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ABSTRACT
In developing vertebrate limb buds, pattern specification occurs in the distal region 

known as progress zone. The progress zone is a region of mesenchymal cells influenced 

by an interaction with the apical ectodermal ridge that is proposed to maintain cells in a 

positionally labüe, undifferentiated and prohferative state. The aim of this research was 

to investigate the function of the Msx-1 gene, which is expressed at the progress zone 

and is correlated with outgrowth. Msx-1 expression in the progress zone is maintained 

by apical ridge signals and as the bud grows out and cells leave the progress zone, they 

switch off*Msx-1 e?q)ression and differentiate into cartilage and other tissues.

To test the hypothesis that Msx-1 is involved in mamtaining the characteristics of 

progress zone cells, recombinant retroviruses were prepared encoding Msx-1, When 

chick limb buds were infected with the viruses in ovo by grafting virus-infected cells to 

the buds there was no effect on limb development, even though northern hybridisation 

and immunocytochemistry showed that the viruses directed synthesis of correctly 

processed chicken Msx-1 mRNA and MSX-1 protein. Similarly, there was no effect on 

the behaviour of cultured limb bud mesenchyme cells. These results suggest that Msx-1 

act in concert with other factors to maintain progress zone characteristics.

The abihty of chick limb bud stumps to regenerate distal structures when FGF-4 was 

appHed was investigated systematically. When amputations were made within 600|iim of 

the tip and FGF-4 apphed to the posterior part of the bud or both apically and 

posteriorly, outgrowth of stump tissues occurred and a virtually conplete skeleton, 

muscle and nerve pattern developed. Regeneration of distal structures was correlated 

with re-activation of Msx-1 and by means of Dff injection e?q)eriment, the Msx-1 

expressing region was found to correspond to the region from which cells were 

recruited into the new outgrowth. In addition, the regeneration potential of chick limb 

buds stumps was also correlated with Shh and Hoxd-13 expression. At proximal



amç)utation levels where FGF-4 did not lead to regeneration neither Msx-1 nor Shh 

expression was induced. These results are consistent with the proposal that Msx-1 is a 

candidate gene whose expression in the cells at the amputation plane is inq)ortant for 

the induction of a successful regenerative response.
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Chapter 1

General Introduction to Limb Development
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1.1 Initiation of limb development
Embryonic chick limbs arise as thickenings in the mesoderm of the body wall at 

approximately stage 16 (Hamburger and Hamilton, 1951). These thickenings 

occur in precise locations (wing buds develop opposite somites 15 to 20 and leg 

buds develop opposite somites 26 to 32), and their appearance is correlated with 

a decrease in the mitotic rate in the intervening flank mesoderm (Searls and 

fanners, 1971). Little is known about what controls the first stages of limb 

development, but it is likely that the mesoderm carries the information required 

for defining the position and the type of the limb. Transplantation experiments 

show that cells are determined to form a limb before a limb bud is visible. As early 

as stage 12, pre-limb mesoderm transplanted mto the flank region gives rise to an 

additional limb, whereas transplantation of ectoderm does not lead to ectopic limb 

formation (Saunders and Reuss, 1974).

Members of the Fibroblast Growth Factor (FGF) family have been implicated in 

limb initiation. The early observations that grafts of tissues such as nasal placode 

or otic vesicle could induce additional limbs in amphibians (Balinsky 1952, 1957, 

in Cohn et al., 1995) can now be attributed to the expression of FGFs in these 

tissues (see Cohn et al., 1995). Recently it has been shown, that members of the 

fibroblast growth factor family can act as a signal to initiate chick limb 

development (Cohn et al., 1995; Ohuchi et al., 1995; Mima et al., 1995; Crossley 

et al., 1996; Vogel et al, 1996). The position in which limbs develop is probably 

determined as the main body is being laid down and may involve expression of 

Hox genes (see later). Consistent with this idea is the shift in limb position when 

Hoxb5 is functionally inactivated (Rancourt et al, 1995).

1.2- Cell interactions
As the limb bud grows, precise patterns of differentiated tissues develop along the 

anterior-posterior, proximal-distal, and dorsal-ventral axes. These three major
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limb axes appear to be set up at different times and by different mechanisms. The 

mesenchymal limb bud cells have two origins: lateral plate mesenchyme, which 

gives rise to the connective tissue including cartilage, and cells from the somites 

which migrate into the early limb-forming region and give rise to myogenic cells 

(Chevallier et al., 1977; Christ et al., 1977). Cellular condensation precedes overt 

differentiation of both cartilage and muscle and begins in the proximal-most 

region of the bud. Differentiated tissues are thus laid down in a proximo-distal 

direction. The competed appendicular chick skeleton is divided into three zones 

called the stylopod, zeugopod, and autopod. In the wing bud, the stylopod is 

made up of the humerus, the zeugopod contains both the radius and ulna, and the 

autopod conq)rises of three digits, arranged in the pattern 2 3 4, running anterior 

to posterior (Figure 1. lA).

Estabhshment of limb pattern requires three major sets of cell interactions: a) an 

epithelial-mesenchymal interaction at the tip of the limb between the apical 

ectodermal ridge and the underlying mesenchyme (progress zone) b) a second 

interaction between the covering ectoderm of the limb bud and the underlying 

mesenchyme and c) a mesenchymal-mesenchymal interaction between the 

polarising region and the nearby cells at the tip of the limb bud.

1.2.1 Apical ectodermal ridge signalling and progress 
zone
The apical ectodermal ridge (AER) is the thickened epithehum that rims the tip of 

the bud. It arises from the surface ectoderm (in the limb-forming region) through 

the action of prospective limb mesoderm When prospective limb mesoderm 

denuded of its ectodermal covering is transplanted to the frank, an apical ridge is 

induced in the frank ectoderm and an additional limb develops (Kieny, 1968; 

Saunders and Reuss, 1974). The inductive capacity of mesoderm becomes lost at 

the time the limb appears, followed by the loss of ectodermal competence a few



Figure 1.1- Experiments demonstrating reciprocal inductions between the Apical 

Ectodermal Ridge (AER), the underlying limb bud mesenchyme, and the Zone of 

Polarising Activity (ZPA). (A) Normal limb development. The location of the AER and 

the ZPA are shown schematically in a stage 20 chicken wing bud. By day 10, the limb 

bud resembles the adult wing in that it has a well defined humerus, radius, ulna, and 

digits 2, 3 and 4. (B) Removal of the AER early in limb development results only in the 

formation of humerus with more distal elements lost. (C). Effect of transplanting an 

ectopic ZPA to anterior margin of a host limb bud. The presence of two ZPAs leads to 

the formation of complete supernumerary mirror-symmetric structures. A, anterior; P, 

posterior; Pr, proximal; D, distal; H, Humerus; U, Ulna; R, Radius; 2, 3, and 4, number 

of digits.
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hours thereafter (Saunders and Reuss, 1974). Of additional interest is the fact that 

ectoderm from other parts of the body, hke neural tube, is able to form an apical 

ridge (Kieny and Brugal, 1970; in Saunders, 1977).

A major fimction of the apical ridge is to mediate bud outgrowth, and it maintains 

a zone of undifferentiated cells, the so-called progress zone, at the tip of the limb 

bud. Removal of the ridge from a limb bud, results in cessation of the outgrowth 

and results in truncations; the degree of truncation being dependent on the 

developmental stage of the embryo at the time of operation. When the removal is 

carried out on the wing bud at stage 18, only the most proximal part of the 

humerus is formed (Figure I.IB; Saunders, 1948; Summerbell, 1974). When the 

operation is performed at stage 28, only the terminal phalanx of digit 3 is absent 

(Summerbell et al, 1973). Thus the presumptive wing parts acquire the power of 

differentiation in proximo-distal sequence under the influence of the apical ridge. 

In addition, grafting an additional apical ridge to the dorsal surface of a limb bud 

brings about formation of a supernumerary limb (Saunders et al, 1976). In the 

chicken mutant eudiplopodia, a second ridge arises in the dorsal limb bud 

ectoderm proximal to the normally placed ridge and a supernumerary limb tip 

grows out at that site (Goetinck, 1964).

The inductive signal coming from the apical ridge is non-specific with respect to 

developmental stage and the type of structures the mesenchyme cells will form. 

Irrespective of the age of the ridge, the limb pattern is dictated by the 

mesenchyme (Rubm and Saunders, 1972). Tissue recombination experiments in 

which the apical ridges are interchanged between leg and wing mesoderms 

(Zwilling, 1955) or inversion of the antero-posterior axis of the apical ridge with 

respect to that of the mesoderm (Zwilling, 1956) also show that mesoderm and 

not ectoderm determines which type of limb is formed and its polarity.
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AU these findings are in agreement with the thesis, first proposed by ZwiUing and 

Hansborough (1956), that mesodermal factors (Apical Ectoderm Maintenance 

Factor -AEMF) are responsible for maintaining the apical ridge in its elevated 

configuration which then induces, in turn, mesodermal outgrowth and patterning. 

