 195pm from the beads did not 

contribute to any digit forming regions, while cells marked between 300pm-430pm 

contribute to digit 2 (Fig. 3.3C, Table 3.4A). Therefore anterior cells not normally 

destined to form digits can be induced to give rise to digits following implantation of 

an Shh bead. In a few cases, cells were marked either anterior or proximal to the 

bead, not immediately adjacent to the apical ridge. These labelled cell populations 

remained close to the bead, and although they expanded a little, they remained fairly 

rounded and did not end up in digits.

In order to find out whether posterior digits arise by promotion from cells 

specified first as anterior digits, beads soaked in 16mg/ml Shh were implanted, 

injections were performed as before but beads were removed 16 hours after 

implantation which gives the digit pattern 2234. In these limb buds, cells labelled
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Table 3.4

(A). Positions in which cells labelled at different distances from a bead soaked in 

Shh protein (16mg/ml or 8mg/ml) and implanted at the anterior wing margin are

96 hours later

S h h  b ea d
(extended treatment)

S h h  b ea d
(16 hours)

C o n tr o l b e a d s
so a k e d  in  

b u ffe r

Initial distance o f 
labelled cells from 

bead*

Mean distance o f 
labelled cell 

population from 
anterior margin* 

(n)

Mean distance o f 
labelled cell 

population from 
anterior margin*

(n)

Mean distance o f 
labelled cell 

population from 
anterior margin*

(n)
90 460±104.3 (10) 278±87.5 (3) NDF°° (4)

125 509±111.2 (6) - -

195 600±117.4 (5) - NDF°° (1)

250 785±76.5 (3) 392 ( l) -

300 814±137.6 (6) 710±113.2 (2) 3 10±96.5 (3)
340
375

1444±154.4 (3) -

320±101.6 (3)

430 1000 (1) - -

480 1328 (1) - 700 (l)

••mean width o f bud: ••mean width o f
1914pm 

••mean width of 
duplicated part: 
814pm

* All distances are measured in pm 
00 Non digit-forming regions

bud: 1756pm 
••mean width o f 

duplicated part:440pm

••mean width o f 
bud: 1387pm

(B). Positions o f labelled cells at different time points after implantation at the

anterior wing margin, o f beads soaked in 14mg/ml Shh.

Cells labelled at a certain distance from an S H H  bead

Mean initial 
distance o f 

labelled cells 
from SHH bead

Mean distance 
o f labelled cell 

population from 
anterior margin 
24 hours after 

bead 
implantation (n)

Mean distance 
o f labelled cell 

population from 
anterior margin 
48 hours after 

bead 
implantation (n)

Mean distance 
o f labelled cell 

population from 
anterior margin 
72 hours after 

bead 
implantation (n)

Mean distance 
o f labelled cell 

population from 
anterior margin 
96 hours after 

bead 
implantation (n)

130 248±72.1 (4) 284±39.4 (5) 340±73.1 (4) 544± 102.3 (4)
* All distances are measured in pm. 
n = number o f cases



Figure 3.3-

Dil and DiA injections performed to mark cells at different distances either from 

beads soaked in high concentrations of Shh-N (16mg/ml and 8mg/ml) or control 

beads. Upper part of the figure summarises data obtained that show which cells 

participate in forming particular digits. (Left) Outline of wing bud relative to the 

somites, with a bead implanted at the anterior margin and regions of bud at different 

distances from the bead periphery (indicated in pm) are shown by the arcs; (Right) the 

fate of these regions, in terms of contributing to particular digits at 96 hours is 

indicated; in each case this represents accumulated data from between 3 and 10 

marked specimens. The columns show data for wing buds with Shh beads that were 

left in place (extended treatment); wing buds in which Shh beads were removed after 

16 hours, and control wing buds with beads soaked in buffer. Lower part of figure 

shows examples of labelled wing buds. (A) Wing bud injected at time 0. One mark 

was at 90pm from the bead and the other at 300pm. (B) Wing bud about 36 hours 

after implanting Shh bead and marking cells with Dil and DiA. Two stripes of 

labelled cells extend from the apical ridge; cells labelled with Dil, closest to the bead 

(90pm it at time 0), are now 100pm from the anterior margin of the bud; cells labelled 

with DiA (300pm from bead at time 0) are now 350pm from the anterior margin of 

the bud. The whole bud width is about 1300pm. (C-F) After 96 hours, cond&sing 

cartilage can be seen and digits can be identified. (C) Control bead; cells marked with 

DiA at 90pm from bead soaked in control buffer (big arrow) did not contribute to 

distal structures while cells marked with Dil 375pm away from bead (small arrow) 

contributed to normal anterior digit 2. (D) Bead soaked in 16mg/ml was removed at 

16 hours after application resulting in a digit pattern 2234. Cells marked with Dil (big 

arrow) initially at 90pm from the implanted bead contributed to the extra digit 2 while 

cells marked with DiA at 300pm away (small arrow) ended up in the normal digit 2 

(normal and extra digit 2 indicated by asterisks). (E, F) Beads soaked in 16mg/ml 

(extended treatment). (E) Cells marked with DiA at 90pm and with Dil at 300pm 

from the implanted bead (big arrow and small arrow) contribute to the extra 

structures. (F) Cells marked with Dil at 90pm away contribute to extra structures (big 

arrow) while cells marked with DiA at 340pm away do not (small arrow).
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between 90-250jnm away from the bead contribute to the extra digit 2 while labelled 

cells between 300pm and 430jam contribute to the normal digit 2 (Fig. 3.3D). Thus 

the same cells (initially at a mean distance of about 130pm from the bead) can give 

rise to either a digit 2 or a more posterior digit according to the length of time that the 

Shh bead has been left in place (Table 3.4A). The most posterior digit (the anterior 

digit 4 in a 4334 duplication) comes from cells initially within 90pm of the bead (ie 

less than 9 cell diameters away). However, cells marked at 90pm end up nearly twice 

as far away from the anterior margin when the Shh bead is left in place compared 

with when the bead is removed at 16 hours and this is related to the formation of an 

extra digit 4 (Table 3.4A). Thus, though these experiments provide direct evidence 

for promotion and suggest that cells continuously assess the level of signal that they 

see, anterior mesenchyme expands to accommodate formation of extra digits. In order 

to follow expansion in relation to cell fate, cells were marked with Dil at a known 

distance from the bead and their positions monitored at various time points (Fig. 3.4; 

Table 3.4B.

Cells were labelled with Dil at an average distance of 130pm from implanted 

beads soaked in 14mg/ml Shh. The embryos where then fixed 24 hours, 48 hours, 72 

hours and 96 hours later and the distance of the labelled cells from the implanted 

beads measured for each time point. At 24 hours, the marked cells have given rise to a 

thick stripe of cells extending from the ridge and seem to be in within 248pm from the 

most anterior edge of the limb (Fig. 3.4A; Table 3.4B). At 48 hours, the distance of 

the labelled cells from the most anterior edge of the limb bud is 284pm. At this time 

point however, the Shh bead was no longer at the distal part of the limb bud, but had 

been shifted more proximally (Fig. 3.4C,D). At 72 hours, the marked cells were still 

found to be quite close to the anterior edge of the bud and their distance at this time 

point was 340pm (Fig. 3.4E,F). By 96 hours, cartilage has started to form and the 

digit patterns can be observed. At this time point the labelled cells marked the extra 

digit 3 and their distance from the anterior edge of the handplate was 544pm (Fig. 

3.4G,H; Table 3.4B).

These results show that the cells do not obtain a particular identity and then get 

shifted, since at 24 hours, the time at which all the extra digits have been specified, 

they are still very close to the anterior margin of the limb bud. It seems to be that they 

are continuously interpreting the signal that they are exposed to.



Figure 3.4-

Position of cells labelled with Dil at 130pm from beads soaked in 14mg/ml Shh-N 

protein, implanted at anterior margin of stage 20 chick wing buds, was investigated at 

successive time points after bead implantation. The distances between the anterior 

margin of the wing bud and the posterior edge of the stripe of marked cells, as 

measured at each different time point are shown in Table 3.4B. The stripe of Dil 

marked cells has remained near the anterior limb margin throughout the entire length 

of time investigated and finally, marks the position of formation of the extra digit 3. 

(A, B) wing buds 24 hours after Shh application and marking cells with Dil; a stripe 

of cells extends from the apical ridge in both specimens. (C, D) wing buds 48 hours 

after labelling cells. In both specimens the stripe of cells extends from the apical ridge 

and is still in close proximity to the anterior wing margin. The dotted lines demarcate 

the anterior edges of the wing buds. Note that the operated wing buds are 

recognisably broader by this stage. (E, F) wing buds 72 hours after Shh bead 

implantation and marking cells with Dil; condensing cartilage can be seen and the 

stripe of labelled cells remains close to the anterior wing margin, within the 

duplicated region. (G, H) at 96 hours after implantation of beads soaked in Shh at the 

anterior wing margin, the digits can be identified (G) labelled cells contribute to the 

extra digit 3 (H) higher magnification of the specimen in (G). (I, J) Expression pattern 

of Notch-1 96 hours after Shh bead implantation. (I) digit pattern 4334 is obtained; 

note that the characteristic Notch-1 expression pattern at digit 4 is also found at the 

extra digit 4. (J) higher magnification of the specimen in (I). The interdigital space 

between the two extra digits is almost absent, and the extent of Notch-1 expression is 

observed in the space between the two extra digits (digits 3 and 4). Black arrows point 

to the expression at the edge of the normal and extra digit 4 and the white arrows 

point to the interdigital region between digit 4 and 3.
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3.3.5- Notch 1 expression pattern after Shh protein application

One rather intriguing observation that arose from the Dil labelling experiments, 

was that although there was an increase in bud width, the resulting wing buds were 

not twice the size of the unoperated ones. Furthermore, the width of the duplicated 

region was smaller than that of the normal region although it accomodated the same 

number of digits (digits 4.3) (see Table 3.4). This suggests that digit spacing in the 

duplicated part might be restricted and the interdigital region limited.

In Drosophila wing development, the Notch pathway has a role in positioning the

wing veins. Notch is expressed in the intervein cells directly adjacent to a vein which
gr-at-

expresses Delta, (de Celis, 1997). In vertebrate neurogenesis, prospective neuronal 

cells express Delta, which activates Notch in neighbouring cells, that in turn inhibits 

these cells from becoming neurons (Lewis, 1996). At stage 28 of chick development 

Notch 1 is expressed at the edges of digit condensations and the Notch 1-Serrate 1 

interface marks the edges of digits and demarcates digit forming from non-digit 

forming regions, thus suggesting an involvement of Notch 1 (as well as Serrate 7) in 

digit spacing (Vargesson et. al. 1998). Therefore, we decided to investigate Notch 1 

expression following induction of duplicated digits after the application of Shh 

protein. Beads soaked in 14mg/ml Shh were implanted at the anterior margin of stage 

20 chick wing buds and the embryos were fixed approximately 96 hours later, to 

examine the Notch 1 expression pattern. In 5/6 specimens investigated, the expression 

pattern of Notch 1 in the duplicated region was complementary to the one found in the 

normal wing region and the characteristic expression pattern around the normal digit 

4, was also observed for the extra digit 4 (Fig. 3.4I,J). The interesting point was that 

Notch 1 was expressed in the duplicated region and at the edges of the digits. In one 

specimen, where the identity of extra digits could not be identified, Notch 1 was 

expressed throughout the duplicated region. Although the results seem consistent with 

the idea that Notch 1 is important in organising and shaping the spacing between the 

digit condensations, it is important to investigate the pattern of Serrate 1 before any 

conclusions are drawn.
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3.3.6- Effects of COS cells expressing a tethered form of Shh (Shh- 

N::CD4) on digit pattern.

One major issue concerning the function of Shh is whether it acts long or short- 

range. In the neural tube, Shh acts in a long-range fashion in order to specify motor 

neuron identity (Echelard et. al. 1993; Roelink et. al. 1994) But it would not be safe to 

directly compare the two systems; that is patterning in the limb and in the neural tube. 

There are clear differences. For example, Shh in the notochord can induce Shh in the 

floor plate. This does not seem to be the case in the limb, where Shh does not induce 

Shh expression in anterior tissue (see Chapter 4). Immunostaining studies have shown 

that Shh remains associated with the cells expressing it (Marti et. al 1995a). However, 

although it appears that Shh does not diffuse in vivo, the possibility of an extremely 

low level of diffusion, not of a detectable level, may be sufficient to account for 

activity at a distance. If this is the case, then when Shh is completely membrane- 

tethered, its long-range activity should be abolished. In order to test this Y.Yang and 

P-T. Chuang made a construct in which Shh-N is fused to the integral membrane 

protein CD4 (Shh-N: :CD4) so that a membrane-anchored Shh-N was generated. 

Y.Yang determined the activity of Shh-N: :CD4 by grafting pellets of transiently 

transfected COS cells and found that cell aggregates with 90-80% transfected COS 

cells can induce digit pattern duplications such as 4334. in which at least two extra 

digits are formed. In addition when the percentage of transfected COS cells was 

reduced to 20%, by mixing the COS cells with the appropriate number of chick 

embryo fibroblasts (CEFs), the resulted digit pattern became 2234. This suggests that 

Shh-N when completely membrane-tethered exhibits a similar activity to wild type 

Shh (Yang et. al. 1997).

In order to show that the membrane tethered Shh-N can still produce long-range 

effects I wished to carry out fate mapping studies after grafts of Shh-N: :CD4 

expressing cells. In my preliminary experiments, COS cells were transiently 

transfected when they were 60% confluent and then left to grow for another 48 hours 

before grafting them at the anterior margin of a host chick limb bud. Chick embryo 

fibroblast cells (CEFs) were also prepared and used to form the pellets, and the 

transfected COS cells were mixed with the CEFs in different combinations. None of 

the grafted limbs had any digit duplications. Since Y.Yang had managed to get digit 

duplications, using the same construct with transient transfections, the next step was to



Figure 3.5-

Expression of membrane-tethered Shh-N in COS cells. COS cells were either 

transiently or stably transfected with construct carrying Shh-N: :CD4 and cell lysate 

(pellet) was analysed by SDS-PAGE and immunoblotted with anti Shh-antibody. (A) 

Schematic diagram of the expression construct encoding the membrane-tethered Shh 

protein; Shh-N* describes the attachment of the N-terminal part of the Shh protein to 

the cell membrane via cholesterol. The membrane-tethered construct used, designated 

as Shh-N: :CD4, is also shown. The CD4 protein is shown as open bar and Shh-N 

shown as shaded bar. (B) Expression of Shh-N: :CD4 in two clones of stably 

transfected COS cells. A single band corresponding to the predicted Mr of Shh- 

N::CD4 is detected in the cell lysate (pellet) in two COS cell clones. COS cells 

transiently transfected with the Shh-N: :CD4 construct were used as positive controls 

((+)ve), while COS cells that have not been transfected were used as negative controls 

((-)ve). (C) Expression of Shh-N::CD4 in transiently transfected COS cells. The use 

of either lipofectin or lipofectamine gave similar results. Molecular size standards are 

indicated on the left (xlO3). (a-d) investigation of transient transfection efficiency 

using X-gal staining, (a, b) high magnification was used in order to count the labelled 

transfected cells (c, d) lower magnifications of (a, b) respectively.
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investigate, whether the transfected cells produced any protein, and what was the 

efficiency of the transient transfection. Production of Shh-N: :CD4, by the COS cells 

was tested by a Western blot, using the cell lysate of COS cells transfected with 

lipofectin or lipofectamine. Shh-N: :CD4 was detected using affinity purified anti-Shh 

antibody donated from A. McMahon (according to Bumcrot et. al. 1995) and a single 

band corresponding to the predicted Mr for Shh-N: :CD4 was detected suggesting that 

the cells do produce protein (Fig. 3.5C). In order to test the efficiency of the transient 

transfection, COS cells were transfected with p-gal (several transfections were 

performed with different amounts of DNA, using either lipofectin or lipofectamine), 

and then fixed at 48 hours and stained with X-gal, in order to see how many cells were 

transfected. This showed that the transfection efficiency was quite low, since less than 

10% of the cells were stained (Fig. 3.5Ca-d). This low efficiency of transfection could 

explain why I did not obtain any digit duplications.

Since I was obtaining such low efficiencies of transfection, I decided to prepare 

COS cell lines that stably express the Shh-N: :CD4 construct, by transfection with 

pcDNAl-Shh-N: :CD4 followed by Neo selection. In a preliminary experiment, 18 

surviving clones were chosen and grown up. In 4 of these clones, protein was detected 

by Western blotting, and two of them were chosen for grafting while the other two 

showed very low amounts of protein and were not used (Fig. 3.5B). The two cell lines 

used were mixed with CEFs (80% COS cells-20% CEF) and then grafted at the 

anterior margin of chick limb buds. Over 100 grafts were performed (using three 

different ways for making the cell pellets) but none of the limbs had any digit 

duplications. In another series of experiments, expressing cells were mixed with the 

Bmp-2 expressing cells (QT6 cells), using 70% Shh-N: :CD4 cells and 30% Bmp-2 

cells. In some of the resulting limbs, the humerus, or the radius and ulna were a 

slightly short and thick, but this effect is probably due to the Bmp-2 cells, since this 

was never observed with the Shh-N::CD4 cells but was found when Bmp-2 expressing 

cells were used on their own. Some of the grafted embryos were fixed at 4 hours, 16 

hours and 24 hours to monitor expression of Shh in the grafted cells. Shh expressing 

cells were detected in the graft at all time points tested, but these expressing cells 

seemed to be scattered throughout the graft. In addition the number of expressing cells 

appeared to decrease with time (Fig. 3.6A-E). In another series of experiments, limb 

buds were fixed at 4, 16, 24 and 48 hours after grafting Shh-expressing cells to test 

whether ptc was induced in the host in response to the graft. Ectopic ptc expression



Figure 3.6-

Expression patterns of Shh and ptc after implantation of pellets of COS cells 

expressing Shh-N: :CD4, mixed with CEFs (80% COS cells 20% CEFs) at the anterior 

margin of stage 20 chick wing buds. The membrane-tethered Shh construct was 

generated using mouse Shh-N cDNA sequences, therefore, both mouse Shh and 

chicken Shh mRNA probes were used, (a) Shh expression in the grafted cell pellets at 

different time points. (A, B) Show the same embryo fixed 4 hours after grafting. In 

both (A) dorsal and (B) ventral views, Shh expression is rather irregular and not all 

cells in the pellet are expressing Shh mRNA. (C, D) Show the same embryo fixed at 

16 hours after grafting. (C) dorsal view and (D) ventral view, show the same irregular 

(patchy) Shh expression pattern as the one observed at 4 hours although it seems that 

fewer cells are expressing Shh (at this time point). (E) Shh expression 24 hours after 

grafting is still patchy and even fewer cells are expressing Shh. (b) ptc expression next 

to the grafted Shh-N: :CD4-expressing cells at 48 hours. (F) Induction of ptc is 

localised immediately next to the ShhN::CD4-expressing cells. Black arrow indicates 

the ectopic ptc expression domain and white arrow marks the grafted cell pellet (G, 

H) Transverse wing section (G) showing endogenous and induced ptc expression 

domains (H) higher magnification of (G), arrows indicating the extend of the ectopic 

ptc expression domain. (G, H) anterior is torightand posterior left dorsal is up and 

ventral down.
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was never detected, at any time point examined. However one out of three embryos 

fixed 48 hours after grafting seemed to have ectopic ptc expression very near the 

grafted cells (Fig. 3.6F-H). In order to rule out the possibility of trapping of the probe 

this wing bud was sectioned, in order to see if there is real stain in the mesenchyme. 

Sections indicated that there was very low ectopic ptc  expression in the anterior 

mesenchyme which extends 2-3 cell diameters (Fig. 3.6G,H). While the intensity of 

the expression is not very high, it is still above the basal level. These results indicate 

that the failure to obtain digit duplications with the membrane tethered Shh-N 

construct may be due to the fact that not many expressing cells are in contact with the 

host tissue.

3.4- DISCUSSION

3.4.1- Characterisation of Shh signalling in relation to digit pattern 

duplications

Sonic hedgehog protein is synthesized as a large precursor protein, which is 

subsequently cleaved to the signal sequence at the N-terminus, and a C-terminus 

domain which is removed by autoproteolytic processing mediated by enzymatic 

activity contained within this domain itself (Porter et. al. 1995). Similar to what has 

been observed in patterning ventral cell types in the central nervous system (Echelard 

et. al. 1993; Roelink et. al. 1995), Shh-N can also induce digit pattern changes in the 

chick limb (Lopez-Martinez et. al. 1995).

One of my main findings is that Shh-N can induce these pattern changes in a dose- 

dependent manner, which is in accordance with what has been observed in the neural 

tube, where Shh specifies both floor plate cells and motor neurons but in a dose- 

dependent manner (Roelink et. al. 1995). In the limb, beads soaked in very high 

concentrations, ranging from 16mg/ml to 5mg/ml, specify posterior digits, that is 

extra digit 4 and 3, intermediate concentrations (ranging from 2mg/ml to 1 mg/ml) 

specify only extra 3 and low concentrations (0.75mg/ml) mainly specify extra 2. In 

order to obtain the most posterior digit very high amounts of Shh are required, much 

higher than those needed to specify just an extra digit 2. In a similar fashion, 30 cells



Chapter 3: Characterisation ot bhh signalling 102

(and as few as 9 cells) from the polarizing region can induce an extra digit 2, 60 cells 

are required to determine an extra 3, while in order to specify an extra 4 at least 100 

polarizing region cells are required (Tickle, 1981a). By grafting different numbers of 

polarizing region cells, it seems, that twice as many cells are required to progressively 

determine more posterior positional values (that is 2, 3, 4). However, this is not what 

we observe with the applied Shh-N. There seems to be a high concentration threshold 

specifying the most posterior digit, digit 4, while a much lower threshold is needed for 

an extra 3 and a slightly lower for an extra 2. The exact amount of Shh released from 

the beads is not known, but grafting experiments, where a high concentration bead 

was removed at 24 hours from the first host to be implanted to a second host, show 

that the amount of Shh remaining in the bead can still induce an extra digit 3. This 

shows that even after inducing an extra digit 4 there is enough Shh left on the bead to 

induce an extra digit 3. It is also possible that the highest amount of Shh-N released 

from the beads is required for specification of digit 4, while much lower amounts can 

determine another posterior digit, digit 3.

Retinoic acid induces digit duplications in a similar dose-dependent manner to 

Shh. Tissue next to an implanted retinoic acid bead has polarizing activity and can 

induce digit pattern duplications if implanted to a new host (Wanek et. al. 1991; Noji 

et. al. 1991). Furthermore, application of RA results in ectopic expression of Shh in 

the neighbouring cells. Work by other investigators (Yingzi Yang personal 

communication) has shown that different concentrations of retinoic acid induce 

different numbers of Shh expressing cells and also lower levels of Shh transcription. 

Therefore, retinoic acid seems to exert its effects on digit pattern via Shh. Blocking of 

retinoic acid synthesis at pre-limb bud stages disrupts limb initiation (Stratford et. al. 

1996; Helms et. al. 1996), while inactivation of Shh does not prevent limb initiation 

but instead results in limb truncation (Chiang et. al.1996). This suggests that retinoic 

acid may function in early polarizing signalling and Shh may signal later.

The additional digits are specified in an anterior to posterior sequence, with 

anterior digits being specified first. Digit specification occurs in two phases. During 

the initial 16 hours, cells are primed and no effects on digit patterning are observed. 

The end of this phase marks the beginning of a promotion phase, during which 

anterior cells are specified first and progressively get promoted to acquire more 

posterior digit identity. By 24 hours, patterning is complete and irreversible digit 

duplications are obtained. It is important to note at this point, that these two phases
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are found for all the signalling sources described so far, namely, the polarizing region 

(Smith, 1980), retinoic acid (Eichele et. al. 1985) and now Shh, a fact that enhances 

their significance. One possibility is that cells need first of all to become competent to 

respond to the Shh signal and subsequent accumulation and interpretation of the 

signal (or signals) determines their fate. During somite development, Shh also shows a 

time lag in the determination of sclerotome and myotome lineages, which has been 

attributed to the idea of competence (Munsterberg et. al. 1995; Lassar and 

Munsterberg, 1996). In the limb, irrespective of the concentration of the signalling 

molecule involved, in this case Shh, cells will acquire digit 2 identity first and then 

more and more posterior digit identities. Therefore, digit specification would not be as 

straight forward as high concentrations specify posterior digits and low concentrations 

anterior digits, but will depend on a continuous interpretation of the applied signal.