In addition to evidence aheady cited in support of an inductive role of the apical 

ridge, it has also been found that when mica sheets were inserted into chick wing 

mesoderm subjacent to the apical ridge, the latter flattened and the resulting limbs 

were terminaUy deficient (Saunders, 1949). Recombination experiments carried 

out on polydactylous mutants, where autopodal parts are dupHcated to varying 

degrees, resulted in autopodal duphcations only when normal limb ectoderm was 

recombined with polydactylous mesoderm (Zwilling and Hansborough, 1956). 

FinaUy, when the apex of a wing bud is amputated and replaced on its own stump 

after being rotated 180®C about the proximo-distal axis, the preaxial ectoderm of 

the grafted tip thickened, foUowed by the outgrowth of a secondary set of 

posterior digits. The same result was obtained when a porous filter was 

interposed between the stump and graft, but not when non porous material was 

used (Saunders and Gasseling, 1963).

Nevertheless, on the basis of similar experiments to those described above, 

Amprino and co-workers although agreeing that the ectoderm is indispensable for 

chick limb development, did not support the idea that the apical ridge induces 

mesodermal outgrowth. They beheved that all factors necessary for outgrowth are 

contained in the mesoderm and the ectodermal covering protects the mesodermal 

environment while also playing the role of an expanding and distally shding 

compartment which shapes the mesodermal outgrowth. For exanq)le, Amprino 

showed that when the apical ridge is removed, the apical mesodermal cells 

become necrotic and suggested that this necrosis destroys the prospective 

autopod region of the wing, leaving the zeugopod and stylopod more or less 

intact after healing of the ectoderm takes place (Amprino, 1963 in Saunders,
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1977). However, Saunders found that the necrosis that foUows apical ridge 

removal does not affect the autopod mesoderm but rather, a band of mesoderm 

several layers below the surface (Saunders, 1977).

Mesenchyme cells in the progress zone remain in a labile state with respect to 

positional identity by the influence of the overlying apical ridge: this being the 

only region of the limb where positional identity is labile (Summerbell et al., 

1973). It has been postulated that information along the proximo-distal axis of the 

limb is designated by the amount of time a cell has spent in the progress zone. 

Therefore with increasing time, which is likely to be measured in terms of the 

number of cell divisions, the positional identity specified within the progress zone 

becomes more distal (Summerbell et al, 1973). When distal tips from older wings 

are grafted on to proximal stumps from younger wings, limbs consisting of a 

humerus attached to digits developed, with the normally intervening radius and 

ulna absent. Similarly, young tips grafted on to old stumps resulted in the 

formation of wings containing two humerus elements followed by a radius and 

ulna and digits. Thus Httle, if any, regulation occurred at the junction of the grafts, 

instead each part developed autonomously (Summerbell and Lewis, 1975).

1.2.2- Ectodermal signalling
Ectodermal signals appear to be important in controlling the pattern across the 

dorso-ventral axis of the limb. When a limb ectodermal jacket is placed on a limb 

mesoderm with inverted orientation, proximal structures develop with the 

orientation of the mesoderm but more distal structures develop with the 

dorsoventral orientation of the ectoderm as judged by muscle pattern, joint 

flexure, and skin appendages (Patou and Kieny, 1973; MacCabe et al, 1974; 

Akita, 1996). Searls (1976) showed that rotation of ectoderm with a small 

amount of subjacent mesoderm produced abnormal development of the proximal 

region of the wing, whereas rotation of the ectoderm alone produced normal
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wings. Furthermore, when an additional apical ridge is grafted either to the dorsal 

or ventral surface of the limb bud, the resulting supernumerary wing tip is of 

bidorsal or biventral polarity respectively (Saunders et al., 1976). These 

observations suggest that both dorsal and ventral ectoderm have some 

morphogenetic significance and could act as a signal source for the dorsoventral 

patterning.

1.2.3- Polarising Region signalling
The third set of interactions in the developing limb is between the zone of 

polarising region (ZPA) and the cells in the progress zone. The signal firom the 

polarising region controls the pattern of differentiation across the antero-posterior 

axis of the limb bud. The signalling of the polarising region was first discovered 

when this region was grafted to the anterior margin of a second bud (Figure 1.1C; 

Saunders and Gasseling, 1968). This operation evokes the production of a mirror- 

image symmetrical wing patterns from the host tissue in response to the graft. The 

results of a series of grafting experiments show that the identity of a digit that 

develops depends on the distance from the polarising region. The digit next to the 

polarising region is always more posterior in character than the digit further away 

(Tickle et al., 1975). In addition, the type of additional digits that develop is 

dependent on the number of polarising region cells grafted. When a small number 

of cells were grafted just an additional digit 2 develops (Tickle, 1981).

The spatial and temporal distribution of the cells with polarising activity in the 

limb and flank of the chick embryo has been systematically mapped. Polarising 

activity can be detected early in lateral body wall mesenchyme before limb buds 

develop (Hombruch and Wolpert, 1991). In the limb bud, polarising activity is 

present throughout the time that pattern is estabhshed. Initially, it is located at the 

junction of the post-axial limb border and the body wall, but during development 

the polarising region remains near the distal tip of the limb (MacCabe et al., 1973;
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Honig and Summerbell, 1985). Maintenance of the polarising region occurs in the 

presence of the apical ridge. In the absence of the ridge, polarising activity is 

reduced (Vogel and Tickle, 1993). At late stages, where the apical ridge losses its 

abihty to induce outgrowth, and polarising activity is no longer detectable, 

polarising region cells either contribute to tissues that make up the limb (Bowen 

et al., 1989) or die.

Finally, the signalling activity of the polarising region is not species specific: 

posterior tissue firom the limb buds of such diverse amniotes as turtles, mice and 

humans are all capable of inducing duplicated wing patterns (MacCabe and Parker 

1976; Tickle et al., 1976; Fallon and Crosby, 1977).

1.3- Models for limb development
During the last twenty years or so, the interpretations of morphogenetic 

phenomena in limb development (and regeneration) have been based upon the 

concept of positional information (Wolpert 1969). In developing limbs, cells first 

acquire positional values with respect to certain reference points within the 

system and then interpret these values in terms of the appropriate 

cytodifferentiation. Built on this idea, two rather divergent models, for explaining 

how patterning occurs have emerged. The zone of polarising activity (ZPA) 

model based largely on studies of developing chick limbs and the polar co

ordinate model based primarily on studies on regenerating amphibian limbs.

1.3.1 Zone of Polarising Activity (ZPA) model
This model proposes that the signalling of the polarising region can be understood 

in terms of the production of a difiusible morphogen that provides a graded signal 

that informs cells of their position across the antero-posterior axis of the limb bud 

(Tickle et al., 1975; Wolpert, 1989). Thus, in postaxial regions of the limb bud, 

closest to the polarising region, interpretation of positional information, with
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respect to the antero-posterior axis, results in the formation of posterior 

structures; the lower concentration of morphogen on the preaxial side specifies 

positional values characteristic of anterior elements.

1.3.2- Polar Co-Ordinate Model
This model differs firom the polarising zone model in that cellular interactions, 

eventually resulting in supernumerary formation, occur at a local level and are not 

related to long-range signalling mechanisms.

According to this model, the limb is represented by a series of concentric circles. 

Cells have two positional values, one with respect to the circle which specifies 

position on the limb circumference, and the other on a particular circle, which 

specifies position along the proximal-distal axis. The model postulates that 

confirontation of ceUs possessing non-adjacent positional values (through grafting 

or wound healing), triggers their division and the intercalary regeneration of 

missing circumferential values. Two rules govern the restoration of pattern. The 

"shortest intercalation" rule states that intercalation of circumferential values takes 

place via the shortest route on the circle between non neighbouring cells. The 

"distahsation" rule states that if the circumferential values of cells in the new circle 

are the same as those of adjacent cells in the old circle, the new cells must adopt a 

more distal value (Bryant and Muneoka, 1986). These simple principles of the 

polar co-ordinate model account for many respects of limb outgrowth in the 

development and regeneration, for regulation of the pattern foUowiug the deletion 

of parts, for the production of supernumerary limbs, and for the regulation of 

growth and final size.

1.3.3- A comparison of principles
At this point, it is worth re-emphasising some of the fimdamental differences 

between the concepts inherent to these models. The ZPA model describes the 

generation of positional information, in the sense that cells can be respecified or
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change their fate, by long range signalling. The most direct evidence for a long- 

range signal comes from grafting experiments where leg anterior mesenchyme is 

interposed between a polarising region graft and wing anterior tissue. Leg tissue 

maintains its character in wings and when placed at wing buds tips develops into 

toes. In addition, an anterior chick wing digit, digit 2, develops from the wing 

tissue which is separated from the polarising graft by leg mesenchyme (Honig, 

1981).

In contrast, the polar co-ordinate model presupposes the existence of certain 

initial key positional values, and cells respond to discontinuity by dividing and 

acquiring new positional values by intercalation. This is consistent with the 

finding that cell proliferation in the anterior cells after a polarising region graft is 

increased (Cooke and Summerbell, 1980). However, it is difficult to explain the 

loss of digit 2 when two polarising regions are grafted at the anterior margin of 

the limb (Wolpert and Hombruch, 1981).

Iten and Murphy (1980) have challenged the notion of a special role for posterior 

tissue and therefore the polarising region zone model, by demonstrating that when 

anterior tissue is grafted posteriorly extra digits also arise. However, the effects of 

irradiation of grafts of anterior and of posterior (polarising region) tissue differ 

enormously. Smith et al (1978, 1979) showed that an irradiated polarising region 

is still capable of signalling positional information and specifying additional digits 

even though the irradiated cells cannot divide and they tend to remain at the 

anterior base of the limb. In this respect, the polarising region is too far from the 

tip to exert its polarising activity and therefore it seems that cells at the tip 

remember their initial exposure to the polarising region. This abihty of cells to 

remember their positional value explains why removal of the polarising region 

from the limb does not appear to affect pattern along the antero-posterior axis 

(Fallon and Crosby, 1975). In contrast, anterior grafts are not capable of ehciting 

extra digits and other skeletal elements even after low doses of irradiation (Honig,
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1983). Therefore, the simplest explanation is that the cells in anterior grafts 

placed posteriorly give rise to the additional digits in response to signals from the 

nearby polarising region.

1.4- Signalling molecules and molecular responses

1.4.1- Apical ectodermal ridge signals
Members of the FGF family have recently been identified as the molecular signals 

most likely to account for apical ridge function. The FGF family currently 

comprises nine members, Fgf-1-9, but not all of them are expressed in developing 

limbs. Transcripts of two members of the FGF farmly, Fgf-4 and Fgf-8, are 

expressed in the apical ridge of chick limb buds, while FGF-2 protein appears to 

be more widespread (Niswander and Martin, 1992; Crossley and Martin, 1995; 

Crossley et al., 1996; Vogel et al, 1996; Savage et al, 1993). Fgf-8 transcripts 

are found throughout the ridge whereas Fgf-4 transcripts are more abundant in 

the posterior ridge (Figure 1.2A; Figure 1.3).

Recently, it was shown that the signal from the apical ridge can be substituted by 

FGF-4 and by FGF-2 (Niswander et al, 1993b; FaUon et al, 1994). Implantation 

of heparin-acrylic beads, previously soaked in FGF-4 protein to apex and 

posterior limb margin of chick limb buds following removal of the apical ridge, 

maintained the undifferentiated apical mesoderm, allowed complete outgrowth of 

the distal hmb field and thus permitted subsequent determination and formation of 

distal limb structures (Niswander et al, 1993b). For exanq)le, a limb bud, that 

would normally just give a humerus when the apical ridge is removed, can, with 

appropriate application of FGF beads, now develop radius, ulna and a set of digits 

in addition to humerus. Posterior application of FGF-4 also maintains the 

polarising region activity as shown by transplantation experiments in which 

posterior cells exposed to an FGF-4 bead after ridge removal, are grafted at the 

anterior margin of a limb bud (Vogel and Tickle, 1993). Thus, progress zone is



Figure 1.2- Molecules expressed (A) at the tip of the hmb bud and (B) in ventral and 

dorsal ectoderm. (A) Limb bud showing pattern of expression of Fgf-2, Fgf-8 and Fgf- 

4 transcripts in the AER. List of molecules expressed in the progress zone. (B) 

Transverse section through the wing bud. Wnt-7a is restricted to dorsal ectoderm and 

Lmx-1 is restricted to dorsal mesenchyme. The molecules expressed in the ventral 

ectoderm {Wnt-Sa, Bmp-4 and engrailed) are later found in the AER. Arrows indicate 

induction of Lmx-1 in dorsal mesenchyme and maintenance of Shh in polarising region 

by Wnt-7a. A, anterior; P, posterior; Pr, proximal: Dh distal; D, dorsal; V, ventral.
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Figure 1.3- In situ hybridisation to Shh, Fgf-4 and Hoxd-13 transcripts in whole 

mounts of chick wing buds at different developmental stages. Shh expression is found in 

posterior mesenchyme and maps directly to the polarising region. Transcripts of Fgf-4 

are found in the apical ridge of chick limb buds from the apex to almost the posterior 

boundary of the ridge. The expression domain of Hoxd-13 is situated in the posterior 

mesenchyme at early stages. As the limb grows out, transcripts of Hoxd-13 are found in 

mesenchyme right across the distal tip of the bud (Data from D. Duprez; personal 

communications).
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only reconstructed when mesenchymal cells are exposed to both the ridge signal 

(FGF) and a polarising signal (Niswander et al., 1993b).

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

signalling molecules such as Bone Morphogenetic Proteins-2 and -4 (BMP-2, -4) 

and the product of the Wnt-5a gene, and a number of transcription factors 

including distaless, engrailed (and earher in ventral limb ectoderm), Msx-2, and 

Msx-1 (reviewed by Tickle and Eichele, 1994). Although their roles have not been 

fuUy investigated, the products of these genes might be involved in controlling the 

expression of FGFs or controlhng ridge morphology (Tickle and Eichele, 1994).

1.4.2- Ectodermal signals
Signalling from the limb bud ectoderm appears to control dorso-ventral patterning 

and is mediated by Wnt-7a gene (Yang and Niswander, 1995). Wnt-7a is 

expressed in the dorsal ectoderm (Parr et al., 1993; Yang and Niswander, 1995; 

Figure 1.2B). Functional inactivation of Wnt-7a in mice of a transgenic strain 

resulted in paws with a double ventral pattern (Parr and McMahon, 1995). In 

addition, Engrailed-1 {En-1\ a homeodomarn-containing transcription factor, is 

expressed in ventral limb ectoderm and is essential for ventral patterning (Joyner 

and Martin, 1987). Loss oïEn-1 function in mice results in dorsal transformations 

of ventral paw structures, and in subtle alterations along proximo-distal limb axis 

(Loomis et al., 1996). In contrast to the dorsaUy restricted expression of Wnt-7a 

in the wild type limb buds, in En-1 mutant limbs, VJnt7a is expressed in ventral as 

well as dorsal limb ectoderm (Loomis et al., 1996)

1.4.3- Polarising region signals
Retinoic acid and Sonic hedgehog {Shh) are the two molecules known to have 

polarising activity. Apphcation of RA heads (Tickle et al., 1982, 1985), fibroblast 

cells expressing ectopic SHH (Riddle et al., 1993) or beads soaked m SHH
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protein (Lopez-Maitinez et al., 1995) at the anterior margin of chick wing buds 

leads to the induction of dupHcated wing patterns virtually indistinguishable from 

those obtained by polarising region grafts.

Limb buds can synthesise RA from its precursor (retinol) in vivo (Thaller and 

Eichele, 1988). Retinol has a uniform distribution in the hmb bud, whereas there 

is a differential distribution of RA, with high levels distributed posteriorly, in the 

zone of polarising activity (Thaller and Eichele, 1987). For many years, retinoids 

have been regarded as major candidates for the polarising region morphogen. 

However, recent research has shown that RA is part of a signalling cascade and 

anterior cells are induced to become polarising cells. Transplantation experiments 

in which pieces of mesenchyme located distally to the RA bead at the anterior 

margin were grafted to the anterior margin of a host wing bud produced 

additional digits (Summerbell and Harvey, 1983; Wanek et al., 1991). In addition, 

Noji et al., (1991) showed that when a RA bead was placed anteriorly in a wing 

bud, a higher level of retinoic acid receptor-B (RAR-B) expression was induced 

around the bead. This was not observed around a grafted ZPA, and this suggests 

that it is unlikely that exogenous RA is identical to the signal from the ZPA.

Apphcation of RA to the anterior margin induces expression of Shh. Shh 

induction always requires a ridge signal (FGFs) (Riddle et al., 1993; Niwsander et 

al, 1994). The product of Shh is the more recent contender for the role of 

polarising region morphogen and is the vertebrate homologue of the Drosophila 

segment polarity gene hedgehog {hh). In Drosophila, hh is required for the 

normal patterning of both the larval body and the adult appendages. In imaginai 

discs, the precursors of adult appendages, HH protein acts over short distances, 

regulating the expression of genes encoding other signalling factors, such as 

wingless (wg) and decapentaplegic (dpp). Besides these short-range activities, hh 

also is responsible for long-range specification of ceh types in the dorsal epidermis
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(reviewed by Johnson and Tabin, 1995). Studies have shown that cleavage is 

necessary for hedgehog protein to function in Drosophila. Deletion of the 

carboxy-temhnal portion of the protein has little effect on activity of the protein, 

whereas abohshing the secretion of the amino-tenninal half leads to a complete 

loss of signalling (reviewed by Fietz et al, 1995). Extending these studies to 

spinal cord of vertebrate embryos. Fan et al. and Roelink et al. (1995) likewise 

demonstrated that the amino-terminal processed form of SHH is sufficient to 

direct long-range effects (sclerotome differentiation and proliferation and motor 

neuron induction) as well as short-range effects (floor plate induction within the 

neural tube).