3.4.2- Shh application can rescue digit formation after surgical 

removal of the polarizing region

Complete removal of the polarizing region results in loss of all the distal elements, 

the digits. It is essential that the whole of the polarizing region is removed, as any 

remnants of Shh expressing tissue can result in digit formation (Pagan et. al. 1996). 

This could explain results obtained by other investigators (McCabe et. al. 1973, 

Fallon et. al. 1975), where the digit patterns obtained were probably due to incomplete 

removal of the polarizing region (Pagan et. al. 1996). Targeted gene disruption of Shh 

in the mouse, results in loss of distal structures in the limbs (Chiang et. al. 1996). 

Natural mutations in the chick {limbless and wingless) in which the Shh/Fgf-4 

feedback loop is disrupted, resulting in loss of Shh expression give rise to truncated 

limbs (Fallon et. al. 1983; Noramly et. al. 1996; Ohuchi et. al. 1997b).

I have shown that application of Shh can rescue the digit pattern to some extent, as 

in most of the cases a digit 2 and 3 can be obtained. This digit pattern is similar to 

what seen in an incomplete removal of the polarizing region, when some residual Shh 

is present. Although the Shh concentration used is sufficient to induce full digit 

duplications when implanted at the anterior of the limb bud, it is not sufficient to 

rescue the entire digit pattern and it is comparable to low levels of Shh expression. 

Application of lower concentrations of Shh, which are sufficient to induce an extra
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digit 2 when applied at the anterior margin of the limb bud, can rescue digit 2 

formation but not in all of the specimens investigated. The frequency of digit 2s 

present is not much higher after application of low Shh concentration (2/5) compared 

to control specimens (4/13), so it is still rather difficult to draw any definite 

conclusions. What is certain is that the presence of Shh does increase the ability of the 

tissue to form digits. Due to removal of the apical ridge (along with the polarizing 

region) the tissue next to the bead is not in close proximity to an apical ridge. The part 

of the operated limb that is near the apical ridge is located further from the applied 

bead and not next to it, so the Shh concentration is probably reduced due to diffusion, 

therefore, giving rise to a digit 2 and 3 and not a digit 4. When Shh is applied at the 

anterior domain of the operated wing buds, next to the apical ridge, then apart from 

the reversal in polarity, a higher number of digits are formed, three digits instead of 

two and also a posterior digit 4 can be specified. This suggests a correlation between 

the number and identity of digits formed and a functional ridge. In the limbless 

mutant, that has a non-functional ridge, application of Shh via viral infection does not 

rescue the digit pattern (Noramly et. al. 1996). Furthermore, Shh as well as the 

polarizing region itself can induce digit pattern duplications only if placed near the 

apical ridge (Laufer et. al. 1994; Tickle, 1981a). Interaction between Shh and Fgf-4 

through the positive feedback loop is very important (Laufer et. al. 1994; Niswander 

et. al. 1994).

It is rather difficult to address the issue of replacing the polarizing region with 

Shh, since in order to make sure that the entire ZPA is excised, a large part of limb 

tissue is removed. The digits that do form are much smaller in size compared to their 

normal counterparts. This might be because their specification and development is 

delayed. Furthermore, in spite of constraints in the amount of remaining tissue, cells 

can still assume a specific digit identity rather than form elements lacking positional 

specification. Application of Fgf-4 after excision of parts or the whole of the progress 

zone, can result in regeneration of proximal elements, while the distal elements 

formed do not have a specific digit character (Kostakopoulou et. al. 1996). 

Furthermore, application of beads soaked in Fgf-4, following complete removal of the 

polarizing region does not rescue the digit pattern (Pagan et. al. 1996). Therefore, the 

presence of Shh may be necessary in order to make the decision between growth and 

assuming a particular cell fate.
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3.4.3- Shh can affect cell fate at a distance

The Dil-DiA experiments provided useful information about the mode of action of 

Shh. First of all, it can be concluded that Shh does act at a distance (either directly or 

indirectly). Cells up to 300pm away from the implanted bead can respond to the 

signal and give rise to extra structures. A second point that can be gathered is 

information about cell fate. Cells close to the bead that give rise to the extra digit 3 do 

not normally contribute to any digit forming regions. Their fate is thus altered under 

the influence of Shh. The change of cell fate is not a: one step process, as mentioned 

before, and these experiments strengthen this idea. The mean number of digits 

remains almost constant but the character of additional digits changes with time. This 

means that cells that would have initially formed anterior digits are promoted with 

time to form more posterior digits. Data from the Dil-DiA labeling experiments 

provide direct evidence that this is the case. The same cells that give rise to digit 2 

after short exposure to Shh, can give rise to digit 3 if exposure is prolonged. (Due to 

technical difficulties it was not possible to mark cells closer than 90pm from the bead, 

so we assumed that the extra digit 4 comes from cells within this region that has not 

been labelled.) We did not manage to obtain a 432234 digit pattern during these 

experiments, so we do not have two separate populations marking an extra digit 3 and 

an extra digit 2. The important point is though, that when two separate cell 

populations are marked, one near the bead and the other further away the two 

resulting stripes of labeled cells are separated. The one nearest to the bead (at the time 

of labeling) marks the extra digit 3 while the one furthest away marks cells within the 

extra tissue that have not become digits.

A third point is that cells labelled close to the Shh bead do not seem to move far 

from the anterior margin of the wing bud as time goes by. Cells could be specified 

and then displaced (see Fig. 1.3C), but this does not seem to be the case since not 

much displacement takes place. Labelled cells remain closely associated with the 

anterior region until they finally differentiate to a particular type of digit. These data 

are more consistent with the model that suggests a progressive spread of graded signal 

and one-way promotion (Tickle, 1975; reviewed in Tickle, 1995). One intriguing 

observation is that there is not as much growth observed in the manipulated limb 

buds, with the extra specified digits being close to each other and the interdigital 

space minimal if compared to the posterior region (Fig. 3.3E,F and Fig. 3.4I,J). This
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correlates with the pattern of Notch-1 expression, which is normally found at the 

edges of the digit condensations. In late wing development the interface between 

Notch 1 and its ligand Serrate 1 marks the edges of digits and specifies digit-forming 

from non-digit forming regions (Vargesson et. al. 1998). In the duplicated domain 

Notch-1 expression is restricted in the interdigital region. This could be due to the fact 

that the duplicated domain is determined later than the posterior region, thus delaying 

its specification and resulting in constrictions in spacing between the extra digits. 

Since the extra digits are much closer together, this might limit Notch-1 expression. In 

order to verify whether any alterations in Notch-1 pattern can be the cause or the 

result of the reduced spacing between the extra digital structures, it is important to 

investigate the pattern of Notch-1 expression at successive earlier time points after 

exogenous Shh application. It is also important to test the expression pattern of 

Serrate 1 after Shh bead implantation, so as to investigate whether the interface of 

Notch-1 and Serrate 1 has been altered.

3.4.4- Is the patterning effect of Shh direct?

The effects of the applied Shh observed in the shoulder girdle, are mediated by the 

action of Bmps. The shoulder girdle abnormalities, are most likely due to the 

induction of Bmp-2. Application of beads, soaked in Bmp-2 and Bmp-4 proteins, at 

the anterior part of limb buds leads to inhibition of Paxl expression and shoulder 

girdle defects (Hoffmann et. al. 1998). Paxl is expressed at the very anterior part of 

the limb bud in cells which, have been shown by fate map studies, to give rise to the 

shoulder girdle (Saunders, 1948; Vargesson et. al. 1997). The idea that Paxl plays an 

important role in the formation of the shoulder girdle is supported by the finding that 

Paxl deficient mice show shoulder girdle abnormalities (Dietrich and Gruss, 1995). 

Therefore this constitutes a very good example of an indirect mode of action of Shh, 

which exerts effects on shoulder pattern via the activity of Bmp-2, since Shh cannot 

be part of the endogenous signalling system that specifies shoulder girdle pattern.

The issue of whether Shh acts directly to specify digit identity is closely 

associated to its ability to diffuse. It has been shown, that cholesterol is covalently 

linked to the Shh amino-terminal signaling domain, by autoproteolytic processing 

mediated by the C-terminal part, which acts as an intramolecular cholesterol
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transferase (Porter et. al. 1996a). This modification could influence the range of Shh 

signalling activity, because the N-terminal peptide remains associated with the 

membrane of the cells producing it. There is a possibility that there is limited 

diffusion in the form of cholesterol-containing vesicles, or that the cholesterol-bound 

N-terminal domain is shed from the cell surface, via the action of specialised regions 

of the plasma membrane, called caveolae, which have a unique protein and lipid 

composition and are sites were cholesterol is released extracellularly (reviewed in 

Tabin and McMahon, 1997). Signalling by Shh in vivo is therefore dependent on the 

presence of available cholesterol (Porter et. al. 1996b). Treatment of rats in early 

pregnancy with inhibitors of cholesterol biosynthesis results in defects, which 

resemble the severe holoprosenchephalic phenotype of embryos lacking the Shh gene 

(Porter et. al. 1996b). In severe forms of the Smith-Lemli-Opitz syndrome, in humans, 

which is associated with defects in cholesterol synthesis, there are malformations 

associated with holoprosencephaly as well as defects in the limbs (Porter et. al 

1996a).

Since Shh may not be readily available by diffusion, the question that arises is 

how does it pattern the limb if it acts in a short-range fashion. One way to address this 

issue was by using the membrane-tethered Shh, and investigating whether it can still 

act at a distance, or whether its effects would be more localised to the nearby cells. 

Work by Yingzi Yang (reported in Yang et. al. 1997), has shown that the same digit 

patterns can be obtained using either the diffusible or the tethered form of Shh, 

suggesting that its action is short range. My attempts to obtain any digit duplications 

using the tethered form of Shh however were not successful. Although the transfected 

COS cells were producing Shh protein as seen in the Western blots, and the grafted 

cell pellets showed expression of Shh mRNA, no digit duplications were obtained. 

Furthermore, no ptc expression was detected at any time point apart from one 

occasion where ectopic ptc expression was very weak. It is possible that the low 

efficiency of the transient transfections may account for this discrepancy. 

Furthermore, in the case of the stably transfected cells, the Shh expression pattern in 

the grafted cell pellets, indicating the number of Shh expressing cells, showed that not 

many expressing cells w ere near the apical ridge while the number of expressing 

cells decreased with time. This could be due to either cells in the grafted pellet dying, 

or ceasing to express Shh. These observations suggest that the effect of the tethered 

Shh depends on the number of expressing cells and their proximity to the apical ridge.
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It is possible that by grafting these cells on a plastic (in a similar fashion to the 

experiments performed by Tickle, 1981), their activity might be enhanced.

In Drosophila the hh protein can diffuse across clones of cells lacking ptc 

expression until it reaches genetically wild-type /tfc-expressing cells at the edge of the 

clone (Chen and Struhl, 1996). Also, a new gene has been identified in Drosophila, 

termed tout-velu, and is involved in mediating the movement of hh protein across 

responding cells (Bellaiche et. al. 1998). Other investigators have identified a novel 

vertebrate protein termed as Hedgehog-interacting protein 1 (Hip-1), which is 

associated with the cell membrane, is expressed in all locations were Shh is expressed, 

colocalises with ptc and ectopic Shh induces Hip-1 expression. The investigators 

suggest that Hip-1 acts synergistically with ptc after the initial binding of Shh to ptc 

so as to attenuate Shh signalling (Chuang et. al. 1998 abstract).

The presence of all these molecules to negatively regulate, sequester and attenuate 

the Shh signal suggests that Shh does have the ability and the potential to diffuse. 

However, the fact that Shh may be able to diffuse does not necessitate that it 

determines digit identity in a direct way. Furthermore, the membrane-anchored Shh 

has been shown to be able to specify ectopic digits with at least two different 

positional values (Yang et. al. 1997), indicating that tethered and freely diffusible Shh 

have similar polarizing activities. It has proved very difficult in a number of systems 

to distinguish between long- and short-range signalling. In the chick spinal cord 

development, it seems that floor plate and motor neuron development involve both 

long-range and short-range Shh signalling (Ericson et. al. 1996). In insect wing 

development, direct long-range signalling has been demonstrated by expression of 

mutated receptors that block formation of structures at a distance from the signalling 

source (Lecuit et. al. 1996), while there is evidence for simultaneous short-range 

signalling (Nellen et. al. 1996). In Xenopus, different both long-range and short-range 

signalling has been implicated in mesoderm specification (Reilly and Melton, 1996; 

Jones et. al. 1996). Specification of limb digits appears to be just as complex. If Shh 

does not determine digit identity in a direct manner it is essential to identify 

downstream target signal(s) that might be involved in order to mediate the Shh signal. 

Determination of these candidate target genes and their requirements for activation by 

Shh could be very informative in analysing the mode of Shh action in patterning the 

antero-posterior axis.



Chapter 4 

Molecular effects of Shh signalling
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4.1- INTRODUCTION

In our attempt to investigate and characterise the mode of Shh signalling, we 

showed, so far, that Shh determines digit pattern in a two step process. During the 

initial phase, lasting around 14 hours, no irreversible changes in digit pattern are 

induced and we suggest that the cells are primed. A second phase follows, lasting 8- 

10 hours, in which digits are progressively specified by promotion. Although Shh can 

influence cell fate at a considerable distance, there is strong evidence that it may not 

do so directly. First of all, whole-mount antibody staining has shown, that the Shh-N 

coated on the bead, diffuses in a broad region in the limb mesenchyme, whereas Shh- 

N produced by COS cells expressing the full length Shh does not appear to diffuse 

(Yang et. al. 1997). Furthermore, membrane anchored Shh-N is able to induce the 

most posterior digit, digit 4, as well as digits with at least two different positional 

values (a pattern of 4334) (Yang et. al. 1997). Although we have not shown whether 

the membrane-anchored Shh-N can affect the fate of cells at a distance, we have 

established that, in conjunction to what was shown for the polarizing region cells, the 

number of membrane-tethered Shh expressing cells that are in direct proximity to the 

host tissues including the apical ridge is an important determinant for obtaining extra 

structures.

If Shh is not a direct long-range signal, how may its dose-dependent properties be 

explained? Two possibilities are that other signalling molecule(s) may be activated in 

limb bud cells in response to Shh or that co-operation between Shh and other 

signalling molecule(s) may lead to dose-dependent digit specification and long-range 

effects. Bmps are downstream targets of Shh and are ectopically activated after 

exogenous application of Shh (Laufer et. al. 1994). Expression of Bmp-2 is restricted 

to the posterior distal limb margin (Francis et. al. 1994) in a domain broader than that 

of Shh. Bmp-2 expression is ectopically activated after polarizing region grafts and 

application of retinoic acid (Francis et. al. 1994). Although application of Bmp-2 

protein at the anterior limb margin does not give rise to extra digital structures 

(Francis et. al. 1994), Bmp-2 expressing cells can induce minor digit duplications as 

well as ectopic activation of Fgf-4, Hoxd-U  and Hoxd-13 (Duprez et. al. 1996). 

Furthermore, dpp, the Drosophila homologue of Bmps, is believed to determine
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antero-posterior patterning of the Drosophila wing in a dose-dependent fashion 

(Nellen et. al. 1996).

Hox genes are expressed in restricted domains along proximo-distal and antero

posterior axes of the developing limb and are involved in digit specification. The 

expression patterns of the three most 5' Hoxd genes in the limbless mutant in the 

absence of an apical ridge or a polarizing region signal (Ros et. al. 1996; 

Grieshammer et. al. 1996) supports hypotheses that expression of these genes is an 

intrinsic property of growing limb mesoderm (Duboule, 1994b; Ros et. al. 1994). 

Expression of the most 5' Hoxd gene, Hoxd-13 is detected at stage 17/18 in the chick 

limb, slightly later than that of Bmp-2 initiation of expression (Francis et. al. 1994), 

and that of Shh initiation of expression (Riddle et. al. 1993; Laufer et. al. 1994). At 

early stages both Hoxd-13 and Hoxa-13 display the most restricted expression 

domains toward the posterior and distal region of the limb bud (Dolle et. al. 1993; 

Yokouchi et. al. 1991). Double homozygous mutants for Hoxa-13 and Hoxd-13 have 

no digits (Fromental-Ramain et. al. 1996), suggesting that these two genes play a 

significant role in patterning the autopod (the distalmost part of the limb comprising 

the three digits).

One possible indirect Shh target is the apical ridge. Fgf-4, or the apical ridge in 

general, is essential for maintaining Shh expression, and for Shh to activate its 

downstream targets (Laufer et. al. 1994, Niswander et. al. 1994). One exemption is 

ptc which constitutes the putative receptor for Shh (Marigo et. al. 1996a). Shh acts 

directly on ptc and can induce its expression in the absence of Fgf-4 (Marigo et. al. 

1996b). Furthermore, since ptc is not expressed in the apical ridge, this could indicate 

that Shh induces Fgf-4 expression via another signalling molecule. A good candidate 

is Bmp-2 which is normally expressed in the apical ridge and can induce Fgf-4 

expression if misexpressed (Duprez et. al. 1996).

Therefore, all these genes are important determinants of the genetic cascade that 

leads to the correct digit specification along the antero-posterior axis. It is thus, 

essential to establish the timing of activation of these genes after ectopic Shh 

application and how their activation compares with the timing of initiation of digit 

formation. If Shh is acting via another signalling molecule, then this molecule should 

be present throughout the promotion phase and it should be capable to replace Shh 

activity. The initial lag period observed before the promotion phase, the priming 

phase, is conserved for both the polarizing region (Smith, 1980) and Shh protein. If
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the applied Shh is active during this phase then this should be reflected on the 

expression pattern of ptc , which is a direct Shh target. So, in this chapter I try to 

identify how Shh affects gene expression patterns during the priming and promotion 

phases and to determine whether replacement of Shh, with downstream signals can 

give rise to posterior digit pattern duplications.

4.2- MATERIALS AND METHODS

4.2.1- Application of Shh beads and removal of the mesenchymal 

tissue from next to the Shh bead

Application of Shh beads was performed as mentioned in Chapter 2, section 2.1.2 

After successive time points the embryos were removed and transfered into 35mm 

bacteriological Petri dishes containing 2ml of growth medium (for details for medium 

see section 2.1.6.1). The operated and the contralateral unoperated wing buds were 

removed using forceps and trypsinised for 1 hour (see section 2.1.6). After 

trypsinisation the ectoderm was removed. A slit was made on the wing buds at the 

position of the bead, using a tungsten needle and subsequently the Shh bead was 

removed. The tissue overlapping part of the region where the bead was placed and 

extending up to 100- 150pm was removed and grafted into a new host wing bud under 

a loop of the apical ridge. Polarizing regions were removed from the contralateral 

wing buds and grafted to host wing buds (see section 2.1.6 for details).

4.2.2- Replacement of Shh beads with other beads or Bmp2- 

expressing cells

The applied Shh beads were removed at specific time points using a tungsten 

needle. Immediately after bead removal, they were replaced with cell aggregates 

expressing Bmp-2 (for details about the preparation of cell aggregates see section

3.2.9.1). The cells were placed in the same region that the Shh bead was removed 

from. In those occasions that the Shh bead was far from the apical ridge then a new
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loop was made under the apical ridge near the position from which the Shh bead was 

removed and the aggregate was put in place using a tungsten needle. In the case of 

Bmp-2 beads the same principle was followed but in this case the bead was secured, 

near the apical ridge, using a fresh staple. When two beads were replacing the Shh 

bead then the Bmp-2 bead was placed in the same position as the original position of 

the Shh bead and the Fgf-4 bead was placed immediately posterior to it. Each bead 

was secured with a separate staple. In a few occasions the anterior apical ridge was 

removed before the addition of the two beads. Removal of the apical ridge was 

performed with a tungsten needle, by piercing the wing bud at the apex, immediately 

underneath the region where the apical ridge attaches to the mesenchyme and then 

moving the needle anteriorly until the whole of the anterior apical ridge was removed.

4.2.3- Calculation of polarizing activity.

In order to calculate polarizing activities we consider that an extra digit 4 has a 

positional value of 4, a digit 3 has a positional value of 2, the value for a digit 2 is 1, 

while that for an extra blip is 0.5. For 100% polarizing activity all the specimens 

should have an extra digit 4. Therefore, this gives the following formula: 

polarizing activity = (digit 4s)x4 + (digit 3s)x2 + (digit 2s)xl + (blips)x0.5 x 100

Total number x 4

The brackets indicate the number of specimens with extra digit 4 (ie. 4334. 43234). or 

3 (ie. 334, 3234). or 2 (2234)
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4.3- RESULTS

4.3.1- Shh application does not induce Shh expression in 

neighbouring cells.

Shh could act in a short-range fashion, by inducing its own expression in a relay 

mechanism, in a similar way to that in which, Shh in the notochord induces Shh 

expression in the floor plate (Echelard et. al. 1993; Roelink et. al. 1995). In such a 

relay mechanism, signalling at a distance could be mediated by a series of short-range 

signals that get progressively attenuated. Therefore, Shh expression in chick wing 

buds treated with Shh beads was examined. Beads were soaked in either 1 mg/ml or 

16mg/ml of Shh and Shh expression investigated at 24 hours and 48 hours after bead 

implantation. However, no detectable Shh expression was induced in anterior 

mesenchyme cells next to the Shh beads (Fig. 4.1) at either time point investigated 

(Table 4.1). Thus we can exclude the possibility that the action of Shh in the 

developing limb, is mediated by a short-range relay mechanism in which Shh induces 

Shh production in responding cells.

4.3.2- Expression patterns of Bmp-2, Fgf-4, Hoxd-13 and Hoxa-13 

after application of Shh protein.

It is therefore possible that Shh acts as a short-range signal, affecting the fate of 

cells in an indirect way via other signalling molecule(s). There are several indications 

suggesting that Bmp-2 plays a major role in patterning the limb. Transcripts of Bmp-2 

are localised in the polarizing region in a domain broader than that of Shh (transcripts 

are also found in the apical ridge) (Francis et. al 1994; Laufer et. al. 1994). Bmp-2 

expression is observed before the initiation of expression of Hoxd-13 (Francis et. al.

1994) and implantation of cells expressing Bmp-2 can ectopically activate Hoxd-13 

and Hoxd-11 as well as Fgf-4 and induce minor digit duplications (Duprez et. al.

1995). Therefore, Bmp-2 is upstream of HoxD genes in the signalling cascade. When 

a polarizing region is grafted at the anterior margin of a limb bud, the tissue continues 

to express Bmp-2 and can also induce Bmp-2 expression in the neighbouring cells 

(Francis et. al. 1994). However, beads soaked in different concentrations of Bmp-2 do 

not induce any digit duplications (Francis et. al. 1994).



Figure 4.1-

Beads soaked in Shh-N protein implanted at the anterior margin of stage 20 chick 

wing buds do not activate Shh expression in the host tissue, (a) 24 hours (bead soaked 

in 16mg/ml Shh). (b) 48 hours (bead soaked in 1 mg/ml Shh) no induction of Shh 

expression in anterior cells. Note broadening of the buds as indicated by arrow.
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Table 4.1

Gene expression patterns in anterior wing bud following application o f beads soaked 

in Shh protein to stage 20 wing buds.

time after bead implantation 
(hours)

Ptc Shh Fgf-4 Bmp-
2

Hoxd-
13

Hoxa-
13

2-8 +++
(14)

12-14
(2) (2)

16-18 +++
(3)

++
(2)

++(6) 
- (2)

++(1)
- (1)

+++(3)
- (3)

20 ++
(1) (2)*

+++
(1)

24
(6)

+++
(2)

+ (3) 
"(1)*

+ (1) 
- ( 1 )

+++
(3)

48
(3) (1)*

+++ : strong ectopic expression

++ : moderate ectopic expression

+ : some ectopic expression

+ /-: very weak ectopic expression detected

- :  no ectopic expression detected

* : strong expression in anterior ridge but no detectable expression in anterior 

mesenchyme.