In chick limb buds, transcripts of Shh co-localize with the polarising region 

(Riddle et al, 1993; Figure 1.3) but it is not clear whether all the cells in this 

region express Shh. In mouse and chick limb buds, reduced levels of Shh 

expression are correlated with loss of posterior digits (Yang and Niswander, 

1995; Parr and McMahon, 1995).

It is still unclear whether Shh acts as a long-range graded signal or activates a 

cascade of local interactions. \iShh acts as a long-range signal, it is expected to 

diffiise in a dose-dependent manner and cells exposed to high concentrations of 

SHH should produce posterior identity digits whereas cells exposed to low SHH 

concentration should produce anterior digits. It would also be interesting to find 

out the range over which Shh signals in the limb bud. However, Shh is known to 

be able to induce the production of secondary signals.

Cells at the posterior margin of chick wing buds also express members of the 

Bone Morphogenetic Protein Farmly BMP-2 and BMP-4 (Francis et a l, 1994) 

which are signalling molecules of the Transforming Growth Factor (TGF-p) 

superfarmly. In general, BMP-2 and BMP-4 are closely related to the Drosophila 

gene dpp. Retinoic acid apphcation, polarising region grafts or SHH expressing
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cells lead to an ectopic domain of Bmp-2 in the anterior mesenchyme (Francis et 

al., 1994; Laufer et al., 1994). Activation of Bmp-2 by Shh in the chick limb bud 

is consistent with the finding that in Drosophila, dpp is secreted in response to hh 

in imaginai discs and is responsible for the effects of hh on disc patterning (Basler 

and Struhl, 1994). However, it is particularly intriguing that apphcation of Bmp-2 

alone (Francis et al., 1994) or grafl;ing cells expressing BMPs (Duprez et al., 

1996a) to developing limb buds do not produce ah the effects o i Shh signalling on 

digit pattern perhaps indicating that multiple BMPs may required as heterodimers 

or multiple secondary factors are required in concert to transduce the initial SHH 

signal. However, it is likely that BMPs have other roles in hmb development. For 

example, another member of the BMP family, BMP-7, is also expressed in 

developing limbs and functional inactivation of this gene results in polydactyly 

(Luo et al., 1995). Furthermore, inactivation of a BMP receptor in chick hmb 

buds leads to interdigital webbing (Zou and Niswander, 1996).

An immediate downstream gene whose expression induced by Shh is the 

transmembrane protein patched {PTC). In Drosophila, hh regulates gene 

expression by antagonising the action of the patched gene product; patched also 

being itself a transcriptional target of hh signahing (Ingham et al., 1991). PTC is 

expressed at high levels m the posterior mesenchyme of vertebrate hmb bud and it 

is likely that high levels of PTC expression mark cehs that are actively responding 

to Shh signalling (Marigo et al, 1996; Goodrich et al, 1996). Induction of PTC 

by Shh seems likely to be more direct than Bnq)-2 induction since it does not 

require signals fi-omthe apical ridge (Marigo et al, 1996).

1.4.4 Progress zone signals
The progress zone is an another region where a number of genes are expressed. It 

is possible that the products of ah or some of these genes control ceh proliferation 

and maintain cehs m an undifferentiated state (Figure 1.2A). These genes include
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the two related homeobox containing genes, Msx-1 and Msx-2. Their expression 

patterns and their role in hmb development are discussed in section 1.5. 

Mesenchymal cehs in the progress zone also express the transcription factors Evx- 

1 (Niswander and Martin, 1993a) md AP-2 (Mitcheh et al., 1991), the growth 

factor Wnt-5a (Gavin et al., 1990) as weh as the ^/z-related receptor tyrosine 

kmase Cek-8 (Patel et al., 1996).

1.4.5 Response of Hox genes to polarising zone signals
Vertebrate homeobox genes were initiaUy isolated on the basis that they encoded 

DNA sequences which were identical to the homeobox of the Drosophila 

Antennapaedia gene. Four homologous clusters of Antp-VîkQ homeogenes have 

been identified in chick, Hoxa, Hoxb, Hoxc and Hoxd. These clusters are thought 

to have arisen by duphcation during the course of evolution and exhibit a high 

degree of homology both with each other and with the Drosophila homeogenes. 

In both vertebrates and Drosophila, the anterior boundary of expression of each 

gene corresponds to the relative order of genes in each chromosome, with (3') 

genes exhibiting the most anterior expression and the (5') genes sequentially 

exhibiting more posterior expression.

Expression domains of homeobox genes in 5' regions of the Hoxa and Hoxd 

clusters appear to correlate with regions that give rise to distract skeletal elements 

along the proximo-distal and antero-posterior axis of developing limb buds. 

Specifically, the expression domain of 5* Hoxa genes appear to identify different 

proximo-distal segments of the limb while the Hoxd genes are expressed hi 

domains that correlate with pattern along both proximo-distal and antero

posterior axes (reviewed by Izpisua-Belmonte and Duboule, 1992). Both Hoxa 

and Hoxd genes are activated sequentially and are expressed in nested proximo- 

distal domains along the limb buds, the most 5'-located gene transcripts being 

restricted to the tips of the limb buds. CeUs at the posterior tip of the early buds 

express Hoxd-9 through Hoxd-13 and Hoxa-9 through Hoxa-13, whereas ceUs at
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the anterior base of the bud express Hoxd-9 and Hoxa-9 only. As the limb grows, 

expression expands anteriorly so that the final boundaries of Hox expression 

domains are perpendicular to the proximo-distal axis (Yokouchi et al., 1991).

Hox genes are activated in response to signals that specify limb pattern. Hoxd 

genes are induced in anterior mesenchyme by apphcation of RA, polarising region 

grafts or SHH expressing cehs (Izpisua-Belmonte et al., 1991; Francis et al., 

1994; Laufer et al., 1994). Importantly, induction oîHoxd gene expression takes 

place in the same 3' to 5' sequence as in normal development with Hoxd-11 being 

turned on before Hoxd-13. In addition, FGF-4 apphcation mamtains Hoxd-13 

expression in the distal posterior mesenchyme after apical ridge removal. In 

contrast, expression of Hoxd-11 is relatively stable after ridge removal (Vogel et 

al., 1995a). This is consistent with the observed expression pattern of Hoxdl3 and 

Hoxd-11 in the developing hmb. Expression of Hoxd-13 remains at the tip of the 

bud near the ridge (Figure 1.3), whereas expression of Hoxd-11 is locahsed to 

regions of the mesenchyme that do not appear to be influenced by the ridge. The 

requirement of apical ridge signals for proper Hoxd expression is also shown by 

the fact that Hoxd genes can be activated in anterior cehs in the absence of the 

ridge only by applying two beads, one soaked in RA and one soaked in FGF-4 

(Niswander et al, 1994).

Additional evidence supporting the crucial role of Hox genes in patterning and 

growth of the hmb comes fi*om experiments in which a particular gene is 

overexpressed or fimctionahy inactivated. When Hoxd-11 is expressed throughout 

chick hmb buds fohowing retroviral expression, anterior leg digits come to 

resemble posterior digits and additional wmg digits develop (Morgan et al, 

1992). In addition, misexpression of Hoxa-13 induces carthage homeotic 

transformation and changes ceh adhesiveness in chick hmb buds (Yokouchi et al, 

1995). When individual members of Hox clusters are fimctionahy inactivated, the 

position of the resulting hmb deformities reflects the temporal and structural
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colinearity of the Hox genes, such that inactivation of the 3' genes has a more 

proximal phenotypic boundary (afiFecting both the zeugopod and autopod of the 

limb) than that of the more 5' genes (affecting only the autopod). For example, 

Hoxd-11 targeted disruption results in limb defects including malformations of the 

radius and ulna, inappropriate fusions between wrist bones, and regional 

malformations at the distal end of the forelimb (Davis and Capecchi, 1994). Mice 

with mutation in the Hoxd-13 gene exhibit more distal abnormahties such as 

growth retardation of several metacarpals and phalanges and the presence of an 

extra posterior digit (DoUe et al., 1993). More recently, double "knock-outs" have 

been produced in which two paralogous genes in two different clusters have been 

inactivated in mice and more severe defects locahsed to predicted regions of the 

limb have resulted. Thus, inactivation of Hoxd- 11 and Hoxa-11 leads to almost 

complete absence of zeugopod while proximal and distal structures are unaffected 

(Davis et al., 1995). However, functional redundancy can also occur even 

between non-paralogous Hox genes (for example between Hoxd-11 and Hoxa-10\ 

see Favier et al., 1996).