Numbers in brackets show number o f cases with that category o f expression.
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Bmp-2 is a downstream target of Shh as Shh expressing cells positively regulate 

Bmp-2 by inducing its expression when implanted at the anterior margin of a limb bud 

(Laufer et. al. 1994). Induction of Bmp-2 could, therefore, be an important mediator of 

Shh signalling and to understand further the link between Shh and Bmp-2, beads 

soaked in Shh (16mg/ml) were implanted at the anterior margin of wing buds. The 

hosts were then fixed at different time points to investigate Bmp-2 expression (Table 

4.1; Fig. 4.2C, F). This would give a good indication of the timing of Bmp-2 

activation and its correlation with digit duplications. At 12 or 14 hours there was no 

ectopic Bmp-2 expression (2/2 cases examined). The first time point that any change 

in Bmp-2 transcripts in the host wing bud was observed was at 16 hours after bead 

application. The Bmp-2 domain was expanded anteriorly towards the implanted bead 

in 6/8 cases examined. In all these 6 cases there was also ectopic expression in the 

apical ridge (Fig. 4.2C). Therefore, the time that initiation of specification of extra 

anterior structures occurs (formation of an extra digit 2; see Chapter 3) coincides with 

Bmp2 induction both in the apical ridge and in the mesenchyme. At 24 hours, there 

was a strong ectopic Bmp-2 domain at the anterior wing region (3/4 cases) (Table

4.1). The induced Bmp-2 expression domain was not continuous with the endogenous 

posterior domain, but at 24 hours, expression in the apical ridge was observed along 

its entire antero-posterior length (Fig. 4.2F) Therefore, when full digit duplications 

have been irreversibly programmed, there are well-established ectopic Bmp-2 

domains both in the mesenchyme and the apical ridge.

The timing and pattern of expression of Fgf-4 after application of Shh protein was 

investigated. Beads were soaked in high concentrations of Shh (16mg/ml) and 

implanted at the anterior margin of stage 20 wing buds. The embryos were then fixed 

at 12 hours, 14 hours, 16 hours 20 hours and 24 hours and Fgf-4 expression was 

detected by in situ hybridisation {in situs by D. Duprez) (Table 4.1; Fig. 4.2A, D). No 

ectopic Fgf-4 expression was detected at 12-14 hours (2/2cases). By 16 hours, 

however, the posterior Fgf-4 domain extends anteriorly towards the implanted bead 

(2/2 cases), while at 20 and 24 hours the entire ridge is expressing Fgf-4 (Table 4.1; 

Fig. 4.2D). There is no difference in the timing of ectopic activation of Bmp-2 and 

Fgf-4 since both molecules appear at ectopic positions 16 hours after bead application 

and not before (ectopic Bmp-2 expression in the ridge is seen at 16 hours).

The effect of Shh on Hoxd-13 expression was investigated by implanting beads 

soaked in 16mg/ml Shh, at the anterior margin of chick wing buds and monitoring



Figure 4.2-

Effects of different lengths of exposure to Shh-N on gene expression in anterior 

tissues of chick wing buds. Beads soaked in 16mg/ml Shh protein were implanted 

under the anterior apical ridge of stage 20 chick wing buds and the embryos were 

subsequently fixed at different time intervals. (A-C) Embryos fixed at 16 hours after 

bead application. Arrows show extended domains of expression of Fgf-4, Hoxd-13 

and Bmp-2, respectively. (D-F) Embryos fixed 20-24 hours after bead application. 

There is now marked ectopic expression of Fgf-4, Hoxd-13 and Bmp-2 in anterior 

tissues (compare with (A-C) and with contralateral wings). Note that expression of 

Bmp-2 is induced in ectoderm as well as mesenchyme.
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Hoxd-13 gene expression at subsequent time points (Table 4.1; Fig. 4.2B,E). By 16 

hours after bead application, there is an anterior expansion of the Hoxd-13 domain up 

to the implanted bead, with the expanded domain being restricted to thick stripe at the 

distlal margin. At 20 and 24 hours the expansion of the normal domain is much more 

prominent and extends more proximally than at 16 hours (Fig 4.2B,E). None of the 

cases investigated showed a separate, ectopic Hoxd-13 domain. Hoxd-13 expression 

was seen as a continuous line along the antero-posterior axis. Therefore, Shh can 

mimic the polarizing region in terms of Hoxd-13 expression. However it induces 

Hoxd-13 faster than retinoic acid, since ectopic expression of Hoxd-13 after 

application of retinoic acid beads occurs only 24 hours after bead application and not 

before (Izpizua-Belmonte et. al. 1992a).

We also tested the response of the mesenchyme to Shh by examining the 

expression patterns of Hoxa-13 at 16 and 24 hours after application of beads soaked in 

14mg/ml Shh at the anterior margin of chick wing buds (Table 4.1; Fig. 4.3). By 16 

hours there is an expansion of the normal Hoxa-13 domain towards the anterior of the 

bud, reaching the implanted bead. Similar to what was observed for Hoxd-13, at 24 

hours, the expanded Hoxa-13 domain is very prominent, extending all the way from 

the bead, along the antero-posterior axis, in an area more extensive than that seen in 

the contralateral limb (Fig. 4.3A,C). Furthermore, in accordance with the observations 

for Hoxd-13, none of the cases had a separate, ectopic Hoxa-13 domain. In some 

cases the beads were implanted to rather younger wing buds (at stage 18 rather than 

stage 20) and then fixed after 16 hours. This is a stage that Hoxa-13 is not expressed 

yet and the main aim would be to investigate whether Shh application can initiate 

prematurely the expression of Hoxa-13. The younger embryos showed a different 

response to Shh. More specifically, in none of the cases examined (3/3 specimens), 

was the Hoxa-13 domain even extended (Fig. 4.3D). As a matter of fact, the normal 

Hoxa-13 expression was a small, not very intense, domain at the very posterior and 

distal part of the bud. Therefore, application of Shh can not prematurely initiate the 

expression of Hoxa-13.



Figure 4.3-

Effects of different lengths of exposure to Shh-N on Hoxa-13 expression pattern. (A, 

B) Embryo fixed at 24 hours after implantation of beads soaked in 14mg/ml Shh. (A) 

dorsal and (B) ventral views of the same specimen. Arrows show domain of 

expression of Hoxa-13 up to the implanted bead and extending along the entire 

antero-posterior axis. Compare with the expression domain in the unoperated 

contralateral wing. (C, D) embryos fixed at 16 hours after Shh bead implantation. (C) 

Shh bead was implanted at a stage 20 embryo; arrow indicates the extended Hoxa-13 

expression domain up to the implanted bead. (D) Shh bead was implanted at a stage 

17/18 embryo; no ectopic Hoxa-13 expression can be detected, or extension of the 

Hoxa-13 expression domain observed at the posterior-distal limb region. Note that at 

this time Hoxa-13 is expressed in only a very restricted region in the posterior margin.
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4.3.3- The mesenchymal tissue next to the Shh source does not 

acquire polarizing activity.

Downstream signals, such as Fgf-4 in the apical ridge and Bmp-2 in the 

mesenchyme and the apical ridge are ectopically activated next to the applied Shh 

source. Since there is a possibility that Shh may not act directly to affect cell fate, it is 

of importance to investigate, whether the cells next to applied Shh beads acquire 

polarizing activity, as happens with retinoic acid beads (Wanek et. al. 1991). 

Therefore, beads soaked in 16mg/ml Shh were placed at the anterior margin of chick 

wing buds. At 16 hours and 24 hours after bead implantation, the tissue immediately 

next to the bead and underneath it was removed and denuded of ectoderm by 

trypsinisation. It was subsequently grafted at the anterior margin of a new host wing 

bud. For grafts of tissue taken at both time points, none of the grafted embryos had 

any extra digits (Table 4.2), suggesting that mesenchyme tissue next to the grafted 

beads does not acquire polarising activity and that any residual protein left in the 

tissue is not sufficient to repolarise the host limb buds. As controls, polarizing region 

grafts were also performed using the polarizing region from the same wing bud or 

from the contralateral wing bud, that was trypsinised the same length of time. In these 

sets of grafts more than half of the wing buds (5/9) had extra posterior digits (either 

extra 3 or 4) (Table 4.2). In order to show that the applied Shh protein is active in 

these series of experiments, Shh beads (16mg/ml) were implanted and some of the 

embryos were left to grow up to 10 days of development to observe the resulting 

skeletal patterns (Table 4.2). These experiments, in conjuction with the finding that 

application of Shh protein does not induce Shh expression (see section 4.1), exclude 

the possibility that cells responding to Shh take on polarising region identity and that 

a relay mechanism is involved. If another signal(s) mediates the effect of Shh, it must 

do so in cells previously exposed to Shh.

4.3.4- Ectopic Bmp-2 expression depends on the continuous presence 

of Shh in order to be maintained.

By 16 hours after Shh application, tissue next to the bead expresses Bmp-2, but 

has no stable polarizing activity that can be detected by grafting the tissue to another 

wing bud. Although Bmp-2 protein itself does not duplicate wing pattern (Francis et.
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Table 4.2

Digit patterns obtained from testing polarizing activity o f  anterior mesenchyme taken 

from next to Shh beads (16mg/ml) implanted at the anterior margin o f stage 20 chick 

wing buds. Tissue was grafted at the anterior margin o f a new stage 20 host wing bud.

Operation: Wing patt erns
n 234 blip

234
2234 3334

(3234)*
43234
(4334)*

grafts of anterior mesenchyme taken 
from next to an Shh bead 21 19 2 - - -

grafts of posterior mesenchyme (polarising 
region from the same buds or contralateral 
buds)

9 1 1 2 2 3

implantation of Shh beads in the same 
series of experiments 11 4 1 - 5 1

Digit patterns in brackets specify the less common patterns obtained 

n = number o f cases
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al. 1994), it still would be interesting to monitor Bmp-2 expression in the grafted 

tissue. In order to investigate the relationship between Shh and Bmp-2, Shh beads 

were applied at the anterior region of the wing bud. The tissue next to a bead was then 

removed after either 16 or 24 hours and grafted to a new host, at the anterior margin 

of the wing bud under the apical ridge (Table 4.3A; Fig. 4.4) At both time points 

examined, the grafted tissue was trypsinised before transplantation to remove the 

ectoderm. In some cases, host embryos were fixed almost immediately after the 

grafted tissue was implanted to investigate the expression pattern of Bmp-2. This was 

called time 0 and in all of the specimens, with grafts of tissue taken both 16 hours and 

24 hours after bead implantation, there was strong expression of Bmp-2 in the grafted 

tissue (Fig. 4.4A, C). 24 hours after grafting tissue taken from next to the bead 16 

hours after Shh application, Bmp-2 expression was not maintained in the grafts (2/2 

cases) (Table 4.3A; Fig. 4.4B). In contrast, when tissue next to the bead was removed 

24 hours after the Shh bead was implanted, then 24 hours after grafting, Bmp-2 

expression was still maintained in the grafted tissue. 2/3 cases had relatively strong 

Bmp-2 expression in the graft and 1/3 a bit weaker expression (Table 4.3A; Fig. 

4.4D). In all of these cases, however the expression was less than what was observed 

at time 0, and not as strong as the expression pattern observed when the Shh bead is 

left in place for 24 hours. One interesting point that should be noted is that following 

grafts of tissue taken from next to Shh bead at 24 hours, there is ectopic expression of 

Bmp-2 in the apical ridge of the host wings (Fig. 4.4D), suggesting that once the 

ectopic Bmp-2 domain is established it could influence Bmp-2 expression in the ridge. 

One possibility is that Bmp-2 expressed in the grafted tissue can induce expression of 

Bmp-2 in the apical ridge of the host wing buds. Alternatively, this ectopic domain 

could be the result of the presence of a small amount of Shh remaining in the grafted 

tissue after 24 hours. Although this possibility is remote it can not be excluded.

To further understand the link between Bmp-2, Shh and their activity in the 

polarising region we investigated the dependence of Bmp-2 expression on Shh 

signalling, by removing the Shh bead between 16 hours and 24 after implantation. 

These time points were chosen because they mark the beginning and end of the 

promotion phase, in which digits are irreversibly specified. That is after 16 hours 

exposure to high Shh concentration an extra digit 2 is obtained in most cases, while 

after 24 hours exposure an additional digit 4 can be obtained.
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Table 4.3

(A) Bmp-2 expression patterns in the mesenchyme taken from next to an implanted 

Shh bead, at different time points after grafting this mesenchyme to anterior margin o f 

a host wing bud. (n = number o f cases)

Remove the tissue at 16 hours after Shh bead application
n +/- + ++

Fix at 0
hours 1 0 0 0 1 0

Fix at 24
hours 2 2 0 0 0 0

Remove tissue at 24 hours after Shh bead application
n - + / -  +  + +  4-4-4-

Fix at 0
hours 2 0 0 1 1 0

Fix at 24
hours 3 0 1 1 1 0

(B) Bmp-2 expression in anterior wing region after removal o f Shh beads at different 

time points, (n = number o f cases)

Remove Shh bead at 16 hours
Fix 24 hours after bead implantation Fix 48 hours after bead implantation
n 4- / -  4-  4 - +  4- 4- 4-  n +/- 4-  4- 4-  4- 4- 4-

6 6 0 0 3  1 3 3 0 0 0 0
ridge* ridge*

Remove Shh bead at 20 hours 
Fix at 36 hours after bead implantation

n +/- 4-  4- 4-  4- 4- 4 -

4 0 0 0 4 0

Remove Shh bead at 24 hours
Fix at 48 hours after bead implantation

n +/- 4-  4- 4-  + 4- 4-

4 0 0 0 0 4

Embryos fixed at 1 6  hours after Shh bead implantation (control)
n - +/- + -H- +++
2 0 0 0 0 2

+++: strong ectopic expression ++: moderate ectopic expression +: some ectopic expression 
+/- : very weak ectopic expression - : no ectopic expression * : ectopic expression only in ridge



Figure 4.4-

Stability of Bmp-2 expression induced by Shh. A bead soaked in 14mg/ml Shh was 

implanted at the anterior margin of stage 20 chick wing bud. At either 16 or 24 hours 

later the mesenchyme tissue was taken from next to the bead and grafted at the 

anterior margin of a new host wing bud. Panel I at the top shows a schematic 

representation of the experimental procedure. Panel II, Bmp-2 expression patterns. (A, 

B) Bmp-2 expression when tissue next to the Shh bead was removed 16 hours after 

Shh bead implantation. (A) Host embryo was fixed immediately after grafting the 

tissue (0 hours). White arrow points at the grafted tissue, which is expressing Bmp-2.

(B) Host embryo was fixed 24 hours after grafting the tissue and Bmp-2 expression is 

lost from the graft. (C, D) Bmp-2 expression when tissue was removed from next to 

the Shh bead 24 hours after bead implantation. (C) If the host embryo is fixed 

immediately after grafting the tissue (0 hours), there is rather strong Bmp-2 expression 

in the grafted piece of tissue (white arrow indicates the graft) (also, compare (A) with

(C)). (D) By 24 hours after grafting the tissue, Bmp-2 expression in the graft is still 

maintained although not as strong as at 0 hours (white arrow indicates the graft). 

Furthermore Bmp-2 expression in the host apical ridge is expanded towards the 

grafted tissue (as indicated by black arrow).
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Beads soaked in 14mg/ml Shh were removed after 16 hours, embryos were then 

left to grow up to 24 hours (a further 8 hours). Embryos from which beads were 

removed at 20 and 24 hours were left to develop up to 48 hours (28 and 24 hours 

longer) before being fixed. The results showed that continued expression of Bmp-2 at 

16 hours depends on the presence of Shh. In 6/6 cases, mesenchymal expression of 

Bmp-2 was lost 24 hours later, when the bead was removed at 16 hours, while in 4/6 

cases ectopic expression of Bmp-2 in the apical ridge was maintained (Table 4.3B; 

Fig. 4.5A,B). In the other two cases, the in situ hybridisation signal was not very 

strong and expression in the AER was not very apparent in the non-manipulated 

limbs, therefore no conclusions can be drawn. In three cases, beads were removed at 

16 hours and the embryos were fixed at 48 hours; in all of these cases, ectopic 

mesenchymal and ridge expression was not detected. In the same series of 

experiments, Shh beads were implanted at the anterior wing margin and the embryos 

were fixed at 16 hours, with the beads left in place. Ectopic expression of Bmp-2 at 16 

hours was observed (2/2 cases).

When the bead is removed at 20 hours and the embryos fixed at about 40 hours, 

the ectopic Bmp-2 domain is maintained in 4/4 cases (Table 4.3B; Fig. 4.5C,D) (20 

hours is the time that an extra digit 3 would be specified after application of an Shh 

bead). When the bead is removed at 24 hours and the embryos are fixed at 48 hours, 

the ectopic Bmp-2 domain is also maintained (Tale 4.3B; Fig. 4.5E,F). In these cases 

(4/4), the ectopic domain is broader than that seen when the bead was removed at 20 

hours and there is more signal present, suggesting that there may be more transcripts 

than at the earlier time point. After 24 hours, irreversible full digit duplications (extra 

digits 3 and 4) can be obtained. Therefore there is a correlation between the digit 

patterns obtained after removal of the Shh source and the relative amount of Bmp-2 

present. It could be speculated, that at 16 hours, there is sufficient Bmp-2 induced to 

specify an extra digit 2. Removal of the Shh bead results in loss of Bmp-2 expression 

thus no more extra digits are specified. By 20 hours, some expression of Bmp-2 is 

maintained which is sufficient to give rise to an extra digit 3, while by 24 hours when 

full digit patterns are obtained, Bmp-2 expression is independent of the Shh source. 

Expression of Bmp-2 in the anterior mesenchyme increases between 16 and 24 hours 

after application of Shh, suggesting that maintenance and enhancement of Bmp-2 

expression requires Shh.



Figure 4.5-

Bmp-2 expression pattern at different time points after removal of Shh beads 

(14mg/ml) implanted into stage 20 chick wing buds. (A, B) Implanted bead soaked in 

14 mg/ml Shh was removed at 16 hours and embryo was subsequently fixed at 24 

hours (ie 8 hours later). (A) dorsal and (B) ventral view of the same specimen, show 

that the anterior ectopic Bmp-2 expression is reduced in the mesenchyme but not in 

the apical ridge. Arrows show expression in the apical ridge extending up to the 

platinum staple securing the Shh bead. (C, D) Implanted Shh bead was removed at 20 

hours after application and the embryo fixed at 40 hours (ie 20 hours later). (C) dorsal 

view and (D) ventral view of the same specimen. The induced Bmp-2 domain is not 

completely eliminated. Arrow indicates the remaining Bmp-2 domain at the anterior 

wing margin. Bmp-2 expression in the apical ridge was not detected in either the 

operated or the contralateral wings. (E, F) Implanted Shh beads were removed at 24 

hours and embryos fixed at 40 hours (ie 16 hours later). (E) Arrow shows the ectopic 

Bmp-2 domain (F) The ectopic Bmp-2 domain is maintained both in the mesenchyme 

and in the apical ridge and its extent and intensity are stronger than when the bead 

was removed at 20 hours. Compare (E, F) with (C).
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Our data show that maintenance of Bmp-2 expression for the period of time that 

coincides with the proposed promotion phase, depends on the presence of Shh. It also 

appears that the sole presence of Bmp-2 cannot pattern the limb, since the tissue 

grafted 24 hours after being subjected to Shh and is expressing Bmp-2, continues to 

express Bmp-2 for at least 24 hours but has no polarising activity (see also section 4.2 

and 4.3).

4.3.5- Can application of Bmp-2 at the beginning of the promotion 

phase replace the polarising activity of Shh ?

So far we have shown that Shh can determine digit identity in a dose-dependent 

manner but that it might not do so directly. Furthermore, Bmp-2 expression is 

dependent on the constant presence of the Shh source. However Francis et. al. 1994 

have previously shown that Bmp-2 protein application cannot induce digit 

duplications therefore, Shh has to do more than just maintain Bmp-2 expression. As 

Bmp-2 is expressed in the polarising region, in a domain broader than that of Shh and 

Bmp-2 expressing cells can give minor digit duplications (Duprez et. al. 1996), it 

could be possible that digit pattern is determined by sequential signalling, with Shh 

acting initially at the priming phase and Bmp-2 mediating the effects of Shh during 

the promotion phase. If this hypothesis is true then replacing the Shh source, after the 

priming phase, by a Bmp-2 source should result in full digit duplications, with Bmp-2 

acting as digit promoter during the period between 16 and 24 hours after the Shh 

signal.

In the first set of experiments, beads soaked in Shh (14mg/ml) were grafted at the 

anterior margin of wing buds and secured with a platinum pin. The beads were 

subsequently removed 16 hours after application and replaced, at the same position, 

by Bmp-2 expressing cells or beads soaked in different concentrations of Bmp-2 

protein. Control experiments in which no Bmp-2 was added after removal of the Shh 

beads, were performed in each run and are here shown combined for all experiments. 

In these control cases, most of the limbs had an extra digit 2 (10/24 cases), while 

there were four embryos with an extra digit 3, two embryos had a blip and eight were 

normal (Table 4.4A,B; Fig. 4.6A). The overall polarising activity was calculated to be 

19.7%. When Shh was replaced by Bmp-2 expressing cells, there were no cases with
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Table 4.4

(A). Effects on digit pattern o f replacing Shh beads with beads soaked in different 

concentrations o f Bmp-2, 16 hours after Shh bead application, 

n = number o f cases

Remove Shh bead at 6 hours and replace with Bmp-2 beac
Bmp-2
concentration

n 234 blip234 2234 3234 43234 Polarizing
activity

no Bmp-2 
added

24 8 2 10 4 0 19.7%

1 mg/ml 8 0 1 3 4 0 36%

0.1 mg/ml 7 2 0 3 2 0 32%

0.01 mg/ml 6 3 0 3 0 0 12.5%

(B). Effects on digit pattern o f replacing Shh beads with Bmp-2 expressing cells, 16 

hours after Shh bead implantation, 

n = number o f cases

Remove Shh at 16 hours and replace with Bmp-2 expressing cells
n 234 blip234 2234 3234 43234 Polarizin  

g activity

no cells 
added

24 8 2 10 4 0 19.7%

Bmp-2
cells

11 2 1 3 5 0 31%



Figure 4.6-

Replacement of Shh-N, at 16 hours, by Bmp-2 can promote digit character to a more 

posterior fate. (A) Removal of Shh beads (14mg/ml) implanted at the anterior wing 

margin of stage 20 chick wing buds 16 hours after application results in a 2234 digit 

pattern. (B, C) Implanted Shh bead (14mg/ml) removed at 16 hours and replaced by 

pellet of Bmp-2 expressing cells. (B) Replacement results in 22234 digit pattern or

(C) or in a 3334 digit pattern. Note the small cartilaginous element anterior to the 

extra digit 3. (D-F) Removal of implanted Shh beads (14mg/ml) at 16 hours and 

replacement with beads soaked in different concentrations of Bmp-2 protein. (D) 

1 mg/ml; digit pattern 3234 (E) 1 mg/ml; digit pattern 3234, note the small 

cartilaginous blip formed anteriorly to the extra digit 3. (F) 0.1 mg/ml; digit pattern 

3234, note in this specimen too, the formation of a blip anterior to the extra digit 3. 

This suggests that these cartilaginous elements are attempts to make an extra digit 4.
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extra digit 4, but most specimens had an extra digit 3 (5/11 cases). There were also 3 

specimens with an extra digit 2, one specimen with a blip and 2 embryos with normal 

limbs, resulting in an overall polarising activity of 31% (Table 4.4B; Fig. 4.6B,C). 

Thus when Bmp-2 is added after Shh, the effective polarizing activity is significantly 

increased.

Since there is an increase in the polarising activity after the addition of the Bmp-2 

expressing cells compared to the control specimens, the effect of Bmp-2 protein was 

then tested (Table 4.4A). Beads were soaked in three different concentrations of 

Bmp-2, lmg/ml, 0.1 mg/ml and O.Olmg/ml. The beads used for applying Bmp-2 were 

Affi-gel blue CM beads or heparin beads. Since there was no difference in the 

effectiveness of the two types of beads, the results are shown here combined. When 

the highest concentration was used, the results were as follows: 4/8 specimens had an 

extra digit 3, 3/8 specimens had an extra digit 2, one had a blip and there were no 

normal specimens, therefore giving an overall polarising activity of 36% (Table 4.4A; 

Fig. 4.6D,E). It is important to mention however that two of the four specimens with 

extra 3s had a small cartilaginous element anterior to the extra digit three, which 

could be an attempt to make a digit 4. This cartilaginous blip was not attached to the 

extra 3 and did not have the characteristic phalange of a digit 4 (Fig. 4.6E). Therefore 

these specimens were not considered as having an extra digit 4, but the fact that this 

blip was located anterior to the extra 3 indicated that there might be some potential 

for full digit duplications to be induced. With the intermediate concentration of 

0. lmg/ml similar results were obtained: 2/7 specimens had an extra 3, 3/7 had an 

extra 2 and 2 embryos had normal limbs, therefore giving a polarising activity of 32% 

(Table 4.4A). Even though there is a lOfold reduction of the applied protein, there is 

still an increase in the polarising activity compared to the controls. When the lowest 

concentration (O.Olmg/ml) was used the results were as follows: 3/6 specimens had 

an extra digit 2 and 3/6 embryos had normal limbs, resulting in a polarising activity of 

12.5% (Table 4.4A). In this occasion no extra 3s were obtained so the effect of Bmp- 

2 appears to be dose-dependent, with higher concentrations promoting the cells to 

obtain a more posterior digit identity, while lower concentrations do not enhance the 

effect of a short exposure to Shh.
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4.3.6- Ectopic Fgf-4 expression is not dependent on the constant 

presence of Shh.

Replacement of Shh at the beginning of the promotion phase with Bmp-2 can 

enhance polarizing activity, but can not completely mimic, the effect of the constant 

presence of Shh. Fgf-4 expression is necessary for Shh to induce activation of its 

downstream targets (Laufer et. al.1994) and Fgf-4 protein stimulates proliferation of 

the mesenchyme (Niswander et. al 1993; Vogel and Tickle 1993). The dependence of 

Bmp-2 expression on the continuing presence of Shh raises the possibility that Fgf-4 

is also under the same control. Furthermore, the fact that these two signalling 

molecules (Bmps and Fgfs) have been suggested to regulate limb outgrowth by a 

combination of stimulatory and inhibitory signals (Niswander and Martin 1993a) 

makes it necessary to investigate the relationship between Shh and Fgf-4.

Beads soaked in 14mg/ml Shh were grafted at the anterior region of wing buds. 

Beads were removed at either 16 hours or 24 hours after application and the embryos 

were fixed at 24 hours in the former case (8 hours later) and at 36 hours in the latter 

case (12 hours later). In contrast to what was observed for Bmp-2, in all of the 

specimens where the bead was removed at 16 hours (4/4 cases), Fgf-4 expression was 

maintained (Fig. 4.7B,C). Therefore ectopic Fgf-4 expression can be maintained in 

the absence of Shh for at least 12 hours. Therefore it seems unlikely that the failure of 

Bmp-2 to completely promote digit specification could be due to lack of Fgf-4 

expression in the anterior apical ridge.

Other investigators have recently shown that Fgf-4 expression is negatively 

regulated by Bmp-2 (Niswander et. al. 1998, SDB abstracts). In order to overcome 

this possible effect of the added Bmp-2 beads, heparin beads soaked in Fgf-4 protein 

and Bmp-2 beads were added simultaneously, 16 hours after application of Shh 

beads. In an initial set of experiments, a high concentration of Bmp-2 was used 

(lmg/ml) while the concentration of Fgf-4 was 1.7pg/ml. In these experiments, the 

Bmp-2 bead was placed next to the Fgf-4 bead and posterior to it. In these cases were 

Bmp-2 and Fgf-4 were added 16 hours after Shh, 3/6 specimens were missing the 

normal digit 2 (patterns of 34) while 3/6 embryos had normal limbs (Table 4.5). 

Therefore, limb growth was inhibited and half of the manipulated embryos had 

truncated limbs. In 4/6 embryos in which Shh beads were applied for 16 hours had an 

extra digit 2, and 2 were normal. In order to investigate the effects of signalling



Figure 4.7-

Effect on ectopic Fgf-4 expression, at different time points, following removal of 

beads soaked in 14mg/ml Shh implanted at the anterior margin of stage 20 chick wing 

buds. (A) Ventral view of an embryo showing Fgf-4 expression pattern 16 hours after 

application of bead soaked in Shh-N protein. Arrow indicates the extended Fgf-4 

expression domain. (B, C) Implanted bead removed at 16 hours and embryo fixed at 

24 hours (ie 8 hours later). (B) Dorsal view and (C) ventral view of the same 

specimen. The black arrow in (B) and the white arrow in (C) show the maintained 

extended Fgf-4 expression domain.
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Table 4.5

Effects on digit pattern o f replacing Shh beads with Bmp-2 and Fgf-4 soaked beads in 

the presence or absence o f anterior apical ridge, 

n = number o f cases

Remove Shh bead at 16 hours and add Bmp-2 and Fgf-4
(1 mg/ml) (1.76|ig/m l)

n  Digits 234 bliP234 2234 3234 43234 Polarizing
missing activity

no
signal 6 0 2 0 4 0 0 16%
added

Bm p-2 + 6  3 3 0 0 0 0 0
Fgf-4

Remove Shh bead at 16 hours and add Bmp-2(o im g/m i) and Fgf-4(i 76gg/m i)

without anterior AER
n Digits 234 bliP234 2234 3234 43234 Polarizing

missing activity

Bmp-2 + 7 0 1 0 2 3 1(*) 33%
Fgf-4 42%*
(-) AER

Polarizing activity was calculated without taking into consideration the (*) specimen.

* Polarizing activity calculated taking into consideration this specimen
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molecules placed in different positions, beads soaked in Fgf-4 and Bmp-2 proteins 

were placed simultaneously in different positions along the antero-posterior axis, and 

for comparison beads soaked in PBS and Bmp-2 protein were also implanted 

simultaneously in different positions. The results obtained showed that when Bmp-2 

beads are placed near the apex of the wing bud, limb truncations can occur.

Since the opposing effects of Bmp-2 and Fgf-4 can each be modulated by the 

presence of the other (Niswander and Martin, 1993a), we wanted to test whether 

application of beads soaked in Bmp-2 protein at the beginning of the promotion phase 

resulted in down-regulation of the ectopic Fgf-4 expression domain. Therefore, beads 

soaked in 0.1 mg/ml of Bmp-2 protein were implanted 16 hours after Shh application, 

and the embryos were fixed at 24 hours (8 hours later), to test for Fgf-4 expression. 

Unfortunately, detection of Fgf-4 expression was not successful. Another approach 

taken, was to vary the amount of each molecule present so that the best possible 

combination could be found. To achieve this, the following experiment was 

performed. As before, Shh soaked beads were added at the anterior of wing buds and 

subsequently removed 16 hours after application. Immediately after the bead was 

removed, the anterior AER was also removed, and a Bmp-2 and an Fgf-4 bead were 

applied (in this order, anterior to posterior) and secured with platinum staples. The 

concentrations used were 0.1 mg/ml for Bmp-2 and 1.7pg/ml for Fgf-4. Out of the 7 

embryos that survived and had both beads in place, 3 had an extra digit 3, 2 had an 

extra digit 2 and one embryo had a normal limb (Table 4.5; Fig. 4.8A-D). There was 

also one specimen with what seems to be an extra digit 4 (Fig. 4.6C,D). This extra 

digit is a bit thicker than the normal digit 4 but has the same characteristic shape. This 

raises the possibility that a combination of Bmp-2 and Fgf-4 can replace the effect of 

Shh and maybe if the optimal combinations of these two proteins are used more 

definitive duplications would be obtained. Furthermore, it appears that Fgf-4 is 

necessary in order to promote digit identity to a more posterior fate.

4.3.7- Expression patterns of patched (ptc) after application of Shh 

protein

The receptor complex that mediates the activity of the Sonic Hedgehog protein 

constitutes of the two trans-membrane proteins, patched (ptc) and smoothened (smo)



Figure 4.8-

Replacement of an implanted Shh bead (14mg/ml) at 16 hours with beads soaked in 

Bmp-2 and Fgf-4 in the absence of an anterior ridge. Beads were soaked in 0.1 mg/ml 

Bmp-2 and in 1.7pg/ml Fgf-4. (A) digit pattern 3234 (B) digit pattern 3234 (C) dorsal 

and (D) ventral views of the same specimen, with a digit pattern 4334. The cartilage 

rudiment of the extra digit 3 seems to be twisted. The extra digit formed anterior to 

the extra 3 has the morphology of a digit 4 but appears to be thicker.
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(Marigo et. al. 1996a). Since ptc has this dual role in establishing and regulating the 

Shh signalling cascade, monitoring its expression pattern can be very informative for 

the mode of action of ectopically applied Shh protein. Ptc expression can constitute a 

marker for early response to Shh. To investigate this issue, beads were soaked in 

14mg/ml Shh and grafted at the anterior margin of stage 20 wing buds. The embryos 

were then fixed at different time points and transcription of ptc at 2 hours, 4 hours, 6 

hours, 8 hours and 16 hours after bead implantation was monitored by in situ 

hybridisation (Table 4.1; Fig. 4.9). Induction of ptc  expression appears to occur as 

early as 2 hours after bead implantation, since in 3/4 cases investigated there was 

higher ptc expression in the operated wing bud (Fig. 4.9 A). It should be noted that this 

increase in expression was due to an expansion of the posterior ptc domain towards 

the applied bead rather than the induction of an ectopic domain in its immediate 

vicinity. A similar effect was observed at 4 hours in 5/6 cases (in one case there was 

no significant change in ptc expression) (Fig. 4.9B). At 6 hours, in 3/3 cases, the ptc 

domain was again expanded anteriorly and at this time point, in two of the specimens, 

there was a small ectopic ptc domain just over the bead. The same pattern was 

observed at 8 hours in 3/3 cases (on this occasion only one specimen had a small 

ectopic domain over the bead) (Fig. 4.9C,D). At 16 hours and 18 hours, there is no 

longer an expansion of the posterior ptc domain but in 3/4 cases there is a strong and 

broad ectopic ptc domain extending a few cell diameters from the bead, while there is 

also induction anterior to the bead (in one specimen there is ectopic induction but not 

as extensive as that seen for the other three) (Fig. 4.9G-I). In order to rule out the 

possibility that the pattern observed at the early time points, from 2-8 hours was due 

to the operation rather than Shh the same experiment was repeated but this time using 

beads soaked in buffer. None of the specimens showed any expansion of the ptc 

domain, or an ectopic ptc domain (0/3 at 4 hours, 0/3 at 16 hours) (Fig. 4.9E,F). There 

is therefore a rather quick response to the applied protein, and cells are capable of 

recognising the Shh signal.

Is this fast response to the Shh signal irreversible or is the constant presence of 

Shh needed? In order to address this issue, beads were soaked in 14mg/ml Shh and 

implanted at stage 20 wing buds as in previous experiments, and then removed at 

different time points. When beads were removed at 4 hours and the embryos fixed at 

16 hours (that is at 12 hours later), 4 out of 6 buds did not show any expression of ptc 

anteriorly (in situ by K. Lewis) (Fig. 4 .10C). By 16 horn s there is a strong ectopic ptc



Figure 4.9-

Effects of different lengths of exposure to beads soaked in Shh on ptc expression 

pattern. (A) Within 2 hours following application of Shh protein the ptc expression 

domain is extended anteriorly towards the Shh bead. (B) 4 hours after bead 

implantation and the ptc expression is also extended towards the bead. Arrow 

indicates position of the Shh bead. (C) Shows a wing bud 6 hours after application of 

an Shh bead; note that the ptc domain is covering the implanted bead. (D) At 8 hours 

the ptc expression domain is extended throughout the entire wing bud, even anterior 

to the Shh bead. Arrows marks region next to the implanted bead that shows reduced 

intensity of ptc expression. (E, F) Implantation of control beads soaked in buffer. (E) 

ptc expression pattern has not changed, either 4 hours or (F) 16 hours after control 

bead application. (G) Implantation of an Shh bead for 16 hours results in extensive 

upregulation of ptc expression pattern in the entire wing bud. (H, I) An ectopic ptc 

expression domain has been established by 18 hours, which seems to be restricted 

more proximally rather than next to the apical ridge. In (G-I) arrows show the position 

of the implanted bead. All specimens are shown in dorsal view and the beads were 

soaked in 14mg/ml Shh protein and implanted at anterior margin of stage 20 chick 

wing buds.
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domain around the Shh bead, but when beads were removed at 16 hours and the 

embryos fixed at 24 hours (that is 8 hours later), in 6 out of 7 cases examined, there is 

no ectopic ptc expression in the wing buds examined (Fig. 4.10D,E). In one specimen 

however, there was a very small ectopic domain of ptc  just above where the bead used 

to be (Fig. 4.1 OF). In another series of experiments, the Shh bead was removed 24 

hours after application and the embryos were fixed at 36 hours (that is 12 hours later). 

(Removal of the bead at 24 hours results to irreversible full digit pattern duplications). 

In the one case investigated there is a very strong and rather broad ectopic ptc domain 

remaining at the anterior wing margin (Fig. 4.10G). For every type of experiment 

performed to investigate the dependence of ptc on Shh, control experiments were also 

performed, using beads soaked in buffer, in order to rule out the possibility of 

artefacts due to damage in the tissue. None of the specimens investigated had any 

ectopic ptc expression at any time point (Fig. 4.10A,B).

Therefore, induction of ptc expression occurs very fast, much faster than the other 

downstream genes investigated, and it is expressed during the priming phase, 

suggesting that anterior mesenchymal cells can recognize the Shh signal during the 

priming phase. However, ectopic ptc expression seems to be dependent on the 

presence of Shh during the priming phase. Similar to what we observed for Bmp-2 

induction, the ectopic ptc expression needs Shh for its maintenance during the 

promotion phase too.

4.3.8- Expression patterns of ptc  after grafting the polarising region 

at the anterior margin of a chick limb bud

Since induction of ptc expression after application of beads soaked in Shh is rather 

fast, it is important to test whether this rapid response is due to the extensive diffusion 

of the Shh from the implanted beads. The best source of Shh is the polarizing region, 

which produces the processed Shh that can act in limb patterning. Therefore, grafts of 

the polarizing region provide a good way to investigate the pattern of expression of 

ptc in the presence of Shh. Polarizing regions were removed from stage 20 limb buds 

and denuded of ectoderm via trypsinisation, and were then grafted at the anterior 

margin of host wing buds. The hosts were subsequently fixed at 4 hours, 8 hours, 16 

hours and 24 hours and the pattern of ptc  expression was monitored by in situ



Figure 4.10-

Effects on ectopic ptc expression pattern, following removal of implanted Shh beads 

at different time points. (A, B) Removal of control beads, soaked in buffer; (A) 

control bead removed at 4 hours and embryo fixed at 16 hours (ie 12 hours later) (B) 

control bead removed at 16 hours and embryo fixed at 24 hours (ie 8 hours later), ptc 

expression pattern remains unaltered; arrows show the position of bead. (C-G) 

Removal of implanted Shh beads at successive time points. (C) Bead removed at 4 

hours and embryo fixed at 16 hours. The extended ptc expression domain is reduced 

and no ptc can be observed anteriorly near the position of the bead (as indicated by 

the arrow). (D-E) Implanted beads removed at 16 hours and embryos fixed at 24 

hours. In both (D, E) ptc expression domain is not extended anteriorly any more, even 

though the operated buds seem broader than the contralateral un-operated ones (as 

indicated by the arrows). In (F) a small domain of ptc expression can be detected to be 

maintained anteriorly (shown by the arrow). (G) Implanted bead removed at 24 hours 

and embryo fixed at 36 hours. A strong ectopic ptc expression domain has been 

maintained. All specimens are shown in dorsal view. Implanted beads were soaked in 

14mg/ml Shh protein and placed at the anterior margin of stage 20 chick wing buds.
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hybridisation (Table 4.6; Fig. 4.11). The expression patterns of ptc seem to vary with 

time. As early as 4 hours after grafting, there is induction of ptc in the anterior host 

tissue (5/5 cases) (Table 4.6). The ectopic domain shows high levels of ptc  expression 

comparable to the posterior region, and it extends several cell diameters, 

encompassing almost the whole anterior third of the limb bud (Fig. 4.11A,B). At 4 

hours, there are also very high levels of expression remaining in the grafted tissue. It 

should be noted that ptc expression in the grafted polarizing region is higher than the 

induced expression. In one specimen (1/5), there is lower ptc induction compared to 

the rest of the cases, but this specimen had also comparably lower ptc expression in 

the grafted tissue. By 8 hours, the pattern of expression of ptc  changes dramatically 

(Table 4.6; Fig. 4.11C,D). In all 4 cases examined there is less ptc in anterior host 

tissue, both in terms of the intensity of the induced domain and its extent along the 

bud. Furthermore, at this time point there is no longer any expression of ptc  in the 

grafted tissue. The ectopic domain of ptc expression in the host tissue is not very 

strong and surrounds the grafted tissue in a thin ring of expressing cells (Fig. 

4.11C,D). At 16 hours, the ectopic ptc domain becomes stronger again but still 

remains in close proximity to the grafted polarizing region (Table 4.6; Fig. 4.1 IE,F). 

In 2/2 cases examined, there is a rather strong ptc expression around the graft, and a 

weaker ectopic domain a bit further away, but still not extending as far as at 4 hours. 

There is ptc expression in the grafted tissue, but not in all of the cells. It seems that 

there are a few expressing cells surrounded by white non-expressing grafted tissue. 

By 24 hours, there is a well-established ectopic ptc domain, which has the same high 

level of intensity as in the posterior and again seems to extend a few cell diameters 

and shows the same graded appearance as that seen in the posterior region. The 

grafted polarizing region is expressing ptc, but again there are some cells in the outer 

regions of the graft that show no expression (Fig. 4.11G-I). It is important to point out 

that throughout this time, Shh is expressed constantly in the grafted polarizing region 

(see below).

These results suggest that there are several phases in the way cells behave in 

response to a polarizing region graft. In an initial phase a large group of cells receives 

and responds to the Shh signal. It seems that cells quite far away from the grafted 

polarizing region respond to Shh, but expression of ptc in these cells is not stable. 

This initial phase is followed by a more stable one in which there is constant



Figure 4.11-

Timing of ectopic activation of ptc  expression, following polarizing region grafts at 

the anterior margin of stage 20 chick wing buds. (A, B) Embryos fixed 4 hours after 

grafting. (A) ptc expression is induced in the host tissue next to the graft; expression 

in the host is weaker than in the grafted polarizing region. (B) induced ptc  domain 

surrounds grafted tissue but there is no expression anterior to graft; again expression 

in grafted polarizing region is stronger than induced ptc expression in host. (C, D) 

Embryos fixed 8 hours after grafting. In both cases ptc expression in the grafted 

polarizing region is lost and the induced ptc domain in the host tissue is severely 

reduced. Arrows point to the restricted ectopic ptc domain surrounding the non

expressing grafted polarizing region (looks white), like a thin ring. (E, F) Embryo 

fixed 16 hours after grafting. The ectopic ptc expression pattern is re-established in 

the host mesenchyme, surrounding the graft. Part of the graft is also expressing ptc. 

(G-I) Embryos fixed 24 hours after grafting. In (G) only part of the grafted tissue is 

expressing ptc. (H) dorsal and (I) ventral views of a specimen where the entire grafted 

polarizing region is expressing ptc as well as the surrounding host tissue. Note that at 

this time point the induced ptc expression domain is not restricted to just around the 

graft but extends further into the host tissue.



142

ptc expression after polarizing region grafts

4 hours

8 hours

16 hours

24 hours



v n a p te r  4 : M o le c u la r  e n e c ts  o r  5>nn s ig n a l l in g 14J

Table 4.6-

Effect o f polarizing region grafts on expression patterns o f Shh, Fgf-4 and ptc at 

different time points after grafting the tissue at the anterior margin o f  a chick limb 

bud. Numbers in brackets represent the number o f  cases examined. N/A: non- 

applicable. ND: not determined.

Gene expression paltterns after polarizing region gralfts
4 hours 8 hours 12 hours 14 hours 16 hours 24 hours

Graft
tissue

Host
tissue

Graft
tissue

Host
tissue

Graft
tissue

Host
tissue

Graft
tissue

Host
tissue

Graft
tissue

Host
tissue

Graft
tissue

Host
tissue

Shh* +++
(6) (6)

+++
(6) (6)

+++
(2) (2)

+++
(5) (5)

+++
(4) (4)

+++
(3) (3)

Fgf-4 N/A
(4)

N/A
(4)

N/A -/+
(0

N/A ++
(3/4)

N/A + -H -

(6)
ND ND

Ptc +++
(5)

+++
(5) (4)

+
(4)

ND ND ND ND ++
(2)

++
(2)

++
(4)

+++
(4)

+++ : strong expression 

++ : moderate expression 

+ : some expression 

+ /-: very weak expression 

- :  no expression detected

* intensity o f Shh expression in the grafted tissue does not decrease but in most o f  the 

cases only part o f the grafted tissue expresses Shh.
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expression of ptc , and the domain of cells responding to the Shh signal appears to be 

more restricted around the grafted polarizing region.

4.3.9- Expression of Shh in a polarising region graft can be 

maintained in the absence of Fgf-4

The anterior part of the apical ridge does not express Fgf-4, which is needed to 

maintain Shh expression, and therefore at first Shh may not be maintained in 

polarizing region grafts placed anteriorly. If Shh expression is lost when a polarizing 

region graft is transplanted, this could explain the initial reduction in ptc expression 

seen in the graft. It is possible that the 16 hour time lag before additional digits are 

specified following a polarizing region graft is related to the time required to 

reestablish the positive feedback loop and Shh expression in the polarizing region, 

although, we now know that a similar time course exists for Shh beads.

In order to investigate these possibilities, polarizing region mesenchyme was 

removed from st-20 limb buds (after the limb buds were subjected to trypsinisation to 

remove the ectoderm) and grafted to the anterior margin of st-20 host wing buds. Host 

embryos were then fixed at specific time points, namely at 4, 8, 12, 14,16 and 24 

hours to monitor expression patterns of Shh and Fgf-4 (Table 4.6; Fig. 4.12). In some 

cases polarising regions were isolated and then stained with Dil before they were 

grafted into the host wings in order to be able to locate the grafted tissue. At all of the 

time points investigated, Shh transcripts were present in the grafted tissue, but not in 

the host, while Fgf-4 expression was not seen in the anterior ridge until 14 hours after 

grafting (Table 4.6; Fig.4.12). At 4 hours, in 6/6 specimens, there is strong Shh 

expression in the graft at the anterior margin while there was no ectopic Fgf-4 

expression in any of the 4 cases examined (Fig. 4 .12A,B). At 8 hours, in 6/6 cases Shh 

transcripts are still present in the grafted tissue and no detectable ectopic Fgf-4 in the 

host apical ridge (4/4 cases) (Fig. 4.12D). However, if posterior apical ridge is 

excised, Shh expression in the polarizing region is lost by 8 hours (2/2 cases tested). 