Recently, a transcription factor Lmx-1, has been shown to be activated in dorsal 

limb ectoderm by Wnt-7a signalling (Riddle et al., 1995; Vogel et al., 1995b; 

Figure 1.2B). When Lmx-1 is ventraUy expressed in chick limb buds this leads to 

ectopic dorsal structures. It was suggested that the limb pattern could be specified 

by the combination of expression of Hox genes and Lmx-1.

1.4.6 Molecular model of limb development
Signals from the ridge, posterior mesenchyme and dorsal ectoderm are mutuaUy 

regulated. FGF-4 and Wnt7a maintain expression of Shh in the posterior 

mesenchyme (Yang and Niswander, 1995). Moreover, Shh has the abihty to 

positively regulate the expression of Fgf-4, thereby forming a positive feedback 

loop between these two genes (Niswander et al., 1994; Laufer et al., 1994; Figure



Figure 1.4- Proposed model of molecular interactions in the polarising region 

signalling pathway. Expression of Shh in posterior mesenchyme maintains Fgf-4 

expression in the posterior apical ridge and Wnt-7a expression in dorsal ectoderm 

together with Fgf-4 maintains Shh expression in posterior mesenchyme.
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1.4). Recently, it has been suggested that Bmp-2 may mediate the induction of 

Fgf-4 expression by SHH (Duprez et al., 1996a). This is consistent with the fact 

that the endogenous expression domain of Fgf-4 is more closely related spatially 

to the mesenchymal Bmp-2 domain, than to that of Shh.

One approach towards understanding early patterning mechanisms in the limb is 

to study chick and mouse limb mutants (reviewed by Cohn and Tickle, 1996). 

Recent analysis of the molecular mechanisms by which the preaxial abnormalities 

in polydactylous mutants revealed alterations in gene expression of signalling 

molecules based on the polarising region. In talpid^ (/a-^) chick mutants, where 

many and sometimes fused morphologically similar digits are formed but not in a 

mirror -image pattern, Shh is still restricted posteriorly. However, BMP and Hoxd 

genes are expressed uniformly throughout distal hmb limb bud cell mesenchyme 

and Fgf-4 is expressed throughout the apical ridge, instead of being posteriorly 

restricted as in normal limb buds (Francis-West et al., 1995). It has been 

suggested that BMP-2 in talpid mesenchyme might induce FGF-4 expression 

throughout the ridge, and that BMP-2 and FGF-4 would then induce Hoxd-13 

expression. AH these genes are downstream of Shh. Some similar features are also 

found in limb buds that develop from reaggregated anterior leg bud mesenchyme 

(Hardy et al., 1995), where Bmp-2 and Hoxd-13 expression are found together, 

and the apical ridge is maintained in the absence of Shh expression.

In contrast, to the talpid mutant, the mouse mutants. Strong's Luxoid, 

Recombination induced mutant 4 (Rim4), Hemimelic extra toes (Hx) and Extra 

toes (Xt) exhibit partial mirror-image duphcations of the skeletal pattern of the 

digits. These mutants show ectopic expression of Shh and Fgf-4 genes at the 

anterior margin of limb buds. In addition, ectopic anterior expression of the 

Hoxd-11 ox Hoxd-12 genes was also observed (Chan et al., 1995a; Masuya et al., 

1995). Alterations in the pattern of Shh and Fgf-4 expression are also seen in
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another mouse mutant, limb deformity {Id), in which digits are reduced and fused. 

These mutant limb buds show a severe decrease in the expression of Shh, Fgf-4 is 

not expressed in the posterior ridge, and Hoxd-12 expression is delayed (Chan et 

al., 1995b; Haramis et al., 1995). The Id gene is expressed in the apical ridge of 

normal limb buds (Jackson-Grusby et al., 1992) and one possibility is that 

It maintains Fgf-4 expression in the ridge.

1.5 Muscle segment homeobox-containing genes {Msx)

1.5.1 Isolation and characterisation of Msx genes
In general, Hox genes are organised in clusters and individual genes in each 

cluster have distinct expression domains along the antero-posterior axis 

(McGinnis and Krumlau^ 1992). However, there are classes of homeobox genes 

which are scattered within the genome and appear to play more diverse roles in 

growth and development. One such class is the Msx gene family, identified by a 

distinct and highly conserved homeodomain related to the single msh {muscle 

segment homeobox) gene m Drosophila. The striking sequence conservation of 

these genes in and around the homeobox, and their expression early m the 

difierentiation of various organs suggested that they might have a fundamental 

developmental role, which has been conserved during the evolution of the 

vertebrates.

Representatives of the msh family have been cloned in various organisms, 

including a fish (zebrafish mshA, mshB, mshC, mshD: Holland, 1991; Akimenko 

et al., 1995), amphibians {XlHox-7.1\ Su et al., 1991), birds (Quox-7: Takahashi 

and Le Douarin, 1990; Msx-1, Msx-2\ Yokouchi et al., 1991; Coelho et al, 

1992a; Suzuki et al, 1991; Nohno et al, 1992), mammals {Hox7: Hill et al, 

1989; Robert et al, 1989; Hox8: Bell et al, 1993; Monaghan et a l, 1991) and 

human (Ivens et al, 1991). On the basis of a few specific differences in the
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otherwise highly conserved homeodomain, members of vertebrate Msx genes are 

divided into Msx-l-Vks (including the Msx-3 gene, which is partially 

characterised and has a homeobox sequence that places it in the Msx-1 subclass) 

and Ms'x-2-lîke subclasses (Bell et al., 1993).

The first characterised vertebrate wj/z-like gene was the mouse Msx-1 gene 

(formerly known as Hox7) which was identified independently by PCR 

anq)lification of genomic DNA (HtU et al., 1989) and by hybridisation to the 

Drosophila msh gene (Robert et al, 1989). Mouse Msx-1 maps to the proximal 

region of chromosome 5, IcM distal to the mouse homologue of D4S43, a human 

probe closely linked to Huntington's disease, and 2-3cM distal to the mouse En-2 

gene (Hill et al., 1989; Robert et al., 1989).

The chicken Msx-1 homolog was originally isolated by screening a chick 

embryonic cDNA Hbrary with the mouse Msx-1 cDNA probe (Coelho et al, 

1992a; Nohno et al, 1992) or with a DNA fragment containing the homeobox of 

the Drosophila msh gene (Suzuki et al, 1991). Comparison of the deduced amino 

acid sequences of chicken Msx-1 with those of the mouse Msx-1 and chicken 

Msx-2 genes revealed that the chicken Msx-1 homeodomain is identical to the 

homeodomain of mouse Msx-1 and diflfers only by two amimo acids from the 

homeodomain of by chicken Msx-2. Moreover, there are several specific regions 

outside the homeodomain which are highly conserved among the Msx-1 cognates 

but are not conserved in the corresponding region encoded by the Msx-2 genes 

(Coelho et al, 1992a; Suzuki et al, 1991; Nohno et al, 1992). Therefore, since 

Msx-1 and Msx-2 homeodomains are highly similar, the conserved non- 

homeodomain sequences specific for either Msx-1 and Msx-2 proteins might be 

those regions involved in determining the fimctional specificities of the two 

proteins (Coelho et al, 1992a).
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1.5.2 Expression of Msx-1 during chick embryonic 
development

1.5.2.1 Expression of Msx-1 in chick limb bud
When the limb bud starts to develop (stages 16-18), Msx-1 is expressed 

throughout the whole mesoderm (Robert et al., 1991). As development proceeds, 

(stages 20-21), the domain of Msx-1 expression becomes restricted, and 

transcripts of Msx-1 are detected in the mesoderm beneath the apical ridge 

extending furthest proximally at the anterior of the bud (Robert et al, 1991; 

Coehlo et al., 1992a, Suzuki et al., 1991; Figure 1.5A). There is a clear gradation 

in Msx-1 transcripts abundance with the highest levels of transcripts in 

mesenchyme immediately adjacent to the apical ridge, but the ridge itself 

expresses A/5X-7 at low levels (Davidson et al., 1991; Suzuki et al, 1991; Nohno 

et al., 1992; Brown et al, 1993). At later stages of development (stages 24-25) 

Msx-1 transcripts are present throughout the proximal anterior periphery of the 

limb bud. In contrast, in the posterior periphery, expression o îMsx-1 is limited to 

a small group of mesodermal cells at the edge of the wing bud in the mid- 

proximal region (Robert et al., 1991; Suzuki et al., 1991; Coelho et al, 1992a; 

Figure 1.5B). This region corresponds to the posterior necrotic zone in which 

programmed cell death occurs. Finally, in older limb buds (stages 31-32), Msx-1 

transcripts are located throughout the necrotic mesenchyme between the 

developing digits of the limb where programmed cell death occurs (Coelho et al., 

1992a; Nohno et al., 1992; Robert et al, 1991; Suzuki et al, 1991).

Msx-2 is expressed in a very similar pattern. However, in the early limb mesoderm 

Msx-2 expression is anteriorly locahsed within the Msx-1 expression domain 

(Nohno et al, 1992; Robert et al, 1991). In addition, in contrast to Msx-1 

expression, Msx-2 is more prominent in the apical ridge than in the underlying 

mesoderm (Robert et al, 1991).



Figure 1.5- Distribution of Msx-1 transcripts in whole mount preparations of wing 

buds at stages (A) 20-21 and (B) 24. (A) Msx-1 transcripts are found at the tip of the 

wing bud. (B) As the limb grows out Msx-1 is expressed in the posterior and anterior 

mesenchyme and weakly in mesenchyme at the apex of the bud.
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1.5.2.2 Expression of Msx-1 during early development
The early stages of development are marked by the widespread expression of 

Msx-1. Msx-1 is first detected during gastrulation, where the estabhshment of the 

basic structure of the fixture organism is laid down. In particular, Msx-1 

transcripts are first detected in the primitive streak region as well as in the 

extraembryonic tissues (Suzuki et al., 1991). As neurulation starts, Msx-1 

expression is detected in all along the neural axis but the signal is restricted to a 

narrow dorsal region. In this respect, Msx-1 is unique among the vertebrate 

homeobox containing genes, in that its anterior boundary is at the anterior end of 

the neural tube. Later in development, transcripts of Msx-1 are found in neural 

crest cells and their derivatives (Suzuki et al., 1991).

1.5.2.3 Other sites of Msx-1 expression
The early expression patterns of Msx-1 undergo dramatic changes during 

organogenesis so that Msx-1 becomes expressed in characteristic, spatially 

restricted patterns in a wide range of organs (Davidson, 1995). Some of these 

sites are briefly outlined below:

Facial processes and sense organs

Msx-1 expression is detected in the tissues that contribute to the formation of 

facial structures and mouth in chick embryos. These tissues are populated by 

neural crest-derived mesenchymal cells which reach the mandibular primordia 

around stage 14-15 and give rise to connective tissues of the face. At early 

stages(13-14), Msx-1 expression was first detected in the mesenchymal cells in 

the branchial arches which are mostly derived from cephahc neural crest cells. 

From stage 17/18 to stage 21 transcripts of Msx-1 were detected in all facial 

primodia, but with varying levels of transcript intensity. Mandibular primordia 

show the highest level of expression and progressively lower levels of Msx-1 were 

detected in maxillary primordia, lateral nasal processes and frontonasal mass. As
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development proceeds, transcript levels in lateral nasal process and frontonasal 

mass increase but mandibular primordia continue to express most strongly 

(Suzuki et al, 1991; Brown et al, 1993; Nishikawa et al, 1994; Mina et al, 

1995).

In the developing ear, Msx-1 is expressed in the otic vesicle at the stage when the 

invaginating placode is sthl open to the outside. Transcripts o îMsx-1 are locahsed 

in the dorsal one-third of the placode near the neural tube where it is also 

expressed (Suzuki et al, 1991).

Heart

Msx-1 expression is detected in the heart in individual cells delaminating from the 

antrioventricular junction (AV) and forming the mesenchymal population of the 

endocardial cushions. Endocardial cushion tissue of the outflow tract (OFT) is not 

expressing Msx-1 but strong Msx-1 expression is found in the distal regions which 

probably correspond to the developing OFT valve leaflets (Suzuki et al, 1991; 

Chan-Thomas et al, 1993).

Feather Buds

Msx-1 is an early marker of epithehal placodes for skin appendages. In the feather 

follicle, Msx-1 is expressed in the collar and barb ridge epitheha which are regions 

of continuous ceU proliferation (Noveen et al, 1995).

These temporal and spatial patterns of expression are highly conserved in 

mammals (Davidson, 1995). In addition to the above sites, Msx-I expression has 

also been described in the tooth germs, eye and mammary glands of mouse 

embryos.

In tooth germs, Msx-1 is expressed exclusively in both the papillary and follicular 

mesenchyme (Jowett et al, 1993). Another site of Msx-1 expression is in the 

developing eye, where transcripts are locahsed precisely to the region of the optic



46

cup that gives rise to the cihary body in the adult retina (Monaghan et al, 1991). 

In mammary glands, Msx-1 transcripts are locahsed to the mammary epithehum 

as weU as the developing alveoh (Friedmann et al, 1996).

1.5.3 Regulation of Msx-1 expression in limb buds
Several lines of evidence suggest that Msx-1 expression is under the control of the 

apical ridge. Transplantation of non-expressing Msx-1 proximal limb cells 

underneath the apical ridge of a host limb, resulted in the re-expression of Msx-1 

in the transplanted mesenchyme within 5 hours (Davidson et al, 1991). In large 

grafts, the part directly under the apical ridge expressed a high level of transcripts, 

whilst the most proximal part often exhibited no transcripts, thus showing that 

there is a gradient of expression consistent with the apical ridge as a source of the 

inducing factor. Quail ridge cells grafted on to non-expressing proximal chick 

limb bud cells can induce Msx-1 expression in the underlying mesenchyme 

(Robert et al, 1991). Normally expressing distal tissue when grafted proximally, 

loses expression completely after 5 hours, thus further showing that Msx-1 

expression is position dependent (Davidson et al, 1991). Removal of the ridge is 

rapidly followed by cessation of Msx-1 expression in the posterior subridge 

mesenchyme. It is not clear whether expression of Msx-1 in distal anterior 

mesenchyme requires a continuous ridge signal (Ros et al, 1992; Vogel et al, 

1995a). One report found that anterior mesenchyme continues to express Msx-1 

(Ros et al, 1992), whereas another group of workers did not detect any Msx-1 

expression in the anterior mesenchyme after ridge removal (Vogel et a l, 1995a).

The effects of interaction between mesenchyme and ectoderm on Msx-1 

expression can also be shown in culture. Dissociated chick limb mesenchymal 

cells in high density cultures lose Msx-1 expression but when an apical ridge- 

containing ectoderm is placed on the dissociated cultures, expression of Msx-1 is 

restored in the cells directly subjacent to the apical ridge (Coelho et al, 1993a). In
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addition to apical ridge-containing ectoderm, ectoderm from the anterior but not 

proximal posterior border can induce strong Msx-1 e?q)ression in cultured limb 

bud cells (Coelho et al, 1993a). Thus it appears that, in addition to the apical 

ridge, ectoderm from different chick limb bud regions has the abihty to regulate 

Msx-1 expression. However, similar experiments with mouse cells gave different 

results. When the apical ridge is excised from mouse limb explants, Msx-1 

expression levels remained high in limb mesenchyme, whereas removal of the 

entire limb ectodermal jacket caused a complete loss of Msx-1 expression. Thus 

there are some differences between the role of apical ridge in terms of regulation 

0 Ï Msx-1 expression in the chick and mouse (Wang and Sassoon, 1995).

In contrast to the above, at later stages of development (stage 29), in chick 

embryos Msx-1 expression is maintamed in the subridge mesoderm after removal 

of the interdigital apical ridge (Ros et a l, 1994a). This observation suggests that 

expression of Msx-1 in the interdigital mesoderm is stabUised and is no longer 

dependent on the influence of the apical ridge.

Further evidence to support the hypothesis that Msx-1 expression is involved in 

the outgrowth-promoting effect of the apical ridge and may required for limb 

outgrowth comes from the analysis of its expression pattern in chick limb 

mutants. Fhst, the limbless mutant never forms a ridge in the homozygous state 

and therefore develops neither wings nor legs. In these mutants, limb buds form at 

the proper thne in development but begin to degenerate at stage 19 and have 

completely disappeared by stage 24 (Fallon, 1983). Up until stage 19, there is no 

difference in the expression of Msx-1 in the limb buds of normal and limbless 

embryos. By stages 20 to 21, as limb buds of limbless embryos cease outgrowth, 

Msx-1 expression m limbless mesoderm declines to very low levels. The finding 

that limbless stage 22 limbs are stiU transcribing the P-actin gene suggests that the 

decrease in levels of Msx-1 transcripts is not caused by necrosis but is the result 

of the absence of an apical ridge. However, Msx-1 expression can be restored by
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grafting an apical ridge from a normal embryo onto limbless mesenchyme (Robert 

et al., 1991; Coelho et al, 1991). In a second chick limb mutant, eudiplopodia, 

which generates an ectopic apical ridge on the dorsal surface of the limb bud, 

Msx-1 expression is found underneath both ridges (Robert et al., 1991).