This shows that in the absence of all Fgfs, Shh expression is not stable but anterior 

ridge which is expressing some Fgfs seems to be sufficient to maintain Shh expression 

in the polarizing region grafts. At 12 hours, in 2/2 polarizing region grafts Shh 

transcripts are still present, and in only one specimen tested for Fgf-4 expression (1/1) 

is there a very small domain of ectopic Fgf-4 expression (Fig. 4 .12F). At 14



Figure 4.12-

Relationship between Shh and Fgf-4 expression at different time points, following 

polarizing region grafts at the anterior margin of stage 20 chick wing buds. (A, B) 

Embryos fixed 4 hours after grafting. (A) Shh expression is maintained in the grafted 

tissue, but not induced in the host mesenchyme (B) Fgf-4 expression is still restricted 

to the posterior ridge (ventral view; operated wing is on the left). (C, D) Embryo fixed 

8 hours after grafting. (C) grafted polarizing region previously labelled with Dil, is 

still localised near the anterior apical ridge (D) Shh expression is restricted in the 

grafted polarizing (compare (C) and (D)) while Fgf-4 has not been ectopically 

induced by this stage (anterior edge of Fgf-4 expression domain is indicated by the 

arrow). (E, F) Embryo fixed 12 hours after grafting; Shh expression is still present in 

the polarizing region graft (compare (E) and (F)), while there is no ectopic Fgf-4 

expression yet. (G, H) Embryos fixed at 14 hours; the grafted polarizing region is 

expressing Shh, while this is the first time when any ectopic Fgf-4 expression can be 

detected, as shown by the arrow in (H). (I, J) Even by 24 hours expression of Shh is 

restricted in the polarizing region cells and no induction can be observed in the 

neighbouring host mesenchyme (compare (I) and (J)). (J) By 24 hours Dil labelling 

can be observed in the grafted polarizing region, however, only the part of the grafted 

tissue that is in closest proximity to the anterior apical ridge is still expressing Shh 

(compare (I) and (J)).
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hours, Shh expression is maintained in all of the 5 cases examined, while this is the 

first time point, when convincing ectopic Fgf-4 expression is observed (3/4 cases) 

(Fig. 4.12G,H). At 16 hours, 4/4 cases have strong Shh expression and 6/6 cases have 

anterior Fgf-4 domains. At 24 hours, 3/3 specimens show Shh transcripts in the 

grafted tissue (Fig. 4.12J). In all cases, Shh expression was restricted to either the 

whole of the graft and was not found in the host or localised in this part of the graft 

that was nearer the anterior apical ridge (Fig. 4 .12C,E,I).

These data confirm the idea that Shh expression can be maintained by Fgf-8 in the 

anterior part of the apical ridge in the absence of Fgf-4. The results also show that Shh 

remains localised in the grafted tissue and therefore, that the ptc expression observed 

in the host tissue is not due to induction of Shh in this tissue. Finally, the loss of 

ectopic ptc expression 8 hours after a polarizing region graft, as described in the 

previous section can not be attributed to loss of Shh expression.

4.4- DISCUSSION

4.4.1- Activation of downstream Shh targets

In our investigation of the mode of action of Shh in establishing antero-posterior 

polarity, it is important to establish the timing of activation of downstream targets that 

are implicated in the polarizing region signalling pathway. Since we try to ascertain 

whether Shh determines digit identity in a direct or indirect manner, it is essential to 

find out if its short-range action is via a relay mechanism. Unlike the mode of action 

of retinoic acid (Riddle et. al. 1993), the applied Shh protein does not induce Shh 

expression in the neighbouring cells and also the tissue next to the bead does not 

acquire polarizing activity. This finding not only suggests that a relay mechanism can 

be excluded, but also that the concentration of Shh is a primary determinant of digit 

pattern.

We have found that the response to the Shh signal is rather fast. Within 2 hours of 

Shh application, the posterior domain of ptc is expanded anteriorly and ptc expressed 

in anterior cells next to the implanted bead. This suggests that initially the Shh protein 

from the implanted beads diffuses quite a distance extending over a very large part of
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the limb bud. By 16-18 hours though, a separate strong ectopic domain of ptc is 

established. Therefore, at the start of digit promotion phase, the domain of cells that 

are responsive to Shh, as seen by the pattern of expression of ptc, is more restricted 

around the bead. This still does not prove whether the action of Shh is direct, but it 

does show that cells that are away from the bead can recognise the Shh signal. 

Another point is that although initially 2/3 of the bud expresses ptc , presumably in 

response to Shh from the bead, only cells up to 300pm away contribute to the extra 

digits. Therefore, some cells, which appear to have been exposed to exogenous Shh 

do not change their fate. Alternatively ptc expression may not mark cells that are 

actively receiving the Shh signal.

If the ectopic ptc domain is compared to the expression pattern obtained after 

polarizing region grafts, there are certain differences as well as similarities. First of 

all, the timing of activation is the same for both signalling sources. This shows that 

there is a very fast response of anterior cells to the applied signal. The results also 

verify the fact that ptc expression does not require the presence of Fgf-4 (Marigo et. 

al. 1996b), which is not induced until 12-14 hours later. Secondly, the pattern of ptc 

expression is not as broad in the case of polarizing region grafts and the two domains 

(posterior and anterior) always remain separate. This could be attributed to the 

diffusion of the applied protein. It may be that the speed of diffusion of Shh from the 

bead is faster than the induction of ptc which could subsequently limit this diffusion. 

However, for both signalling sources there is a broad expression domain, initially, that 

becomes more restricted subsequently near the Shh source. In the case of the 

polarizing region, the Shh produced is modified by the covalent attachment of a 

cholesterol moiety (Porter et. al. 1996a), and this would explain why it does not 

diffuse as readily as its Shh-N counterpart used in the bead experiments.

A rather intriguing aspect of ptc expression is its dependence on the presence of 

Shh. It has been previously reported (Marigo et. al. 1996b), that removal of the 

posterior ridge results in decreased ptc expression due to the loss Shh expression. Ptc 

expression can be re-established by injecting the posterior domain with an Shh- 

expressing retrovirus, even in the absence of posterior ridge (Marigo et. al. 1996b). 

Our results verify this hypothesis, as removal of the Shh bead results in loss of the 

ectopic ptc expression within 8 hours. This occurs either at an early time point, 4 

hours, when removal of the bead has no effect on digit pattern, and at a later time
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point, 16 hours, when removal of the bead results in an extra digit 2. However, the 

time point that signifies irreversible changes in the limb pattern (24 hours), correlates 

with sustained ectopic ptc  expression. It could be argued that the presence of ptc even 

after the removal of the Shh source, is due to the presence of residual Shh, but this 

seems unlikely since it is not observed at the earlier time points investigated. 

Therefore, the presence of ptc might specify a certain property of the responding cells. 

In addition, this finding supports the idea that ptc expression may not invariably mark 

cells that are actively receiving the Shh signal.

In the previous chapter we identified two phases of digit specification, an initial 

priming phase and a promotion phase. These two phases are also found for polarizing 

region grafts (Smith, 1980). Furthermore, for both of these signalling sources, the 

only gene so far identified whose expression is activated in the priming phase is ptc, 

the Shh receptor. Changes in expression patterns of the other downstream targets do 

not occur until the start of the promotion phase. The timing of activation of Bmp-2, 

Fgf-4 and Hoxd-13 coincides with the initiation of digit formation. Although Bmp-2 

expressing cells can induce expression of Hoxd-11, Hoxd-13 and Fgf-4, it is not clear 

whether Bmp-2 plays this role here (ie that Shh acts through Bmp-2 to activate the 

Hox genes and Fgf-4), since ectopic activation of all these genes occurs at the same 

time.

4.4.2- Replacement of Shh by Bmp-2 can promote posterior digit 

specification

There is evidence that cells have received the Shh signal during the initial priming 

phase and the 16 hour time lag observed is therefore not due to lack of diffusion of 

protein from the inserted beads. Furthermore, downstream target genes are induced at 

the beginning of the promotion phase, coinciding with the initiation of specification of 

extra digits. In Drosophila, hh (the homologue of vertebrate Shh) induces the 

expression of dpp (the Drosophila homologue of Bmp-2), which in turn specifies 

anterior identity in a dose-dependent manner (Nellen et. al. 1996). Therefore, Shh 

might mediate antero-posterior patterning in the limb via Bmps that act in a dose- 

dependent manner. Characteristically, Shh expressing cells can induce ectopic 

activation of Bmp-7 in a dose-dependent manner (Yang et. al. 1997), in a similar
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fashion to the dose-dependent activation of Shh by retinoic acid (Y.Yang, personal 

communication). Furthermore, Bmp-2 expressing cells can induce the formation of an 

extra anterior digit but can not completely mimic the action of Shh (Duprez et. al. 

1996). However, application of Bmp-2 protein at the anterior margin of chick wing 

buds has no effect on digit pattern (Francis-West et. al. 1994). We have shown that 

Shh is not only essential for inducing the expression of Bmp-2 but also in order for 

this expression to be maintained throughout the promotion phase. Furthermore, the 

number of cells that continue to express Bmp-2, throughout the promotion phase and 

the intensity of the Bmp-2 expression pattern correlates with the digit pattern obtained 

after removal of the Shh bead. This suggests that, at 16 hours, the induced Bmp-2 can 

specify an extra anterior digit, digit 2. Since Bmp-2 expression cannot be maintained 

in the absence of Shh, no more extra digits are formed, after removal of Shh. By 20 

hours, the ectopic Bmp-2 domain is more stable and ,although, after removal of the 

Shh source, ectopic Bmp-2 expression is maintained in only few cells, this appears to 

be sufficient to specify a more posterior extra digit, digit 3. By 24 hours, irreversible 

digit pattern changes, correlate with strong irreversible expression of Bmp-2, in a 

broad domain at the anterior margin resulting in the specification of an extra digit 4. It 

should be borne in mind however that, we do not know whether there is a similar 

pattern of Bmp-2 protein distribution that mirrors gene expression.

Bmp-2 cannot exert its effects in the absence of previous exposure to Shh (own 

data, Francis-West et. al. 1994). One possibility is because Shh is needed in order to 

reduce expression of anterior domain determinants. One good example of a gene 

expressed anteriorly is gli-3. gli-3 is believed to function in a negative feedback loop 

with Shh. Mutations in gli-3 result in ectopic Shh expression (Marigo et. al. 1996c; 

Masuya et. al. 1995), and implantation of beads soaked in Shh protein at the anterior 

wing margin, result in downregulation of the anterior gli-3 expression domain 

(Takahashi et. al. 1998). Furthermore Alx-4, which shows sequence similarities to the 

Drosophila gene aristaless} has been described as a suppressor of anterior formation of 

a polarizing region (Dunn et. al. 1997; Qu et. al. 1998). In a similar fashion to what is 

observed for gli-3, mutations in Alx-4 result in polydactyly and ectopic Shh 

expression at the anterior wing margin (Dunn et. al. 1997; Qu et. al. 1998), while 

implantation of Shh beads at the anterior wing margin result in downregulation of the 

Alx-4 expression domain within 6 hours of bead implantation (Takahashi et. al. 1998). 

Therefore, the initial presence of Shh appears to be necessary in order to overcome all
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these repressors, and prime the cells so that they can subsequently receive and 

respond to the induced Bmp-2 signal.

The attempt to replace Shh after the priming phase has been over, at the beginning 

of the promotion phase, by the application of beads soaked in Bmp-2 was not 

completely successful. Nevertheless sequential application of Shh followed by Bmp-2 

does enhance polarizing activity. Furthermore the attempt to combine Bmp-2 and Fgf- 

4 suggested that a certain cocktail of these two downstream molecules might generate 

the formation of a digit 4, although these results are still quite preliminary. Bmps can 

form heterodimers, and as cells may produce several different Bmps (as well as other 

molecules) in response to Shh it could be the joint action of specific heterodimers that 

drives the promotion phase rather than the sole activity of a single Bmp molecule. 

From the labeling study it was shown that cells that give rise to the extra digit 4 lie 

very close to the implanted beads. Although replacement of Shh during the promotion 

phase by Bmp-2 resulted in a high number of limbs with extra digit 3, one possibility 

that we cannot exclude is that Shh itself is necessary for promoting a digit 3 to a more 

posterior digit 4. Shh cannot induce ectopic Bmp-2 expression in the presence of 

anteriorly expressed molecules. At the end of the priming phase, at 16 hours, Bmp-2 

induction occurs, and the low levels of Bmp-2 present, are sufficient to determine an 

extra digit 2. Increasing Bmp-2 levels result in promotion of digit 2 to digit 3. 

According to this idea Shh, in association with Bmp-2, may promote digit 3, to a more 

posterior digit 4. This idea suggests that Shh determines digit 4 identity in direct 

manner and digit 3 and digit 2 in an indirect fashion via Bmps. Although Bmp-2 

specifies digit 3 only after the cells have been primed by Shh, the most anterior digit, 

digit 2, can arise via Bmp diffusion which extends the range of the polarizing signal, 

and its specification can occur in the absence of Shh priming as has been observed by 

grafts of Bmp-2 expressing cells (Duprez et. al. 1996).

It also seems that Bmp-2 (and possibly other Bmps), apart from acting as a 

mediator of Shh signalling in the mesenchyme, may also be involved in the 

interactions between Shh expressing mesenchyme and overlying apical ridge. 

Expression studies show that anterior tissue expressing Bmp-2 can induce ectopic 

expression of Bmp-2 in the host ridge. Furthermore, the pattern of expression of Bmp- 

2 in the ridge can be maintained even in the absence of Shh, in a similar fashion to 

what is observed for Fgf-4. This shows, the two types of tissue, the ridge and the 

mesenchyme, behave differently in response to the Shh signal. As ptc  is not expressed
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in the ridge (Marigo et. al. 1996b) it is possible that the expression of Bmp-2 in the 

ridge is mediated by a mechanism independent of ptc and therefore, the constant 

presence of Shh is not essential for its maintenance, as is the case for the 

mesenchyme. Furthermore, Fgf-4 expression is speculated to be downstream of Bmp- 

2 (Duprez et. al. 1996), and ectopic Fgf-4 expression can be maintained after removal 

of beads soaked in Shh protein. The fact that the ridge and the mesenchyme have 

different responses to the applied Shh signal, might enhance the idea that the target of 

Shh is the mesenchyme, as speculated from ptc expression studies (Marigo et. al. 

1996b), while the effect on the ridge is indirect and is possibly mediated via the 

expression of Bmp-2. However the expression of a novel mouse gene Ptch2 was 

detected in epithelial cells of the developing tooth, hair follicle and whisker 

(Motoyama et. al. 1998). Expression of Ptch2 in the limb ectoderm may explain how 

Shh can exert its effects on the apical ridge.

4.4.3- Polarizing region grafts and ectopic Shh application show a 

similar pattern of ptc expression during the priming phase

The apical ectodermal ridge and the polarizing region are two mutually dependent 

signalling centres required for formation of the limb bud. Signals from both centres 

cooperate to activate downstream targets (Niswander et. al. 1994; Laufer et. al. 1994). 

We have shown that Shh expression can be maintained in a polarizing region graft, in 

the absence of Fgf-4, for a time period of 14 hours. At this time point ectopic Fgf-4 

expression induced by the graft is seen for the first time. These findings are not in 

disagreement with the idea of the positive feedback loop between Shh and Fgf-4 but 

simply indicate that Fgf-8 can replace Fgf-4 in maintaining Shh expression. In the 

mouse Id mutant, expression of Shh is also maintained temporarily by Fgf-8 but only 

between E10 to E10.75/E11 (for about 20 hours) (Haramis et. al. 1995). In a similar 

way, it seems that in the case of the polarizing region grafts, Fgf-8 can maintain Shh 

expression in the grafted tissue for a few hours, until Fgf-4 expression is induced at 

the anterior ridge to re-establish the positive feedback loop.

Anterior mesenchyme cells respond rather quickly to the signal from the grafted 

polarizing region. Ptc expression is detectably enhanced within 4 hours and by this 

time the ectopic ptc  expression domain is quite broad. Therefore, the proposed idea
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that the lag time period in establishing digit pattern changes is needed for the 

establishment of a concentration gradient (Smith 1980) does not seem very likely. 

Furthermore the hypothesis that the Shh/Fgf-4 feedback loop is disrupted by grafting 

the polarizing region underneath the part of the apical ridge that does not express Fgf- 

4, has also been shown not be correct since Shh expression is constantly maintained, 

even in the absence of Fgf-4. As soon as the initial 15-hour time period has passed, 

digits are specified at a much faster rate. It takes 15 hours before an extra digit 2 is 

formed and then by 17 hours an extra digit 3 can be obtained. Since, Shh expression is 

not affected by the grafting procedure, it seems likely that it is the responding tissue 

that is the cause of the delay.

The pattern of ptc expression during the initial 15 hours following a polarizing 

region graft is rather intriguing. The response of the host tissue to the grafted 

polarizing region is quite fast. Host cells recognise Shh from the polarizing region 

within 4 hours, and since ptc expression appears to be a direct response to Shh then 

the fact that cells further away from the grafted polarizing region (extending up to 

about a third of the way of the limb domain) express ptc suggests that Shh protein 

from the polarizing region graft is diffusible. The high level of Shh expression, in the 

graft, results in high levels of ptc expression in the host tissue. However, ptc 

expression is lost in the grafted polarizing region by 8 hours, while, by this time, 

ectopic ptc expression in the host is significantly reduced to very low levels. This is 

rather interesting since Shh is constantly expressed in the grafted tissue and although 

the Shh expression domain is usually restricted in cells near the apical ridge, its 

intensity remains strong throughout the entire priming phase. It seems therefore, that 

the response of anterior mesenchymal cells is not stable, during this time period. By 

16 hours, the ptc domain is re-established and finally becomes stable by 24 hours, at 

the end of the promotion phase. This instability in the expression pattern of ptc is also 

observed after application of Shh beads, while the establishment of a stable ectopic 

ptc domain correlates with a similar stability in the ectopic Bmp-2 domain. Therefore, 

it seems that the initial priming phase (lasting about 14-16 hours both for Shh protein 

and polarizing region grafts) is very important. Although we do not know why ptc 

expression is downregulated, it is possible that an anteriorly expressed molecule such 

as gli-3 antagonises, in responding cells, the effect of Shh protein secreted by the 

polarizing region cells, gli-3 expression is absent from the polarizing region (Mo et. 

al. 1997;Buscher et. al. 1998) and therefore Shh expression in the polarizing region is
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not affected, gli-3 could antagonise the Shh protein-mediated transcription of 

downstream targets, such as ptc, thus resulting in downregulation of their expression 

(as is the case for ptc). The persistence in Shh expression can overcome the 

antagonistic effect of gli-3 and thus re-establish ptc expression. The establishment of 

a discrete anterior domain of ptc marks the initiation of ectopic expression of other 

downstream target genes such Bmp-2. It is rather interesting that loss of gli-3 function 

in the xt mutant mice is associated with ectopic Shh expression and digit duplications 

(Hui and Joyner, 1993; Buscher et. al. 1998). Therefore, it is important to investigate 

the time course of expression of gli-3 after polarizing region grafts or Shh protein 

application. The determination of interactions between Shh, ptc and the gli (gli-1 and 

gli-3) genes might prove to be a significant factor in the re-specification of positional 

values along the antero-posterior axis.



Chapter 5 

Shh signalling in the talpidt mutant
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5.1- INTRODUCTION

Limb development in the polydactylous mutant talpid3

The investigation of mutants can be a very useful tool in the understanding of limb 

development and in determining interactions between various genetic components 

involved in the signalling pathways. Alterations in gene expression patterns that affect 

patterning along the limb axes have now been reported in several mutants both in 

mouse (extra toes, hemimelic extra toes, Stong's luxoid, Alx-4, rim4, luxate, X-linked 

polydactyly, dbf) and chick (limbless, wingless, talpid).

Three talpid mutants have been described in chickens: talpid1 and talpid* which 

are similar and talpid1 which has similar abnormalities to the other two, in the limbs, 

but has a relatively normal head (Ede and Kelly 1964; Dvorak and Fallon 1991; 

Rodriguez et. al. 1996). Here we examine talpid* (ta3), which is an autosomal, 

recessive embryonic-lethal mutation in an unknown gene. Mutant embryos exhibit 

defects in the neural tube, which appears to be ovoid, in cross section, instead of bell

shaped as found in wild type embryos, but the notochord is normal (Ede and Kelly 

1964). During stages 24-29, the characteristic “mushroom” shape of the talpid* limbs 

develops, characterised by distal expansion and failure to shape the elbow angle 

(Hinchliffe and Ede 1967). By stage 24, ta3 mutant limbs show an expanded apical 

ridge and, during stages 25-28 the apical ridge progressively increases in length when 

compared to the wild type embryos. This apical ridge is still present until stage 29, 

although, at this stage, in the normal embryos the apical ridge has regressed along 

most of its length (Hinchliffe and Ede 1967). Surviving embryos show extensive 

abnormalities at 11 days or older. The humerus is extremely short and the radius and 

ulna are also short and may be fused (Ede and Kelly 1964). The shoulder girdle is also 

affected, since the coracoid is short and the scapula is abnormally curved and has a 

number of rounded projections on its dorsal side (Ede and Kelly 1964). Shortening of 

the vertebral column can be seen to be accompanied by fusion of adjacent vertebrae. 

There is also, failure of cartilage replacement by bone, polydactyly and shortening of 

the limbs and both the eyes and the maxillary processes are drawn together in the 

midline. Substantial subcutaneous oedema and failure of the body wall to close 

ventrally around the viscera and abnormal feather formation are also observed



cnapier d: ann signalling in me rnipia mutant 1 DO

(Hinchliffe and Ede 1967; Ede and Kelly 1964). Therefore, the effect of the talpid* 

gene is extremely pleiotropic, producing widespread developmental defects.

There are three major areas of cell death in chick limb buds: the anterior and 

posterior necrotic zones, the “opaque patch” of the central limb mesenchyme, and the 

interdigital areas. In the ta* mutant limb buds the anterior and posterior necrotic zones 

are absent (Hinchliffe and Ede 1967; Hinchliffe and Thorogood 1974). Also, talpid1 

cells in vitro are resistant to cell death (Ede and Flint 1972) and the talpid  limb 

mesenchyme survives the removal of the apical ridge, much longer than does wild 

type limb mesenchyme (Ede and Flint 1972). Furthermore, there is no cell death in the 

opaque patch, apart from a minority of ta* limb buds, which possess regions of cell 

death at the opaque patch, but the number of dead cells is reduced and they are more 

widely scattered than normal (Hinchliffe and Ede 1967; Hinchliffe and Thorogood 

1973).

The polydactylous ta* limbs have many partially fused digits (up to about 7), 

which form a pattern that lacks antero-posterior polarity. In ta* mutant limb buds, 

polarizing activity is not restricted in the posterior margin but is wide-spread 

throughout the limb buds (Francis-West et. al 1995). The polarizing activity at the 

posterior margin of the ta limb buds is not as strong as in wild type limb buds and is 

not maintained as the bud grows (Francis-West et. al 1995), even though Hoxd genes 

are uniformly expressed across the entire talpid limb bud. The polarizing activity in 

the anterior ta mesenchyme is weak and can not induce Hoxd-13 expression if 

grafted to wild type hosts (Francis-West et. al. 1995). This suggests that Hoxd-13 is 

activated in response only to high polarizing activity (Izpisua-Belmonte et. al. 1992b) 

and that there is a defect in the response of the ta* mesenchymal cells to the polarizing 

signal. The defect in the ta mutant does not involve the control of Shh expression,
'y

since Shh transcripts are only found at the posterior margin of the ta limb buds, in the 

region associated with the highest polarizing activity (Francis-West et. al 1995) and in 

the same region as in normal limb buds. However, application of retinoic acid beads 

at the anterior ta* limb domain results in activation of Shh expression (Francis-West 

et. al 1995), suggesting that anterior ta* limb bud cells can express Shh. 

Recombination experiments between ta ectoderm and wild type mesenchyme give 

rise to normal limbs, while recombinations between ta* mesenchyme and wild type 

ectoderm result in limbs with the ta* phenotype, indicating a defect in mesenchymal 

signalling (Ede and Shamslahidjani, 1983). In ta* limb buds, Bmp-2 and Bmp-jfarQ
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expressed throughout the ta3 mesenchyme (Francis -W est et. al. 1995). In addition 

Fgf-4 is expressed in the entire apical ridge (Francis-West et. al 1995), correlating 

with previous findings indicating extension of the apical ridge, as mentioned before. 

The presence of Fgf-4 anteriorly may be related to the excessive growth of the ta 

limb buds that results in the “mushroom” shaped limbs observed. The failure of cell 

death to occur in the mesoderm of the ta3 limb buds may also contribute to this 

excessive growth.

Several of the genes involved in the polarizing region signalling pathway, such as 

Bmp-2 and Bmp-7, Hoxd-13 and Fgf-4, are ectopically expressed in the ta3 mutant 

limb buds, in the absence of detectable Shh transcripts. In the ta3 mutant, 

polydactylous limbs have no polarity or specific digit identity. Polarizing region grafts 

and ectopic application of retinoic acid beads can give rise to digits that appear more 

distinct rather than fused but still digit identity does not appear be specified (Francis- 

West et. al. 1995). This confirms the idea that cells are possibly unable to respond to 

the polarizing signal. It has been rather difficult so far to see whether Shh acts directly 

to determine digit identity and to induce downstream targets such as Bmps. The 

ectopic expression of Bmps in the absence of Shh as well the lack of antero-posterior 

polarity make the ta3 mutant useful in investigating the Shh signalling pathway.

If activation of gene targets such as Bmps is mediated by an intermediate signal 

between Shh expression and their activation, then the defect in the signalling pathway 

found in ta3 mutants may provide some valuable clues. There are two possibilities, 

either the mesenchymal cells do not produce a functioning Shh protein, or the cells 

that receive the Shh signal cannot recognise it. If the former idea is correct, then the 

presence of a possible intermediate signal would be able to activate target genes and 

to exhibit polarizing activity in the absence of an active Shh protein. If the latter idea 

is correct then the presence of an intermediate target molecule can still not be 

excluded, but at least it would mean that the observed polarizing activity at the 

posterior margin is mediated by Shh. Shh binds directly to ptc which is its putative 

receptor (Marigo et. al. 1996a) and ptc  expression is activated by Shh signalling via 

transcriptional activation mediated by the gli genes. Since ptc is a direct target o f Shh, 

investigation of ptc expression could indicate whether Shh protein is active and also 

show if the ta3 gene is a direct component of the Shh signalling pathway. If  ptc 

expression is unaffected in ta  ̂ it would suggest that ta3 is downstream of Shh
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signalling and that the Hoxd, Bmp and Fgf-4 genes must also be indirect targets of Shh 

signalling.

5.2- MATERIALS AND METHODS

5.2.1- Embryo stocks

Wild type chicken embryos were obtained from fertilised Needle Farm White 

Leghorn chicken eggs or from the talpid3 stock. Fertilised talpid (ta3) embryos were 

obtained from the stock maintained by Dave Burt at the Roslin Institute, Roslin, UK. 

Eggs were incubated at 38°C and normal chick embryos were staged according to 

Hamburger and Hamilton (1951) and ta3 embryos according to Hinchliffe and Ede 

(1967). Homozygous ta3 embryos were identified by the characteristic limb 

morphology (broader, mushroom-shaped) and/or by the reduced spacing of the eyes. 

If there was any ambiguity then identification was confirmed by either grafting a wing 

onto the wing stump of a wild type host to allow it to develop further (and the ta3 

shape become more obvious) or by in situ hybridisation on one limb with a gene that 

has an altered pattern of expression in ta3 limbs (ie. initially Bmp-2, and after we 

established their pattern of expression in limbs ptc, gli-1 or gli-3).

5.2.2- Embryo manipulations.

Fertile White Leghorn eggs were used as hosts. The wing buds of stage 20 chick 

embryo hosts were removed using tungsten needles and replaced by manipulated or 

non-manipulated ta3 limb buds; the ta3 limb buds were kept in place with platinum 

pins. In the case of the manipulated ta3 limb buds, Shh beads were placed under a loop 

of apical ridge at the anterior margin of the buds before the bud was transferred to its 

new host and where necessary secured with a platinum staple. In a series of control 

experiments, the same procedures were repeated but this time using normal chick 

limb buds. In another series of experiments, posterior, apical and anterior 

mesenchyme was removed from ta3 limb buds and grafted to a host wing under the
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anterior apical ridge region. The mesenchyme was trypsinised as previously 

described. The wing buds were then fixed in 4% paraformaldehyde at different time 

intervals after the operation, for whole mount in situ hybridisation.

5.2.3- Preparation of probes.

Probes for in situ hybridisation were synthesised using the following templates: 

gli-1 (prepared by K. Lewis, Mari go et. al. 1996); gli-3 (prepared by K. Lewis, 

Marigo et. al. 1996); coupTFII (prepared by K.Lewis, Lutz et. al. 1994).

The rest of the probes were synthesised as mentioned in previous sections, apart 

from those indicated occasions where K.Lewis performed the in situ for ptc 

expression and the ptc probe was synthesised according to Marigo et. al. 1996.

5.3- RESULTS

5.3.1- Ptc expression in talpid (ta3) embryos.

It has previously been described that ta3 limbs have normal expression of Shh 

(Francis-West et. al. 1995). In confirmation of these results, we found that in 10 

specimens investigated there is no ectopic Shh expression and the domain of Shh is 

restricted posteriorly (Fig. 5. IB). Since downstream targets of Shh, Bmp-2 and Hoxd- 

13 show expanded domains of expression, as described by Francis-West et.al. 1995, it 

is important to investigate how this pattern of expression is induced in the absence of 

expansion of the Shh domain, ptc is a direct target of hh both in Drosophila (Strigini 

and Cohen 1997; Struhl et. al. 1997a; for review see Ingham 1998a) and likewise in 

vertebrates, ptc is thought to be a direct target of Shh (Goodrich et. al. 1996; Marigo 

et. al. 1996b; Concordet et. al. 1996; Goodrich et. al. 1997). Thus ptc is a good 

candidate for investigating any problems in the Shh signalling pathway and in contrast 

to what was observed for Shh, ptc  shows a different expression pattern between wild 

type and mutant limbs.
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In wild type limbs, at stages 19-21, ptc expression is restricted at the posterior 

region in a domain broader than that of Shh. ptc is expressed at high levels at the 

posterior distal margin and this expression domain decreases in a graded manner 

towards the anterior of the limb bud (Fig. 5.1C). At a later stage, stage 27, ptc 

expression is still restricted to the posterior region but is also found in domains around 

the developing digits (own data, Fig. 5. ID and also described in Marigo et. al. 1996b). 

In contrast, ta3 limb buds do not show any high levels of ptc  expression at either early 

or later stages (Fig. 5.1E,F). More specifically, at stages 19-21 in 15/15 limbs tested 

(10 wing buds and 5 leg buds), ptc is expressed at very low levels throughout the 

entire limb bud in a similar level to that observed at the anterior region of wild type 

embryos, that had been stained the same length of time as the ta3 limb buds (in situs 

by K. Lewis). Since the ta3 mutation is lethal, in order to investigate the pattern of ptc 

expression at a later stage, limb buds from talpid embryos were removed and grafted 

to the limb region of a wild type embryo, and left to grow up to stage 27. At this late 

stage in 4 limbs tested (2 wing buds and 2 leg buds), ptc  expression is still very weak 

but has resolved in a wide distal band and a more medial proximal band that may co-
-j

incide with the fused mesenchymal condensations that form in ta limbs (Fig. 5. IF).

Consistent with what is observed in the limb buds, the branchial arches of ta3 

embryos show no high levels of ptc expression, while wild type embryos have high 

levels of ptc expression in the branchial arches (Fig. 5.1I,J). These results demonstrate 

that high level expression of ptc is missing from ta embryos in a number of different 

sites.

5.3.2- Can application of Shh protein in ta3 limb buds rescue the 

pattern of ptc  expression?

Since ptc is a direct target of Shh (Marigo et. al. 1996b; Concordet et. al 1996; 

Goodrich et. al. 1997), the fact that its pattern of expression is disrupted in ta 

mutants, suggests that either cells are unable to respond to the Shh signal to activate 

ptc  expression, or that the defect lies in the processing of the Shh protein itself.

In order to distinguish between these two possibilities, we applied Shh protein, 

ectopically, to talpid3 limb buds. Beads were soaked in an Shh-N concentration 

sufficient to give full digit pattern duplications in normal wing buds, and implanted at



Figure 5.1-
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Comparison of Shh and ptc expression patterns in wild type and ta mutant embryos. 

(A-B) Shh expression patterns (A) ventral view of a stage 20 wild type wing bud (B) 

ventral view of a stage 20 ta3 wing bud. Shh expression is still posteriorly restricted. 

(C-J) ptc expression patterns. (C) dorsal view of a stage 20 wild type wing bud and 

(D) a stage 27 wild type leg bud. (E) stage 20 ta3 wing bud and in (F) stage 27 leg 

bud; weak ptc expression is just about visible. The ta limb buds have been stained for 

the same length of time as the wild type limbs, ptc is only expressed at very low levels 

in ta limbs, resembling the low basal levels of ptc expression in the anterior of wild 

type limbs. Weak ptc expression in late talpid1 leg bud seems to be pre-figuring the 

fused condensations that form in the mutant limbs. (G-H) wing buds that had a bead 

soaked in 14mg/ml Shh implanted at the anterior margin, then grafted to a wild-type 

host and fixed 18 hours later (G) Shh induces high levels of ptc expression in the 

wild-type wing. (H) Shh does not induce ptc expression in the ta wing bud. Note 

however induction of high levels of ptc expression in the host flank. (I-J) ptc 

expression in branchial arches at stage 20-21. The branchial arches in talpid" embryos 

(J) do not have the normal high level of ptc that occurs in wild type arches (I).
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the anterior domain of talpid* limb buds (either wings or legs). The manipulated ta* 

limb buds were then removed, grafted to wild type host embryos and left to grow for 

18 hours, ptc expression was not induced in any of the limbs tested (0/7, 3 legs and 4 

wings) although there was ptc induction in the trunk of the wild type hosts (Fig. 

5.1H). Control experiments were also performed, to show that the experimental 

manipulation did not interfere with the ability of the tissue to respond to the applied 

Shh-N. In these cases beads soaked in Shh-N were implanted at the anterior margin of 

wild type wing buds, which were subsequently removed and grafted to new wild type 

hosts. At 18 hours in 2/2 cases there was strong ectopic expression of ptc in the entire 

wing bud, while there was only very weak induction in the host’s flank (Fig. 5.1G). In 

one occasion, a bead soaked in Shh-N was implanted in a talpid* wing bud and the 

embryo was left to grow for 18 hours, without removing the wing bud. As expected, 

both the manipulated and the contralateral wing buds showed the same low level of 

ptc expression. Therefore, there is a difference in the responsiveness of the tissue to 

Shh between wild type and ta3 limbs. Talpid* embryos do not seem to be able to 

respond to the Shh protein even if it is applied exogenously, suggesting that there is a 

defect in the responsiveness of the mesoderm.

5.3.3- Mesenchyme from ta3 limb buds can induce ptc  expression in 

wild type tissue.

We have shown so far that mesenchymal tissue in ta* limb buds does not respond 

to Shh since there is no upregulation of ptc even after the ectopic application of Shh 

protein. It is also important to test whether Shh produced by talpid* limb mesenchyme 

can induce ptc in wild type embryos. In order to test this, we grafted posterior tissue 

from ta embryos to the anterior margin of wild type hosts and tested for ptc 

expression after 18 hours (Fig. 5.2A). Posterior talpid mesenchyme can induce ptc 

expression in wild type tissue in 7/8 cases examined (in 4 embryos there was strong 

induction, while in 3 embryos there was weaker induction), while there is no ptc 

expression in the grafted tissue. Control polarizing region grafts from wild type hosts, 

also induced high level of ptc expression in wild type hosts (4/4 cases) at 24 hours, 

although ptc expression was also found in the grafted tissue (see section 4.3.8 and Fig. 

5.2E). This implies that the Shh protein in the talpid1 mutants is active and is 

processed successfully by the cells producing it.



Figure 5.2-

Mesenchymal tissue from ta limb buds can induce ptc expression in wild type hosts. 

(A-D) grafts of ta3 mesenchyme in the anterior domain of wild type hosts (A) graft of 

posterior mesenchyme (B) graft of apical tissue (C) graft of anterior mesenchymal 

tissue. In all cases the induced ptc expression is in wild type mesoderm overlying the 

grafted tissue. (D) graft of anterior ta3 mesoderm that did not induce ptc expression. 

(E-D) grafts of wild type mesenchyme in the anterior region of wild type hosts (E) 

grafted posterior mesenchyme can induce ptc expression, (F) apical and (G) anterior 

mesenchyme did not induce any ptc expression.
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talpict limbs have polarizing activity throughout the entire antero-posterior axis, 

strongest at the posterior margin and becoming progressively weaker anteriorly as 

measured by the ability to induce extra digits when grafted to wild type hosts 

(Francis-West et. al. 1995). Therefore, we implanted mesenchymal tissue from the 

apex and anterior margins of ta3 limb buds, to the anterior domain of wild type hosts 

and assayed for ptc induction at 18 hours. Some, but not all, of the grafts induced ptc 

in the host tissue (1/1 apical grafts and 2/4 anterior grafts) (Fig. 5.2B-D). This is 

consistent with the fact that polarizing activity in these regions of talpid? mesenchyme 

is not as potent, in terms of inducing digit duplications, as posterior mesenchyme. 

Control grafts of wild type mesenchyme from apical or anterior regions never 

expressed ptc or induced ptc expression in host wild type tissue (Fig. 5.2F,G). 

Therefore, it appears that Shh protein present in the posterior of the talpic? limb buds 

is active. One other point that could be inferred is that Shh protein may be present in 

along the entire antero-posterior axis as seen from the ability of the apical and anterior 

mesenchymal tissue to induce ptc expression.

5.3.4- Expression of gli genes in ta3 limb buds.

gli genes are transcription factors implicated in the Hh signalling pathways and 

gli-1 and gli-3 are expressed in the limb buds and are believed to act as activator and 

repressor respectively, of targets of the Hh pathway (Marigo et. al. 1996c; Busher et. 

al. 1997) Furthermore they are targets for transcriptional control by Shh signals and 

while expression of gli-1 is activated in response to Shh, gli-3 expression is 

downregulated (Marigo et. al. 1996c) Also gli-1 can induce expression of ptc (Marigo 

et. al. 1996c). Therefore, we decided to investigate the pattern of expression of these 

two genes in the talpid mutant limb buds.

In normal limbs gli-1 is expressed in the posterior limb domain in a pattern similar 

to that of ptc (Marigo et. al. 1996c, Fig. 5.3A). In contrast to what is observed in wild 

type embryos, the ta3 limb buds investigated show very weak expression throughout 

the limb except at the distal edge underneath the apical ridge (14/14 cases, 4 wings 

and 10 legs) (Fig. 5.3B). Expression of gli-3 is normally seen throughout the entire 

limb bud, apart from an area at the posterior margin, where the polarizing region is 

located, which does not express gli-3 (Fig. 5.3C,E). In contrast to what is observed for



Figure 5.3-

Expression patterns of gli-1 and gli-3 in ta limb buds. (A, B) gli-1 expression in stage 

21 wing buds (ventral views); (A) wild type, (B) ta3. Staining lasted the same time for 

both cases (for several hours, in the same tube); gli-1 is only expressed very weakly in 

ta limbs, at a similar level to the weak basal expression in the anterior of wild type 

limbs. (C-F) gli-3 expression in (C, E) wild type and (D, F) ta3 embryos. (C and D) 

ventral views of stage 20 wing buds, note in (D) the posterior expansion of the gli-3 

expression domain in ta3 limbs. (E and F) dorsal views of (E) stage 25 leg bud and (F) 

stage 22 leg bud. The ta3 leg bud in (F) does have a very small posterior area without 

gli-3 expression, but this clear area is smaller and less distinct than in younger or 

older wild type limbs.
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ptc and gli-1, gli-3 expression in talpid? limbs seems to be expanded covering the 

non-expressing area seen in wild type embryos (Fig. 5.3D,F). In ta3 embryos ranging 

from stage 20-23, gli-3 expression is expanded (7/7 cases, 3 wings and 4 legs), while 

in 4/7 specimens there is a small posterior proximal region, which shows weak gli-3 

expression. This region of weaker expression is more visible on the ventral side 

(although there is one specimen in which this weaker expression is also visible 

dorsally), but it always seems smaller and less distinct than the clear region see in 

wild type limb buds. Thus, the pattern of expression of the gli genes is also disrupted 

in a way similar to that seen in the case of ptc, that is in a manner that indicates 

inability to respond to the Shh signal which regulates the appropriate expression 

patterns of these genes.

5.3.5- Bmp-2 expression is expanded in ta3 limb buds and ectopic 

application of Shh does not affect its expression pattern.

In talpic? limb buds, Bmp-2 expression is not posteriorly restricted but its domain 

of expression is expanded anteriorly and is expressed around the rim of the bud 

(Francis-West et. al. 1995). In order to confirm these findings, we investigated the 

pattern of Bmp-2 expression in ta3 limb buds in stages 21-24 (Fig. 5.4A-C). We found 

that mesenchymal expression of Bmp-2 is expanded but expression in the 

mesenchyme is weaker than expression seen in the apical ridge, and that there is a 

small non-expressing region of mesenchyme just under the apical ridge (8/8 cases, 4 

legs and 4 wings) (Fig. 5.4B). Since gli-1 is the transcriptional activator of the Shh 

signal (Hynes et. al. 1997; Marigo et. al 1996c; Lee et. al. 1997; Sasaki et. al. 1997), it 

is rather intriguing that Bmp-2 is expressed in the absence of gli-1, and ptc. This 

suggests that Bmp-2 could be regulated independently of Shh in the ta limbs. 

Therefore, we tested whether the Bmp-2 expression is changed after ectopic 

application of Shh. Beads soaked in an Shh concentration sufficient to induce full 

digit duplications, were placed in the anterior margin of tc? limb buds; that is 

presumambly within the expanded Bmp-2 domain. These manipulated ta limbs were 

subsequently removed and grafted onto wild type hosts and Bmp-2 expression assayed 

after 22-23 hours. In 4/4 cases the Bmp-2 expression domain was similar to that 

observed in unmanipulated ta limb buds. Furthermore in one case an Shh bead was



Figure 5.4-

Bmp-2 expression patterns in wild type and ta limb buds and in wild type hosts 

following grafts of ta3 mesenchymal tissue. (A-E) Expression of Bmp-2 in wild type 

and ta3 embryos (A-C) Bmp-2 expression in (A) stage 20 wing (B) stage 22 leg and 

(C) stage 24 leg buds. Note expansion of normal Bmp-2 expression domain in both 

apical ridge and mesoderm. Compare with expression domain in (D) a stage 22 wild 

type wing bud. (E) shows a stage 22 ta3 wing bud which had an Shh bead inserted into 

the anterior domain, and the contralateral wing, both fixed 24 hours after the bead was 

inserted. The arrow shows position of implanted bead, but both wings have identical 

Bmp-2 expression. (F-H) Mesodermal tissue from limb ta buds grafted to the anterior 

margin of wild type hosts. (F, G) show a wild type wing where apical ta3 mesenchyme 

was grafted and (H) shows a wild type wing where anterior ta3 mesenchyme was 

grafted. All limbs were fixed 18-20 hours after grafting and in all three cases strong 

ectopic Bmp-2 expression can be seen in the apical ridge and weaker Bmp-2 

expression in mesoderm at edges of graft.
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implanted in a ta3 wing bud and the embryo was left to grow for 22 hours, without 

removing the manipulated wing bud. Bmp-2 expression in this wing showed no 

differences compared to the contralateral unmanipulated wing bud (Fig. 5.4E). 

Therefore ectopic Shh application does not seem to have an additive effect to the 

expanded Bmp-2 expression domain.

5.3.6- Apical and anterior ta3 mesenchyme can induce Bmp-2 

expression in wild type host embryos.

As documented in Chapter 4, Bmp-2 expression depends on the presence of Shh 

for its maintenance. Therefore, it is interesting to investigate the stability of Bmp-2 

expression in the anterior tissue of ta3 limb buds. Apical and anterior ta3 mesenchyme 

was grafted in the anterior margin of wild type hosts, under the apical ridge and Bmp- 

2 expression was assayed 18-20 hours later (Fig. 5.4F-H). In all cases investigated (3 

apical grafts and 1 anterior graft), Bmp-2 expression was induced in the apical ridge 

overlying the grafted tissue, while there was some Bmp-2 expression in the edges of 

the grafted tissue but not throughout it. The central region of the grafted tissue 

appeared to have no expression, while the expression seen at the edges was not as 

strong as that observed in the posterior region of the host tissue (Fig. 5.4F-H). In 

contrast, grafts of posterior wild type tissue induced ectopic Bmp-2 expression in the 

host mesenchyme and apical ridge, while grafts of apical wild type tissue did not (2/2 

posterior grafts, 0/1 apical grafts). These results suggest, that the Bmp-2 expression 

domain seen in ta3 limb buds reflects altered signalling in the talpid3 limb bud rather 

than an altered response to the signal. In addition anterior and apical tissue has the 

potential to induce Bmp-2 expression in the apical ridge of the host. This is 

reminiscent of the effects of grafts of tissue expressing Bmp-2, taken after ectopic Shh 

application (see Chapter 4). When such grafts are placed at the anterior margin of a 

new host, after 24 hours, it induces Bmp-2 expression is induced in the anterior apical 

ridge of the host wing bud (see section 4.3.4).

5.3.7- Expression patterns of coupTFII in wild type and ta3 embryos.

coupTFII is a direct target of Shh signalling but unlike ptc its transcription is not 

mediated via gli (Krishnan et. al 1997; Lutz et. al. 1994). Since expression patterns of
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5
some Shh target genes seem to be expanded in ta embryos, while others like gli-1, 

gliS and ptc do not seem to respond to the Shh signal, it is important to investigate the
7

pattern of expression of coupTFII in both wild type and ta embryos.

In wild type embryos, at stages 21-24, coupTFII is expressed in a central domain 

in the limbs and the wing expression pattern is broader proximally and extends more 

distally, compared to the expression pattern in the leg (Fig. 5.5A,B). In ta3 limb buds,
'y

coupTFII expression is expanded. At stages 20-26, it is expressed throughout ta wing 

buds, except for a thin non-expressing region just beneath the apical ridge (3/3 cases) 

(Fig.5.5C,E). In younger ta3 leg buds (at stage 20), the expression pattern is similar to 

the one seen in the wing buds (2/2 cases) (Fig. 5.5D). In older leg buds however (at 

stages 25-26), there is no coupTFII expression in posterior mesoderm (3/3 cases) (Fig. 

5.5F) and there is a wider region of non-expressing cells distally, compared to leg 

buds at younger stages or wing buds of the same stage (Fig. 5.5F).

The expanded expression domains of coupTFII resemble what has been observed 

for other downstream signals of Shh, like Bmps and Hoxd genes. Therefore it is 

important to test whether coupTFII in wild type limb buds can be induced by Shh 

application. Therefore, beads soaked in an Shh concentration sufficient to induce full 

digit duplications, were implanted at the anterior margin of chick wing buds and the 

expression pattern of coupTFII examined after 18 hours. In most of the cases (4/5) 

there was an increase in coupTFII expression in operated wing buds (Fig. 5.5G), 

although in two cases the level of expression was not very strong around the 

implanted bead. One wing though, had a very similar pattern of expression to the 

pattern seen in ta3 limb buds (Fig. 5.5G).