Recently, members of the FGFs, which have been demonstrated to be expressed 

by the apical ridge, have been in^hcated in the molecular pathway in which Msx 

genes function. Apphcation of FGF-4 beads to posterior and apical mesenchyme 

after ridge removal can restore an almost normal pattern of Msx-1 expression 

(Vogel et al., 1995a) and Msx-1 expression appears to be also maintained in 

cultured limb mesenchyme cells by both FGF-2 and FGF-4 (Watanabe and Ide, 

1993; Wang and Sassoon, 1995). Other growth factors have also been imphcated 

in the control of Msx-1 expression. Bmp-2 and Bmp-4 are co-expressed with the 

Msx genes at numerous sites, including the limb bud, tooth germ, primitive streak 

and hindbrain. BMP-4 protein has been shown to induce Msx-1 expression in 

proximal limb tissue (Wang and Sassoon, 1995). In addition, recombinant BMP-2 

or BMP-4 protein can induce Msx-1 expression in cultures of tooth mesenchyme, 

thereby mimicking the action of dental epithehum on the mesenchyme (Vainio et 

al., 1993). The functional signifrcance of this induction is supported by the finding 

that Msx-7-deficient mouse embryos show a failure in tooth development 

(Satokata and Maas, 1994). These observations suggest possibhities for complex 

regulation of the Msx-1 gene by the independent, or co-operative action of 

members of the FGF family and BMPs (Davidson, 1995).

1.5.4 Function oi Msx-1 in the chick limb bud
Msx-1 expression appears to be FGF and BMP dependent and is associated with 

limb outgrowth. Therefore, it is possible that Msx-1 expression maintains the 

progress zone cells, at the tip of the limb bud beneath the apical ridge, m a labile 

undifrerentiated condition, preventing their differentiation untü they leave the
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influence of the ridge as a result of limb outgrowth. There is some evidence that 

Msx-1 expression does indeed inhibit cell differentiation. f,imb mesenchymal cells 

treated with the tumour promoting phorbol ester, TPA exhibit deregulated 

expression of Msx-1 and also fail to exhibit the extensive gap junctional 

intercellular communication that normally occurs at the onset of limb cartilage 

differentiation (Ferrari et al., 1994). Furthermore, when cells of a myogenic cell 

line are transfected with Msx-1 ̂ they do not differentiate into muscle and 

expression of muscle specific genes is inhibited (Song et al., 1992). This is in 

agreement with the finding that dissociation of limb bud mesenchyme leads to an 

acceleration of myogenic factor accumulation and a concomitant decrease in Msx- 

1 expression (Wang and Sassoon, 1995). In contrast to the above, transfection of 

Msx-1 into amphibian limb blastema had no detectable effect on the differentiation 

of myogenic blastema cells (Crews et al., 1995). In similar experiments, 

expression of the related Msx-2 gene had no effect on growth or differentiation of 

the myoblast cell line (Song et al., 1991).

Experimental manipulations and studies with mutants have led to the suggestion 

that Msx-1 and Msx-2 might have another possible role in specification of anterior 

positional identity in limb development. The anterior domain o îMsx-1 and Msx-2 

corresponds predominantly, if not exclusively, to the region of the limb mesoderm 

that does not give rise to skeletal elements (Coelho et al., 1992a). Local 

apphcation of RA to the anterior margin of the bud, which causes mirror-image 

duphcations of the digit pattern, results in a significant downregulation of Msx-2 

mRNA levels in the anterior mesenchyme (Yokouchi et al., 1991; Coelho et al., 

1992b), and in a suppression of Msx-1 expression in the proximal anterior cells 

immediately adjacent to the bead (Coelho et al., 1993b). In contrast, Wang and 

Sassoon (1995) reported that RA can maintain Msx-1 expression in dissociated 

limb mesenchymal ceUs and mduce Msx-1 expression in proximal limb 

mesenchyme. In addition, RA does not repress Msx-2 expression in dissociated
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limb primary culture. In order to explain the above results, the authors suggested 

that RA-mediated repression of Msx-1 and Msx-2 requires cellular interactions 

not present in proximal mesenchyme and/or is mediated by factors that are lost 

after disruption of cell-cell contacts. Examination of the expression pattern of 

Msx-1 and Msx-2 in the limb buds of two mutant chick embryos, àdplopodia-5 

and talpidP, which develop supernumerary digits fi"om anterior limb mesoderm, 

revealed that the formation of supernumerary digits fi'om anterior limb mesoderm 

is preceded by the concomitant suppression of Msx-1 and Msx-2 expression in the 

anterior mesenchyme (Krabbenhoft and Fallon, 1992; Coelho et al., 1992b, 

1993b). This observation is consistent with the finding that expression of Msx-1 

and Msx-2 is diminished in the anterior mesoderm of non-polarised recombinant 

limbs (Ros et al, 1994b).

Finally, Msx-1 and Msx-2 are thought to be involved in programmed cell death. 

Both genes are expressed in the posterior necrotic zone and the interdigital 

mesenchyme suggesting possible involvement of these genes in defining regions of 

cell death shape the contours of the developing limb bud. However, experimental 

changes in the fate of the interdigital tissue firom death programme to 

chondrogenesis resulted in no modification of the Msx-1 expression pattern 

suggesting a role for Msx-1 in maintaining interdigital tissue in an undiJfferentiated 

state (Ros et al, 1994a). This observation complements recent studies showing 

that inhibition of interdigital cell death by administration of FGFs takes place in 

the absence of significant modifications in the normal pattern oî Msx-1 expression 

(Macias et al, 1996). In contrast, implantation of BMP-4 soaked bead at the tip 

of the growing digits, which induces an ectopic domain of cell death by ap opto sis 

in the undifferentiated limb mesoderm, is accompanied by a locahsed extension of 

the domain o î Msx-1 expression (Ganan et al, 1996).
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1.6 Aims of the thesis
The aim of the experimental work described in this thesis was to understand the 

role 0 Î Msx-1 gene in the development of the chick limb. In particular, we wished 

to understand how Msx-1 acts in the progress zone signalling pathway, which 

determines the proximo-distal pattern of the elements that form the chick limb. 

The first objective was to alter the expression pattern of Msx-1 in the limb and to 

examine whether limb development was affected. This was done by constructing 

and using recombinant retroviruses encoding Msx-1 (These experiments will be 

described in Chapter 2). The second objective was to investigate the role oïMsx- 

1 during the regeneration of chick limb buds. It has been suggested that similar 

mechanisms of pattern formation and outgrowth operate during development and 

regeneration. In this respect, the proposed role of Msx-1 in controlling the 

behaviour of progress zone cells and/or assigning their position could be of 

considerable significance in regeneration. This work hinges on the discovery that 

apphcation of FGF-4 protein can stimulate chick limb bud regeneration (This 

work win be described in Chapters 3 and 4).
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Chapter 2

Ectopic expression of cMsx-1 in the developing
chick wing hnd
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2.1 Introduction
Analysis of the function of gene expression in animal cells is one of the central 

themes of current molecular biology. Procedures for introducing manipulated 

genes into animal cells, where their fimction can be assayed, have therefore been 

the subject of intensive research. Currently, the methods for achieving this vary 

with dififerent experimental organisms. For example, in the mouse, there are well- 

developed techniques for directing the misexpression of a candidate gene, or its 

inactivation using transgenic animals. The most common technique is the direct 

micro-injection of recombinant DNA into the pronucleus of a fertilised egg and 

the implantation of these embryos into a pseudo-pregnant mother. Alternatively, 

transgenic animals can be made after introduction of DNA into Embryonal Stem 

(ES) cells. The chicken, in contrast, does not lead itself to such stable transgenic 

approaches, due to its long generation time, poor ejBhciency of achieving stable 

transgenes by micro-injection and difficulty of culturing eggs after micro

injection. Nevertheless, the use of retroviral vectors to alter gene expression has 

proven a valuable alternative to transgenic approaches m chickens. As shown in 

Table 2.1 the retroviral vectors RCAS and RCASBP have been used to study the 

function of many genes in cultured cells and chick embryos. The potential role of 

a gene is assayed by expressing it in places at which it would not normally be 

expressed. For example, ectopic expression of the homeobox containing 7

gene in chick limb buds, led to specific alterations of the limb pattern and 

provided direct evidence of the involvement of this gene in the specification of 

positional information in the limb bud (Morgan et al., 1992). This approach can 

also be used to free the expression of a gene from the requirement of interaction 

with inducing factors, thereby allowing the separation of co-induced genetic 

pathways to study their respective ftmctions in isolation (Laufer et al., 1994). In 

theory, the complementary approach of inactivating gene expression should also 

be possible, for example by expressing antisense RNA or dominant negative 

proteins which interfere with the wild type protein. Recent experiments in which
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dominant-negative BMP-2/BMP-4/BMP-7 Type I receptors have been expressed 

in the developing chick hindlimb with retroviral vectors, support a role for BMPs 

in regulating the apoptosis that normally occurs between the digits (Zou and 

Niswander, 1996).