Figure 5.5-
7

Expression patterns of coupTFII in wild type and ta embryos and following 

application of beads soaked in Shh-N protein. (A, C, E) are all wing buds and (B, D, 

F) are all leg buds. (A, B) show limbs from wild type embryos and (C-F) show limbs 

from ta embryos. In the ta limb buds expression of coupTFII is expanded throughout 

almost all of the mesoderm apart from the distal and posterior mesoderm in older legs 

(note (E, F)). (G; H) show expression of coupTFII in wild type wing buds after 

application of beads soaked in Shh protein. (G) expression of coupTFII is expanded 

and resembles the expression pattern in a ta wing (compare with (C)). (H) the 

operated wing shows ectopic coupTFII expression but the expression to the right of 

the bead is not as strong as elsewhere in the limb.
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5.4- DISCUSSION

5.4.1- The Shh signalling pathway in talpid*

In this study of the talpid3 mutant, we have shown that there is a lack of response 

to the Shh signal. The fact that there is no high level of ptc  and gli-1 expression, while 

gli-3 is also expressed in the posterior limb margin would suggest a loss of function 

mutation. Furthermore, talpid embryos show defects and in other regions where Shh 

signalling is required for development to proceed, such as the branchial arches and the 

mouth, where ptc expression has very low levels of expression similar to those seen in 

the ta3 limb buds. Also talpid embryos appear to have features similar to the 

holoprosenchephalic phenotype seen in loss of Shh function mutants (Chiang et. al. 

1996), since the eyes are reduced in size and appear very close to each other.

Application of beads soaked in Shh in ta3 limb buds does not result in ptc 

induction, although there is induction in the flank of the wild type hosts. This finding 

indicates that the defect is not because of inability to process the Shh protein but due 

to the fact that the mesenchymal cells of the ta3 limbs are not able to respond to a Shh 

signal, suggesting that the ta3 gene product is required for this response.

Mice carrying a targeted loss of function mutation in ptc are not very informative 

as they die early in development (Goodrich et. al. 1997), but there is preliminary 

evidence that these p tc 1' mice can be rescued from lethality by over-expression of a 

ptc transgene and that they exhibit polydactyly (Milenkovic et. al. 1998 abstract). 

Furthermore, human patients of nevoid basal carcinoma (NBCC) syndrome (or 

Gorlin's syndrome), that is caused by a heterozygous mutation in ptc , show 

polydactyly (4% of the cases.) (Gorlin 1995). Therefore, although mice and humans 

that are heterozygous for loss of function alleles of Shh do not show any limb 

phenotype (Chiang et. al. 1996; Roessler et. al. 1996), mice and humans that are 

heterozygous for a mutation in ptc are occasionally polydactylous. However, gene- 

mapping analysis and co-segregation studies of genetic markers for the ptc , smo, Shh 

and gli genes exclude them as defective genes in the ta3 phenotype (D. Burt personal 

communication).

Nearly all the polydactylous mutations known so far, Alx-4, extra toes, 

hemimelic extra toes, Strong s luxoidy Rim-4, luxate, X-linked polydactyly (reviewed
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Niswander 1997), show ectopic Shh expression which is associated with ectopic 

expression of downstream molecules involved in the signalling pathway and the 

mirror image digit duplications. One exception is the doublefoot (dbf) mouse mutant, 

which has a normal Shh expression pattern. However, unlike ta the dbf mutant is also 

associated with ectopic expression of ptc (as well as ptc-2) gli-1 and gli-2 (Yang et. 

al. 1998). Furthermore, in the dbf, digit I, which has two phalanges, is missing and 

although the extra digits formed can be sometimes fused, they have three recognisable 

phalanges suggesting a posterior identity (Yang et. al. 1998). This is not the case for 

the ta mutant, where all the digits are fused and have no antero-posterior identity. 

The phenotype observed in the dbf mutant is suggested to be due to the ectopic 

activation of the Shh signalling pathway, because of Ihh mis-expression due to a 

chromosomal rearrangement (Yang et. al. 1998) or less likely because of a mutation 

in an as yet unidentified gene (Hayes et. al. 1998). In all these mutants, the presence 

of extra digits can be explained as the result of the presence of ectopic Hh signalling 

(either Shh or Ihh). One way to associate the ta mutant phenotype with the 

observations in the other mutants, is if it is assumed that although Shh is only 

transcribed posteriorly, Shh protein is distributed widely. In this manner, a more 

widespread range of activity can account for the phenotype observed. Furthermore, in 

talpic? the absence of ptc expression does not indicate absence of the Shh signal, 

since ptc  expression is not detectable in the mutant limb bud, even after the 

exogenous application of Shh protein

5.4.2- The ta3 phenotype could be the result of wide-spread diffusion 

of the Shh protein.

The talpidt puzzle is that if cells are unable to respond to Shh signal, how are 

downstream targtets, such as Bmp, Hoxd and Fgf genes, ectopically activated and 

extra digits formed? In this respect, although Shh is expressed normally in the talpict 

limbs, the defect resembles a gain of Shh function mutation, ptc  is a putative receptor 

for hedgehog signals, as has been shown in studies carried out both in Drosophila 

(Chen and Struhl 1996) and in vertebrates (Marigo et. al. 1996a), while a second 

mouse ptc  gene Ptch-2 has been identified (Motoyama et. al. 1998). Furthermore, ptc 

sequesters the hedgehog signal by actively binding to the protein and limiting its
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range of diffusion. Therefore, in the absence of ptc, Shh protein can now diffuse over 

a longer distance to exert its effect. It has been reported in Drosophila, that in the 

absence of ptc, Hh can diffuse many cell diameters until it reaches cells that are 

expressing ptc (Chen and Struhl et. al. 1996). Therefore hedgehog has the ability to 

diffuse in the absence of ptc notwithstanding its lipophilic attachment. In the case of 

the ta3 limb buds, this abnormal diffusion could explain why ptc was induced in the 

flank mesenchyme of the wild type hosts. Shh-N which was used in the implanted 

beads is highly diffusible and in the absence of ptc it may travel long distances past 

cells that do not express high ptc levels, until it reaches wild type flank cells to 

activate ptc expression.

The idea that Shh may diffuse further in ta3 limb buds could also explain the gene 

expression patterns of Bmp-2, Hoxd-13 and Fgf-4. Re-aggregates of dis-aggregated 

leg mesoderm of either the entire limb bud or its posterior third (which contains Shh 

expressing cells from the polarizing region), have a very similar phenotype to the ta 

limb buds, as they show widespread expression of Bmp-2, Hoxd and Fgf-4 genes and 

the digits formed are often identical to each other (Hardy et. al. 1995). ta limb buds 

also show ectopic polarizing activity which appears to be stronger at the posterior 

margin and decreases with time (Francis-West et. al. 1995). The idea of widespread 

diffusion of Shh could explain this distribution of polarizing activity in talpid*. Shh is 

expressed in the posterior domain and this would result in a higher polarizing activity. 

If the protein diffuses across the limb domain, mesenchymal cells along the antero

posterior axis may acquire the potential to specify extra digits. It can be speculated 

that due to the diffusion the concentration of the protein might become weaker toward 

the anterior margin. Therefore, since the concentration of Shh is the primary 

determinant of digit identity, this would explain not only why posterior ta3 

mesenchyme can induce strong ptc expression in the anterior of wild type host limb 

buds, but also why sometimes apical and anterior mesenchyme from tec* limb buds do 

so too. The fact that the polarizing activity is reduced with time could be due to the 

observed expanded expression of gli-3, which is a negative regulator of Shh 

expression (Buscher et. al. 1997; Masuya et. al. 1995).

We have not shown directly the presence of Shh in the entire digit-forming 

domain of the ta3 mutants. Another possibility is that the digit phenotype observed is 

due to the ectopic expression of Bmp-2. Ectopic Bmp-2 has weak polarizing activity, 

since application of Bmp-2 expressing cells at the anterior margin of chick wing buds
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can induce minor digit duplications and the ectopic activation of Fgf-4, Hoxd-11 and 

Hoxd-13 (Duprez et. al. 1996). According to our results in Chapter 4, tissue next to an 

Shh bead does not have polarizing activity, although it expresses both Bmp-2 and 

Hoxd-13. We suggested that cells need to be primed by Shh before they are capable to 

respond to a Bmp-2 signal. Furthermore ta mesenchyme from posterior, apical or 

anterior domains, can induce ptc expression in wild type host tissue, an effect that is 

mediated by Shh activity and not by Bmp-2. Also, re-aggregated anterior 

mesenchyme that expresses Bmp-2 and Hoxd-13 does not have polarizing activity 

(Hardy et. al. 1995). Thus the presence of Bmp-2, Hoxd-13 and Fgf-4 may be 

sufficient to account for the digit pattern observed in the ta mutants, only if cells that 

express these genes have been previously primed by Shh. This further predicts that
■5

Shh, in the absence of ptc, can diffuse across the entire ta limb bud, so as to prime the 

cells, and that its cholesterol modification does not limit this diffusion.

If Shh is widely distributed in ta3 limb buds, then one would expect all digits to be 

the same since their identity depends on Shh concentration. If concentration is high in 

the entire limb bud, then all digits would have posterior digit, digit 4, identity. On the 

other hand, if Shh concentration is low, then all digits would have anterior digit, digit 

2, identity. However, although it is difficult to recognise the identity of the digits, the 

number of digits obtained (7 in total) is equivalent to the maximum number of digits 

that is ever seen after a polarizing region graft (Tickle et. al. 1975). The similarity in 

the total number of digits possibly has to do with the size of the extended limb buds 

and the amount of extra tissue that can be accommodated. It is possible that, freely 

diffusible Shh can specify extra digit structures, either directly or indirectly. 

Therefore, the presence of ptc as well as other downstream signals, such as gli-1 and 

gli-3 could be important, for the localisation of Shh activity that determines pattern. 

However, diffusible and non-diffusible forms of Shh-N have similar patterning ability 

in terms of determining extra posterior digits (Yang et. al. 1997). The Shh-N 

administered via beads is highly diffusible, but the difference is that in wild type limb 

buds ptc can be induced at a high level, thus presumably sequestering somehow the 

applied signal. Therefore, it is not only the provided polarizing signal, but also how 

cells respond to it that plays an important role in determining digit identity. In the 

previous chapter we have shown that the expression pattern of ptc, after grafts of 

polarizing region (that consist of Shh expressing cells), is not stable. We found 

different phases of expression. Expression only becomes stable at the beginning of the
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promotion phase. This correlates with the initiation of Bmp-2 expression, suggesting 

that it is important to establish a balance between ptc repression and Shh-mediated 

activation of the Shh signalling pathway. The results from the talpid* study provide 

good evidence favouring this hypothesis. Although Shh can diffuse across the limb 

bud, its effect is short-range because of ptc expression. If this hypothesis is true, then 

the membrane-tethered form of Shh should not only be able to rescue the talpict 

phenotype but also to induce digit formation in the absence of ptc expression.

5.4.3- The talpid* phenotype suggests a bifurcation in the Shh 

signalling pathway.

The ta gene product seems to be required for high level expression of ptc and gli- 

1 and the posterior repression of gli-3, but is not required for the ectopic expression of 

Bmps and Hoxd genes. This suggests that there is a bifurcation in the Shh signalling 

pathway with one branch being required for transcriptional control of ptc  and gli 

genes and the other branch being sufficient for induction of Bmps and Hoxd genes. 

The ta3 gene product would therefore be necessary only for the first branch. Recent 

experiments in Drosophila and in cell cultures suggest that there is more than one 

branch to the hh pathway and that different transcription factors are required in the 

different branches (Krishnan 1997; Ohlmeyer and Kalderon 1997; Lessing and Nusse
'y

1998; reviewed in: Ingham 1998b). So, in accordance with the ta mutant, gli genes 

would regulate expression of ptc, gli-1 and gli-3, while expression of Bmps, Hoxd 

genes and coupTFII would be regulated by another transcription factor. coupTFII is 

an orphan nuclear receptor transcription factor that seems to be directly activated by 

hh activity in vitro but its induction does not seem to be mediated by gli (Krishnan et. 

al. 1997). coupTFII is a target of Shh signalling in the neural tube, and we have shown 

that this gene is also part of the Shh pathway in the developing limb. We have also
'y

shown that the normal pattern of coupTFII expression is expanded in ta limb buds 

resembling the expression pattern obtained after ectopic application of Shh protein to 

the anterior margin of wild type wing buds. This suggests that the pattern of 

expression of coupTFII in ta limb buds could be due to ectopic Shh activity and that 

if there is a bifurcation of the Shh signalling pathway, coupTFII is in the same gli 

independent branch as the Bmps and the Hoxd genes.



imapier d . ann signalling in me mipia muiani 1 J O

gli genes are transcription factors that are necessary for Shh-mediated 

upregulation of ptc, since over-expression of gli or ci can activate ptc transcription 

(Marigo et. al. 1996c; Hynes et. al. 1997). Although Shh can induce gli-1 and ptc in 

the absence of an apical ridge, activation of Bmp-2 and Hoxd genes requires presence 

of either a functional ridge or of Fgf-4. The activity of gli genes cannot explain 

activation of Fgf-4 and Bmp-2 in the apical ridge as neither ptc nor gli genes are 

expressed here. Hoxd genes can be activated independently of Shh, as has been 

observed in the limbless mutant that shows nested expression domains of Hoxd-11, 

Hoxd-12 and Hoxd-13 in the absence of Shh signalling (Ros et. al. 1996; 

Grieshammer et. al. 1996). Also application of beads soaked in Fgf-2 in the limbless 

mutant can activate Bmp-2 expression even though on some occasions there are no 

detectable levels of Shh expression (Ros et. al. 1996). It may be that Bmp-2 can be 

induced by very low levels of Shh (Ros et. al. 1996). Bmp-2 expressing cells have 

been shown to induce ectopic activation of Fgf-4, Hoxd-11 and Hoxd-13 (Duprez et. 

al 1996). Therefore in talpidt, ectopic activation of Hoxd-13 and Fgf-4 may be 

mediated by Bmp-2 expression, or alternatively the presence of endogenous retinoic 

acid may induce expression of all of these downstream molecules. Apart from the dbf 

mutant (in which the ectopic gene expression domains observed may be mediated by 

Ihh) talpicf is the only other mutant that shows ectopic Bmp-2 expression in the 

absence of Shh.

In Drosophila, the ci gene produces two protein forms, one that predominates in 

the absence of hh and acts as a transcriptional repressor of downstream targets such as 

dpp and another form that is increased in cells that have received the hh signal and 

acts as a transcriptional activator of target genes such as ptc  and wg. In the absence of 

ci function, cells can ectopically express dpp without upregulating ptc in a similar 

fashion to what is observed in talpicf mutants (Dominguez et. al 1996). If gli-3 is 

post-transcriptionally regulated in a similar fashion to ci, then it could act as an 

activator of ptc and gli-1 in the presence of Shh, and in another branch of the 

pathway, as a repressor of all the other downstream targets in the absence of an Shh 

signal. If tci is due to a mutation in the gli-3 gene, then this could explain why ptc and 

gli-1 can not be activated after Shh application while other downstream targets are 

ectopically expressed. One important point however is that gli-3 loss of function 

results in ectopic expression of Shh (Masuya et. al. 1995; Buscher et. al. 1998) which 

is not observed in the talpic? mutants. Furthermore, there is no evidence so far
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suggesting post-transcriptional modification of gli-3. Mice lacking gli-2 function have 

diminished response to the notochordal Shh signal, and expression of ptc and gli-1 is 

reduced. Although these mice fail to develop a floor plate, they still develop motor 

neurons, suggesting that gli-2 is required for the transduction of high level but not low 

level Shh signal and that the development of motor neurons can occur in the absence 

of floor plate and gli-2 expression (Ding et. al 1998). The development of motor 

neurons occurs at low Shh concentrations and is suggested to be mediated by long- 

range Shh diffusion, but the specification of floor plate occurs at high Shh 

concentrations and is mediated by short-range Shh signalling. Therefore, effects 

associated with short-range signalling, such as floor plate specification, are dependent 

on gli mediated transcription of target genes. In parallel, in ta3 mutants, the observed 

gene expression patterns, mediated in the absence of gli genes, suggest that in the 

limb buds, as well as in the neural tube, long-range Shh signalling can be independent 

of gli function.



Chapter 6 

General Discussion



^napter o: uenerai jjiscussion i i v

DISCUSSION

6.1- Shh signalling in limb development.

Patterning along the antero-posterior axis of the chick limb involves positional 

signal(s) from the polarizing region at the posterior margin. Sonic hedgehog has been 

described as a very good candidate for this signal, since its expression in the limb bud 

is restricted to the polarizing region and misexpression of Shh at the anterior limb 

margin gives rise to digit duplications (Riddle et. al. 1993; Chang et. al. 1994). In the 

view of these facts we wanted to explore further the role of Shh in establishing pattern 

along the antero-posterior axis. We showed that the effect of Shh is dose-dependent 

since beads soaked in increasing concentrations of Shh, applied at the anterior margin 

of a chick wing bud result successively in the specification of digits 2, 3 and 4. Shh 

acts in a two step process to specify pattern in anterior tissue, with additional digits 

being formed by promotion in an anterior to posterior sequence. In accordance to 

what has been observed for polarizing region grafts (Honig, 1981), Shh can act at a 

distance. Furthermore, Shh can alter the fate of anterior cells so that, although they 

would not give rise to digits, they can be induced to do so after being subjected to the 

Shh source. COS cells expressing a membrane tethered Shh-N construct, at high 

efficiency, can give rise to posterior digit duplications, and the ability of the 

expressing cells to induce changes in limb pattern depends on the transfection 

efficiency and the number of expressing cells that are in close proximity to host 

tissues including the apical ridge. Short-range signalling by Shh could directly specify 

each digit in a dose-dependent fashion, if production of Shh was propagated via a 

relay mechanism with progressive attenuation. We have excluded this possibility, 

because application of Shh does not induce Shh expression.

If the Shh signal does not act on cells directly, in order to determine which digit 

they will form, there must be other downstream signal(s) involved. We showed that 

Shh activates Bmp-2 expression and is required for maintenance of Bmp-2 expression 

during the promotion phase. Replacement of Shh with Bmp-2 can promote digits to 

acquire more posterior character but complete duplications have not been obtained. 

Fgf-4 expression is activated by Shh application and seems to be stable during the 

promotion phase. Expression of Fgf-4 in the anterior ridge is essential for the
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posteriorisation of digital character by Bmp-2, as addition of Fgf-4 after removal of 

the anterior ridge is required to obtain posterior digits.

Induction of ptc expression occurs during the priming phase, as early as 4 hours 

after Shh application. This is not merely an effect of a rapid release of the Shh protein 

from the applied bead, since a similar pattern of ptc induction is found after polarizing 

region grafts. However, in the latter case, ectopic ptc expression subsequently 

decreases and then increases again at the beginning of the promotion phase. This 

second phase of intense expression correlates with activation of Bmp-2 during the 

promotion phase. In the talpid (ta3) mutant, ptc is only expressed in basal levels and 

cannot be induced even after exogenous Shh protein application. Talpic? has 

expanded Bmp expression domains. We have suggested that in the absence of high 

levels of ptc expression Shh protein is not sequestered, thus explaining this expansion. 

Furthermore, analysis of talpic? indicated that there may be a bifurcation in the Shh 

signalling pathway and expression of downstream targets such as Bmp's and Hoxd 

genes can be regulated independently of gli. Finally, we showed that Shh can also 

produce shoulder girdle abnormalities, a defect that is mediated by the activation of 

expression of Bmp-2.

In gradient models of pattern formation, a morphogen diffuses away from a 

localised source to establish a concentration gradient. The concentration of the 

morphogen at any point provides a measure of distance from the signalling region and 

the slope of the concentration gradient effectively provides the polarity (Wolpert, 

1969). Therefore, the major prerequisite is that cells recognise particular 

concentrations of the morphogen accurately and reliably. A very good example is the 

product of the bicoid gene in Drosophila, which forms an exponential concentration 

gradient in the syncytial blastoderm, fed by synthesis from a localised mRNA. In 

principle, Shh could control digit type by acting as a gradient morphogen. The 

concentration gradient of Shh could be read like a patterning map, with different 

threshold concentrations corresponding to territories that determine different cell 

fates. This gradient information could also polarise cells. This means that cells can 

somehow “read” the direction of maximal change in the Shh concentration in their 

immediate vicinity (Lawrence, 1966; Lawrence and Struhl, 1996). In the dorsal 

epidermis of Drosophila, Hh can function as a morphogen (Heemskerk and DiNardo,

1994), and evidence for similar action of Shh is found in specification of cell types in 

vertebrate spinal cord (Roelink et. al. 1995; Ericson et. al. 1996). However, in
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Drosophila limbs, hh exerts long-range influence on growth and patterning, by acting 

indirectly as a short-range inducer of other signalling molecules, such as wg and dpp 

which, in turn, act as the gradient morphogens (Basler and Struhl, 1994; Tabata and 

Komberg, 1994; Zecca et. al. 1995; Nellen et. al. 1996; Lecuit et. al. 1996; Zecca et. 

al. 1996; reviewed in Lawrence and Struhl, 1996). In the Drosophila abdomen hh 

functions as a morphogen to specify cell type and as an inducer of other signals to 

determine cell polarity (Struhl et. al. 1997a,b). Therefore, hh has the ability to employ 

both mechanisms. Furthermore, there is evidence that hh can function directly, at a 

shorter range, to pattern the Drosophila limb (Zecca et. al. 1995), and can elicit 

distinct outcomes by different concentrations (Heemskerk and DiNardo, 1994).

In the vertebrate neural tube, Shh mediates notochord differentiation in a short- 

range fashion and motor neuron induction in a long-range fashion (Roelink et. al. 

1995; Ericson et. al. 1996). gli-2 which, is induced by Shh at a distance from midline 

cells, acts to restrict the activity of gli-1 to a ventral domain. The restriction of motor 

neuron differentiation by gli-2 in the ventral region may be due to an inhibitory effect 

of gli-3, the expression of which overlaps with that of gli-2 in dorsal regions, while it 

also appears that gli-2 directly mediates induction of motor neurons by Shh (Ruiz i 

Altaba, 1998). However, although Shh has been shown to be both necessary and 

sufficient for the induction of the most ventral cell types (Ericson et. al. 1996; Chiang 

et. al. 1996), there is evidence that motor neurons and ventral intemeurons can form 

in gli-2 mutant embryos, suggesting the existence of a gli independent pathway 

downstream of Shh in the generation of ventral spinal cord neurons (Matise et. al. 

1998).

In our investigation we have shown that cells can respond to different Shh 

concentrations and acquire either an anterior or more posterior digit fate, but there is 

good evidence suggesting that Shh concentrations may not determine cell fate in a 

direct manner. Firstly, (according to Yang et. al. 1997) membrane tethered Shh-N can 

specify both the most posterior digit and extra digits with two different positional 

values, although as we have shown, this depends on the cell number. Secondly, cells 

that give rise to the most posterior digit, digit 4, arise from a region very close to the 

implanted Shh bead where the Shh concentration has presumably its highest value. 

The extra digit 3 arises from cells located at an average distance of 130pm from the 

implanted bead but although the Shh-N coated on the bead is released in a broad 

region, Shh-N produced by COS cells expressing full-length Shh does not appear to
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diffuse. Thirdly, replacement of Shh by Bmp-2 can promote digit identity to a more 

posterior character, suggesting that Shh may act via Bmp-2 in order to specify an 

extra digit 3. Finally, in the ta3 mutant, the extra digits may arise as a consequence of 

ectopically expressed Bmp-2, since cells do not recognise the Shh signal, as judged by 

the lack of ptc expression. It would therefore seem that Shh acts in two ways; it can 

organise cells by acting directly as a morphogen, or through the induction of other 

signals. The mode of action involved may depend on the effective range of the 

molecule. This would mean that Shh acts directly in a relatively local domain and 

indirectly over a more extended domain. This could explain the different modes of 

action of hh in the Drosophila wing and abdomen, since the wing is larger and forms a 

more complex pattern, thus hh operates via the induction of a second morphogen 

(dpp) (Struhl et. al. 1997a,b). Thus, if we extrapolate this idea to the vertebrate neural 

tube and limb, it is possible that Shh acts directly, as a morphogen, to determine 

ventral neuronal types, but in the limb domain which, is much larger, and involves 

many complex interactions, its effects are mediated by secondary signal(s).

6.2- The role of Bmps in limb development.

Members of the Bmp family of signalling molecules, such as Bmp-2, Bmp-4 and 

Bmp-7 are expressed in similar or adjacent cell populations as those expressing 

vertebrate hedgehog (Hh) genes, suggesting a role for Hh-Bmp interactions in 

vertebrate development (Bitgood and McMahon, 1995). However, little is known 

about intracellular assembly, processing and secretion of Bmp proteins and their 

extracellular localisation due to the lack of specific high-affinity antibodies. 

Therefore, there is no evidence for establishment of a concentration gradient of the 

Bmp-2 protein, which would strengthen the idea that it mediates the long-range 

effects of Shh. Another possibility would be that Bmp-2 specifies digit pattern at a 

distance, without diffusing, via a relay mechanism. Interestingly, in tooth 

development, Bmp-4 is expressed initially in the epithelium and then in the 

mesenchyme and dental mesenchyme cultured in the presence of beads soaked in 

Bmp-4 protein show induction of Bmp-4 expression (Vainio et. al 1993).

In systems, in which development depends upon interactions between epithelium 

and underlying mesenchyme, there are similarities in the patterns of Shh and Bmp 

expression (Bitgood and McMahon, 1995). Expression of Shh in tooth, whiskers, hair
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follicles, gut and lung (Bitgood and McMahon, 1995), as well as in the chick feather 

buds (Jung et. al. 1998; Noramly and Morgan, 1998; Morgan et. al. 1998) is 

exclusively epithelial. With the exception of the lung (where both Shh and Bmp-4 are 

expressed in the epithelium), Bmp-2 expression is restricted in the epithelium, near or 

even coincident with the cells that express Shh, and Bmp-4 expression in the 

mesenchyme underlying the site of Shh expression (Bitgood and McMahon, 1995; 

Morgan et. al. 1998). Furthermore, the expression patterns of Bmps during 

chondrocyte differentiation, suggests that they mediate both local and long-range 

effects of Ihh (see General Introduction). Although, these observations do not prove 

that Bmps function as morphogens, they indicate that Bmps are general targets of 

hedgehog signalling and that a major component of the reciprocity of epithelial- 

mesenchymal interactions may involve a signalling loop between vertebrate 

hedgehogs and Bmp expressing cells in adjacent domains (see also Bitgood and 

McMahon, 1995).

In the Drosophila wing disc, cells expressing dpp can organise both anterior and 

posterior wing pattern, and in the absence of endogenous dpp activity, low levels of 

ectopic dpp expression organise only those portions of anterior or posterior 

compartment pattern that are normally formed at a distance from the compartment 

boundary (Zecca et. al. 1995). This ability of low levels of a signalling molecule to 

organise subdomains of the normal pattern favours morphogen models (Zecca et. al.

1995). The only evidence of such Bmp activity in the vertebrate limb is suggested by 

the results of ectopic application of Bmp-2 expressing cells at the anterior wing 

margin (Duprez et. al. 1995). If the levels of Bmp-2 in these cells are below the 

necessary threshold to obtain posterior digits, this could explain why an extra digit 2 

was obtained in the best of cases (Duprez et. al. 1995). However, altering the number 

of grafted Bmp-2 expressing cells did not result in posterior digit formation (Duprez 

et. al. 1995). The TGFp-type growth factor, activin, can induce a ventrodorsal 

sequence of mesoderm, with increasing concentrations (Green and Smith, 1990; 

Gurdon et. al. 1994). Moreover, increasing amounts of activin mRNA in vegetal cells 

caused Xbra RNA (the pan-mesodermal marker Xbrachyury) to appear in animal cells 

located further away from the activin source, thus suggesting a direct relationship 

between the amount of inducer mRNA and the distance over which mesoderm genes 

were expressed (Gurdon et. al. 1994). A similar result has also been obtained in 

Drosophila (Lecuit et. al. 1996). Overexpression of dpp not only results in an
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expansion of the wing along the antero-posterior axis, but also the width of the spalt 

domain, one of the dpp downstream targets, is also expanded relative to the dpp 

stripe, as would be expected if secreted dpp directly defines the domain of spalt 

expression (Lecuit et. al. 1996). Although there are indications of a graded mode of 

action of Bmp-2 during the promotion phase, we have not shown that the function of 

Bmp-2 in the vertebrate limb displays any of the above properties. However, there is 

evidence that, like dpp in Drosophila (Ferguson and Anderson, 1992), Bmp-4 acts as a 

morphogen in dorsoventral mesodermal patterning in vertebrates (Dosch et. al. 1995), 

since progressively higher levels of Bmp-4 signalling are sufficient and required for 

differentiation of notochord, muscle, pronephros and blood. Bmp-4 acts directly on 

mesodermal cells in a long-range fashion and its activity becomes graded due to the 

action of noggin (Dosch et. al. 1998). Noggin, which is a secreted protein, binds with 

high activity to Bmp-4 and inactivates it, thus generating a graded activity of the 

Bmp-4 morphogen (Dosch et. al. 1998). Further evidence for the interaction between 

noggin and Bmp-4 comes from application of beads soaked in noggin, at the tip of 

growing digits, which results in limb truncations, since noggin inhibits binding of 

Bmp-4 (as well as Bmp-2 and Bmp-7) to its receptor (Merino et. al. 1998). In the 

limb, double Bmp-4 and gli-3 heterozygous mutant phenotypes (showing ectopic 

triphalangeal digits), suggest that there is either a direct or indirect interaction 

between Bmp-4 and gli-3 in anterior digit patterning (Dunn et. al. 1997). If Bmp-2 

determines posterior digit character in the limb, it may be possible that Bmp-4 

competes with Bmp-2 for receptor binding, and generates a graded Bmp-2 activity. In 

mammalian cells in vitro the same Type II receptor may bind different ligands with 

different affinities (Hogan, 1996). Furthermore, it has been suggested that Bmp 

heterodimers may act as competitive inhibitors of homodimers at the level of receptor 

binding (Hogan, 1996). The type of receptor combinations that occur in vivo, as well 

as, whether different Type I receptors trigger specific downstream pathways and 

whether competitive interaction for receptor binding occurs in vivo remain 

unresolved. Investigation of the relationship of Bmp-2 and Bmp-4 (and other Bmps) 

and their interactions at the receptor level could thus be very informative.
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6.3- What can mutants tell us about the genes involved in limb 

patterning?

Classical mutations and those that derive from gene targeting provide a valuable 

source to explore the molecular control of limb development. One interesting class of 

mutants are those displaying loss of digit formation. Mutations in the limb deformity 

(Id) gene disrupt differentiation of the apical ridge and result in premature cessation of 

Shh expression in the posterior mesenchyme (Haramis et. al. 1995). Although Shh 

expression is initiated, the absence of Fgf-4 expression in the apical ridge results in 

disruption of the Shh/Fgf-4 feedback loop, which eventually leads to rapid reduction 

of Shh expression to undetectable levels (Haramis et. al.1995; Kuhlman et. al. 1997). 

Bmp-2 is expressed in the posterior mesenchyme and ridge but its expression is also 

subsequently lost, although it persists slightly longer than that of Shh (Haramis, 

personal communication), supporting the idea that Bmp-2 depends on the presence of 

Shh for its maintenance. Furthermore, mesodermal expression of genes at the 5' end 

of the Hoxd cluster Hoxd-11, Hoxd-12, Hoxd-13 is reduced and timing of activation is 

altered (Haramis et. al. 1995). However, in the Id mutant, cells have been exposed to 

the Shh signal for a short time period (20-24 hours), thus making this mutant a good 

candidate to investigate whether application of Bmp-2 protein can rescue gene 

expression patterns in the subsequent absence of Shh.

In the limbless mutant in the chick, the absence of apical ridge formation results in 

absence of Shh expression (Noramly et. al. 1996; Ros et. al. 1996; Grieshammer et. al. 

1997). Although polarisation in these mutant limbs is manifested by the expression of 

Hoxd-11, -12 and -13, and Bmp-4, Bmp-2 is not expressed in the mesoderm (Ros et. 

al. 1996; Grieshammer et. al. 1997). However, limbless posterior mesenchyme is 

capable of expressing Shh, after exogenous Fgf-8, Fgf-4 (Grieshammer et. al. 1997) or 

Fgf-2 application (Ros et. al. 1996), which is associated with the formation of short 

distal elements. Even though Shh is not always present after Fgf-2 administration, 

Bmp-2 expression can be always observed (Ros et. al. 1996). Although it is possible 

that Bmp-2 is sensitive to levels of Shh at or near background (Ros et. al. 1996), the 

presence of Bmp-2 may account for the rescue of distal elements in the absence of 

detectable Shh expression levels. This is rather similar to our observations in the 

talpid mutant, where ectopic Bmp-2 expression is associated with the absence of 

transcripts of Shh in the anterior limb domain (also Francis-West et. al. 1996). The
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proximal cartilaginous elements that developed in the Fgf-induced limbless wings 

more closely resembled normal morphology than the distal elements (Ros et. al.

1996). Therefore, simultaneous application of Fgf and Bmp-2 proteins would 

probably be sufficient to rescue digit pattern in the absence of Shh.

In accordance to what is observed in mutants displaying loss of digit formation, 

polydactylous mutants arising due to loss of function mutations of anteriorly restricted 

genes, can also be very informative. Animals homozygous for a targeted disruption of 

the Alx4 gene, have a single extra preaxial digit (Qu et. al. 1997). Although these mice 

exhibit ectopic Shh expression, there is no detected change in the expression pattern 

of Bmp-2 (Qu et. al. 1997).The fact that, in the Alx4 mutant mice only an extra digit is 

formed, is consistent with the idea that Shh can act in a short-range fashion to specify 

an extra digital structure in its vicinity, but Bmp-2 is needed for the specification of 

structures with two or more positional values. Genetic, molecular and functional 

analyses, demonstrated that loss-of-function mutations in Alx4 cause the phenotype of 

Strong's luxoid (1st) polydactylous mutants (Qu et. al. 1998). In contrast to the 

observed phenotype in the Alx4 targeted mutations, 1st mice have extensive preaxial 

polydactyly of all four limbs with up to nine digits (it has been suggested that the 

penetrance of the A1x ‘a heterozygous polydactyly phenotype is sensitive to strain 

specific modifying loci (Qu et. al. 1998; Chan et. al. 1995)). Molecular markers of 

anterior polarizing region formation, including Shh, ptc and Hoxd gene expression as 

well as concomitant anterior extension of the Fgf-4 expression domain have all been 

detected in the limb buds of 1st embryos, but Bmp-2 expression patterns have not been 

described (Chan et. al. 1995; Goodrich et. al. 1996; Masuya et. al. 1997). In another 

polydactylous mutant however, preaxial polydactyly is associated with ectopic Bmp-2 

expression. The mouse mutant extra toes (xt), possesses a null mutation in the gli-3 

gene and shows polydactyly which extends up to eight digits (Hui and Joyner, 1993). 

This extensive polydactyly is associated with ectopic expression of Shh, Hoxd-11, 

Hoxd-13, Fgf-4, Fg-8, as well as Bmp-2 (Buscher et. al. 1997). The ectopic Bmp-2 

expression domain appears after the endogenous domain and follows that of Shh, thus 

suggesting that Shh expression is responsible for the ectopic Bmp-2 expression 

(Buscher et. al. 1997). Therefore, there may be some association between the total 

number of extra structures being specified and the presence or absence of Bmp-2 

expression.
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Recently the expression of a novel mouse patched gene Ptch2 was detected and it 

was suggested that it might function as a different type of Hedgehog receptor 

(Motoyama et. al. 1998). Ptch2 is co-expressed with Shh in epithelial cells of the 

developing tooth bud, hair follicle and whisker (Motoyama et. al. 1998). Investigation 

of the presence of a chick homologue of Ptch2 is of importance, since it could not 

only clarify whether patched genes can be expressed in the ectoderm, but it would 

also shed light on the mode of Shh action in the talpid mutant. If there is a second 

patched gene expressed in chick embryos, what is its expression pattern in the talpid 

mutant and can it mediate Shh signalling in the absence of high levels of ptc 

expression?

Examination of Bmp-2 expression patterns, in targeted and natural mutations, such 

as 1st, can be very useful to dissect the interaction between Shh and Bmp-2 genes and 

the role that each plays in establishing antero-posterior polarity in the vertebrate limb. 

Furthermore, the expression pattern of genes such as gli-3 and Alx-4 in relation to 

time, after application of beads soaked in Shh or Bmp-2 could give some indications 

about the necessity of the priming phase. Interestingly, recent results have suggested 

the existence of a negative feedback loop between Alx-4 and Shh during limb 

outgrowth (Takahashi et. al. 1998). In cells adjacent to beads soaked in Shh protein 

implanted at the anterior limb margin, Alx-4 transcripts are reduced within 6 hours 

and further reduction is seen after 12 hours (Takahashi et. al. 1998). However, gli-3 

transcripts start to diminish, in cells around the implanted Shh beads after 24 hours 

(Takahashi et. al. 1998). The pattern o f Alx-4 expression after Shh bead implantation, 

supports the idea of the necessity for Shh during the priming phase, due to the 

inhibitory feedback loop between Shh and Alx-4. Furthermore, the fact that gli-3 

downregulation after Shh bead implantation occurs at 24 hours postsurgery, coincides 

with the time that ectopic Bmp-2 expression can be maintained in the absence of Shh. 

In Drosophila, some hh target genes are ectopically activated in cells lacking ci 

expression, suggesting that the activation of these targets, such as dpp, may actually 

require the elimination of the 75kDa repressor form of ci rather than the accumulation 

of the full-length activating form of the protein (Aza-Blanc et. al. 1997; discussed in 

section 1.5.3). In accordance to this observation it may be possible that maintenance 

of ectopic Bmp-2 expression in the absence of Shh protein, might require 

downregulation of the gli-3 repressor. Examination of the dependence of Alx-4 and 

gli-3 expression patterns on the presence of Shh protein at the anterior limb bud
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margin and after replacement of Shh by Bmp-2 protein could be rather informative. 

One other point of interest is the pattern of Alx-4 expression in the diplopodia* mutant 

(Takakhashi et. al. 1998). The chick diplopodia' mutant is characterised by the 

presence of ectopic digits without ectopic Shh expression, although Bmp-2, Fgf-4 and 

Hoxd genes are all expressed anteriorly (Rodriguez et. al. 1996). This phenotype is 

rather similar to talpic? mutant (Francis-West et. al. 1996). Alx-4 expression in 

diplopodia* is reduced (Takahashi et. al. 1998). Therefore, in view fcf the fact that Alx- 

4 expression is not regulated by gli-3 (Takahashi et. al. 1998) and that Shh-mediated 

activation of downstream targets, like Bmp-2, in the talpict mutant takes place 

independently of gli genes, it would be very interesting to investigate the Alx-4 

expression pattern in talpic?.

6.4- Shh in limb development and regeneration.

The limbs of some animals such as newts show remarkable powers of 

regeneration. Embryonic chick limb buds retain some regeneration activity (Muneoka 

and Sasson, 1992; Kostakopoulou et. al. 1995). Although there are differences 

between regeneration and limb development, the problems of a regenerating limb are 

similar to those encountered by the developing limb. In both cases, the initial point is 

a small group of cells encased in an epithelial sheath, that give rise to the several 

newly generated or regenerated structures (reviewed in Tickle, 1981; Brockes, 1997).

In the context of regeneration the role of Shh may be essential to re-pattem the 

missing structures. During zebrafish fin regeneration Shh, p tc l and Bmp-2 are up- 

regulated in a co-ordinate manner, recapitulating the expression patterns during larval 

development, thus, suggesting a role of these genes in epithelial-mesenchymal 

interactions that lead to patterning of the regenerate (Laforest et. al. 1998). It is 

suggested that Shh signalling emanating from the basal epidermal cells may activate 

p tc l expression in the same cells as well as in adjacent basal epidermal cells. Once 

expression of Shh and Bmp-2 is established, they may regulate each other expression 

through cell-cell interactions (Laforest et. al. 1998). Furthermore, administration of 

retinoic acid to regenerating fish fins inhibits regeneration and results in fusion of the 

fin rays. Interestingly retinoic acid treatment is also associated with a very rapid 

decrease in Shh expression, followed by decrease in Bmp-2 and ptc expression
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patterns (Laforest et. al. 1998). This suggests that the presence of Shh is necessary for 

fin regeneration.

In normal Xenopus limb buds, Shh is expressed in the posterior margin of 

hindlimb buds (Endo et. al. 1997). Furthermore, Shh is re-expressed strongly in the 

posterior margin of a regenerating blastema, while expression in a stage 55 blastema 

is weaker than in a stage 53 blastema and undetectable in a stage 57 blastema (Endo 

et. al. 1997). The decline of Shh expression correlates with the regenerative capacity 

of Xenopus limbs (Endo et. al. 1995). Therefore, not only antero-posterior axis 

formation may be similar in the limb bud and the blastema, but also Shh may be a 

marker of regenerative capacity in Xenopus limbs (Endo et. al. 1998). When a limb 

blastema is rotated 180° and replaced on its stump supernumerary structures are 

formed. It is speculated that the supernumerary limb formation may result from the 

induction of Shh expression in the stump (Endo et. al. 1998). Furthermore 

recombinant limbs from dissociated and reaggregated mesenchyme of Xenopus 

hindlimb buds grafted onto freshly amputated hindlimb stumps show Shh expression 

throughout the recombinant (Yokoyama et. al. 1998). Although recombinant limbs 

made with reaggregated mesenchyme of chick limb buds formed a single or a Y- 

shaped symmetric digit structure, the Xenopus recombinants formed many more 

digits and in an extreme case, about 50 digits were formed (Yokoyama et. al. 1998). 

The fact that Shh expression is not polarized but is distributed broadly in the 

mesenchyme of the recombinants may explain the multiple digit formation 

(Yokoyama et. al 1998).

In addition, a newt homologue of Xenopus banded hedgehog, called N-bhh, is 

uniformly expressed in the early limb bud and in mesenchymal blastemal cells from 

the initial stages of regeneration (Stark et. al. 1998). N-bhh is expressed underneath 

the wound epidermis at an early stage when the first blastema cells arise, suggesting a 

role in the dedifferentiation process, while it is markedly downregulated after the 

onset of differentiation (Stark et. al. 1998). The fact that N-bhh is uniformly expressed 

in the regenerating blastemal cells and in the early limb bud may indicate differences 

between regeneration and development in avian and mammalian species and possibly 

between development in urodeles and other vertebrates (Stark et. al. 1998).

It is possible that expression of Shh (or other Hedgehog genes) during 

regeneration, recapitulates mechanisms of patterning of the developing limb. It would 

be very important to establish whether there is a discrete polarizing region centre on
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the posterior of the blastema, as any parallels that emerge from urodele regeneration 

and chick limb development may contribute to the understanding of how the tetrapod 

limb is formed.

6.5- Perspectives and medical aspects.

Progress in understanding limb patterning has been very rapid the past few years. 

It is clear, that in order to understand the Hedgehog-dependent patterning processes, it 

will be necessary to investigate all the missing links in the signal transduction 

pathways and to explore relationships between individual components of the 

signalling cascade.

Drosophila genetics might, as usually is the case, enlighten the mechanisms of 

Hedgehog signalling. Although there are some rather intriguing similarities between 

the molecules controlling Drosophila and vertebrate limb development, a number of 

differences are also apparent and should be taken in consideration. The cell 

interactions that give rise to the Drosophila limbs occur in a single epithelial cell 

layer, whereas vertebrate limb development involves complex epithelial- 

mesenchymal interactions. Furthermore, there are no identified members of the FGF 

family found in Drosophila. This is rather important as Fgfs maintain the progress 

zone, the region where growth of the vertebrate limb principally occurs. Such a region 

has not been described in Drosophila. In addition, the antero-posterior domains in the 

Drosophila wing and leg are compartmentalised, while there appears to be no cell 

lineage restriction between the anterior and posterior domains of the vertebrate limbs. 

However, all the findings of Drosophila genetics, are likely to enhance the 

understanding of the evolution and regulation of patterning mechanisms during 

animal development and subsequently have an important impact on medical research 

because several human diseases including certain forms of cancer are caused by 

mutations in genes involved in the Hedgehog signalling pathway.

The consequences of loss of the Shh signal are quite profound. Haploinsufficiency 

for SHH in humans results in a loss of ventral structures in the forebrain, lack of 

proper vesicle formation, cyclopia and other defects collectively called 

holoprosencephaly (Belloni et. al. 1996; Roessler et. al. 1996). Furthermore, 

abnormalities can be seen in cases where cholesterol synthesis is impeded. The human
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Smith-Lemli-Opitz syndrome in which the terminal enzyme in the cholesterol 

biosynthesis pathway is affected, consists of an array of phenotypes, including 

holoprosencephaly (Opitz et. al. 1994). There is also, sequence similarity between ptc 

and NPC1, the protein product of a gene implicated in Niemann-Pick Cl disease, a 

disorder affecting cholesterol homeostasis (Carstea et. al. 1997; Loftus et. al. 1997; 

reviewed in Ingham, 1998). Mutations in the human PTC gene were found to underly 

the human autosomal disorder Nevoid basal cell carcinoma syndrome (NBCCS), 

characterised by developmental abnormalities and high predisposition to various 

forms of cancer, mainly the common basal cell carcinomas (BCC). This in association 

with the finding that mutations of PTC were found in cases of sporadic BCC, 

indicated a role of PTC as a tumour suppressor (Hahn et. al. 1996). These facts 

suggested that loss of PTC function is a critical step in initiation of tumour formation. 

Consistent with this view, human skin regenerated on nude mice from keratinocytes 

constitutively expressing SHH, exhibits characteristic features of BCCs (Fan et. al. 

1997; reviewed in Ingham, 1998b). The rapid induction of these features suggests that 

activation of the Shh pathway is itself sufficient to induce BCCs, without the need of 

other genetic alterations (Fan et. al. 1997). A similar BCC-like phenotype has also 

been observed in transgenic mice in which, Shh is expressed under the control of a 

keratin promoter in the interfollicular as well as the follicular epithelium (Oro et. al.

1997). In addition to PTC, GLI (glioblastoma oncogene) is also implicated in cancer. 

Ectopic expression of gli-1 in the embryonic frog epidermis results in the 

development of tumours (Dahmane et. al. 1997). There is a possibility that gli-1 could 

activate components of the Shh signal transduction pathway in sporadic BCCs, 

including Shh itself, via a regulatory loop in which Shh signalling triggers a cascade 

of events that lead to the activation of gli-1, which in turn may activate transcription 

of Shh and ptc (Belloni et. al. 1996; Dahmane et. al. 1997). Interestingly, the BCCs 

caused by gli-1 over-expression, showed Shh expression in the tumour masses that 

also expressed gli-1 (Dahmane et. al. 1997). Therefore, this enhances the idea that any 

mutations that activate the Shh signalling pathway will lead to ectopic gli-1 

expression and BCC formation (Dahmane et. al. 1997). Furthermore, mutations 

affecting one allele of the zinc finger GLI3 gene, another member of the GLI family 

causes Greig cephalopolysyndactyly syndrome (GCPS) in humans, affecting limb and 

craniofacial development. Apart from its role in cancer, the presence of Shh protein is 

necessary and sufficient to restore the normal pattern of MyoD expression by rescuing
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somitic cells from death (Teillet et. al. 1998). Furthermore, substitution of the neural 

tube and notochord by Shh protein rescues sclerotomal cells from death, thus 

suggesting that Shh present in the notochord and floor plate is essential for survival of 

myogenic and chondrogenic cell lineages (Teillet et. al. 1998). Interestingly Shh also 

promotes survival of GABA-immunoreactive and dopaminergic neurons (even in the 

presence of MPP+, a highly specific neurotoxin), suggesting a role of Shh as a 

protective agent in neurodegenerative disease (Miao et. al. 1998).

It is possible that more human disorders might be attributed to defects in the 

Hedgehog signalling pathway. Further elucidation of the Hedgehog pathway may 

enable subsequent manipulation of Hedgehog signalling, thus providing a fruitful 

therapeutic approach in those cases where Hedgehog-responsive cells are targets of 

disease processes.
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