GENE Virus Type Cell/Tissue References

Alkaline Phosphatase RCASBP Nervous system
Fekete and Cepko, 
1993

Bcl-2 RCASBP CEF Givol etal., 1994
Thyroid hormone 
rec^tor-a RCASBP CEF, QT6 Hillgartner etal., 1992

Transferrin realtor RCASBP CEF Odorizzi et al., 1994

Hoxa-13
Replication-
Competent wiugbud Yokouchi et al., 1995

Hoxd-11 RCAS wing bud Morgan et al., 1992

........ Fsf-2.....................
Replication-
Defective wing bud Riley et al., 1993

Sonic hed^eho^ RCASBP wing bud Riddle et al., 1993

Sonic hed^eho^ RCASBP somites Johnson et al., 1994

Bmp-2
RCASBP
pCRNCM wing bud Duprez et al., 1996a

Bmp-4 RCASBP
wing bud 

lateral plate mesoderm
Duprez et al., 1996b 
Pourquie et al., 1996

Mutant 
BMP receptor RCASBP wing bud

Zou and Niswander, 
1996

^nt-7a RCASBP wing bud
Yang and Niswander, 
1995

Table 2.1- Some recent appHcations of retroviral vectors
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2.1.1- Retrovirus life cycle
Retroviruses are single-stranded RNA viruses that replicate via DNA 

intermediates. Once the virus particle has bound to the target cell surface, the 

capsid is released into the cytoplasm and the single stranded RNA is copied by 

reverse transcriptase into double-stranded linear and then circular DNA, and 

integrated into the cellular genome at random sites. The provirus, which is the 

integrated form of the viral DNA, serves as a template for the synthesis of the 

viral RNA (reviewed by Whitcomb and Hughes, 1992). The life cycle is shown in 

Figure 2.1.

The molecular organisation of a retrowal RNA strand is (5')R-U5-gag,pol,env- 

U3-R(3'). The R region at both ends of the RNA represents a short repeated 

sequence. This region is required for dimerization of the two RNA strands. U5 

and U3 represent unique sequences, respectively, to the 5' and 3' ends of the RNA 

genome. These three sets of end sequences form the long terminal repeats (LTR) 

in the viral genome and they contain transcriptional promoter sequences (a 

sequence that directs the RNA polymerase to a specific initiation site), and 

enhancer sequences (a sequence that facihtates transcription although it need not 

be located near the initiation site) (reviewed by Whitcomb and Hughes, 1992).

The internal regions of the viral RNA code for the structural proteins of fiiUy 

infectious retroviruses: gag encodes a polyprotein that is cleaved to form internal 

virus structural proteins; pol, encodes the reverse transcriptase and the integrase; 

and env encodes a membrane glycoprotein that is located in the hpid envelope of 

the virus particle. Virus entry into the cell requires the binding of env protein to 

receptors present on the cell surface. There are five major envelope glycoprotein 

classes, designated A to E, according to their recognition of cellular receptors 

(reviewed by Weiss et al., 1985). Subgroup A viruses bind to a cell surface 

membrane protein related to the low density hpoprotein receptor (Bates et al., 

1993), but receptors for viruses of other subgroups have not been



Figure 2.1- Life cycle of Rous Sarcoma Virus. (1) Virus particles bind to cell surface 

receptors and the viral RNA genome is uncoated. (2) Viral RNA is converted into 

double stranded cDNA, which becomes integrated into the host genome (—). The 

integrated provirus, consisting oïgag  (g), (p), env (e) and v-src (s) genes is flanked

by long terminal repeats (LTR), shown as block boxes. (3) Proviral sequences are 

transcribed from a promoter in the upstream LTR, and some of the primary transcripts 

are sphced as shown. (4) Sphced and unspHced viral transported to the cytoplasm (5) 

Viral transcripts are translated. (6) Viral RNA and gag-pol proteins are assembled into 

new virus particles. Env protein is transported to the cell surface. Src protein is 

responsible for cell transformation. (7) Infectious virus particles are released by budding 

from the cell surface, becoming encased in a hpid bilayer envelope containing env 

proteins.
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characterised. Viruses in different subgroups can infect different lines of chicken 

and this can be used to great advantage when using these viruses as vectors.

The primary viral transcript made from the proviral DNA serves both as mRNA 

for the synthesis of viral proteins {gag, pol) and as genomic RNA for the next 

generation of virus particles. Envelope glycoproteins are encoded by env mRNA, 

generated by sphcing of the primary viral transcript, and are directed to the cell 

surface. The gag gene products are assembled in the cytoplasm into viral capsids, 

containing viral genomic RNA and pol gene products. Packaging of vhal genomic 

RNA into capsids requires a sequence called the \\f site, which is located towards 

the 5' end of the viral RNA. Sub-genomic env mRNA lacks the y site and so is not 

packaged. Infectious virus particles are released by budding through the cell 

surface membrane, becoming encased in a cell-surface-derived lipid membrane 

envelope that carries the env gene products (reviewed by Miller, 1992) .

2.1.2- Types of retroviral vectors
Recently two different types of retroviral vectors have been used to introduce and 

express genes in developing chick embryos.

The first type of vector is based on rephcation competent retroviruses which have 

a conq)lete genome and can propagate themselves by infecting mitotic cells. 

Expression of the inserted gene is controlled by the retroviral long terminal 

repeat. An example of such a virus is RCAS (RC, Rephcation Competent; A, 

Avian Leukosis Virus Long terminal Repeat; S, Sphce Acceptor), which was 

derived from the Schmidt-Ruppin strain of Rous Sarcoma Virus (RSV). RSV 

carries a host-derived oncogene, \-src which is not required for rephcation. For 

this reason, \-src can be removed and replaced with a synthetic DNA linker 

containing the restriction enzyme recognition site Clal (Hughes and Kosik, 1984). 

Genes can be cloned into Clal site between the env gene and the 3 LTR. A sphce 

acceptor site, placed just upstream of the Clal site, enables the sphcing of the
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mRNA containing the inserted sequence from the primary viral transcript. To 

facilitate cloning into the Clal site, Hughes et al (1987) designed adaptor 

plasmids containing a pUC12 polylinker region flanked by two Cla\ sites. There 

are three such adaptor plasmids, named Clal2, Clal2Nco and SA Clal2Nco 

(Figure 2.2). Clal2 is the simplest adaptor plasmid, and consists of nothing more 

than a series of restriction sites between the Clal sites. Clal2Nco contains, in 

addition, a eukaryotic leader sequence and an ATG initiation codon as part of an 

Ncol recognition site to facilitate the expression of cDNAs lacking their own 

initiation site. The third adaptor, SA Clal2Nco has the same design as Clal2Nco, 

but also contains a splice acceptor site. Finally, to increase viral replication and 

expression of the recombinant protein encoded by the foreign DNA insert, the pol 

gene from the Bryan High-Titer strain of RSV was introduced into the RCAS 

vector to produce the derivative RCASBP (Petropoulos and Hughes, 1991; 

Federspiel and Hughes, 1994; Figure 2.3). This vector has been successfrdly used 

to ectopically express the Bone Morphogenetic Proteins Bmp4 and Bmp2 in chick 

limb bud, leading to a dramatic increase in the volume of the cartilage elements 

and an alteration of their shapes (Duprez et al., 1996b).

The second type of vector is based on replication defective viruses. These vectors 

do not contain gag, pol, or env genes and therefore their propagation depends on 

helper" functions provided by packaging cell lines or by co-infection with helper 

viruses (Miller, 1992). The deletion in the structural genes of the retroviral coding 

sequences allows insertion of exogenous sequences (Sanes et al., 1986). Efficient 

expression of the sequences of interest is assured by alternative splicing, internal 

promoters or internal ribosome entry sites (Stoker and Bissell, 1988; Miller, 1992; 

and Qiattas et al., 1991). An example of such a retrovirus is the replication 

defective pCRNCM vector (Pompa and Zeller, 1993; Figure 2.4). This vector 

carries an internal CMV (cytomegalovirus) immediate early gene promoter, and 

expression of the selectable marker neomycin gene is controlled by the Rous
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Figure 2.2 Adaptor Plasmids
The two adaptor plasmids, C la l2 and C lal2N co. C lal2N co was used to 
insert the Msx-1 sequences into the retroviral vectors, (see section 2.3.2)



Figure 2.3- Map of the RC AS series of vectors. PPH is a pBR322-derived plasmid 

containing an E.coli origin of replication and an^icillin resistance gene. SA, splice 

acceptor site. SD, splice donor site.

Figure 2.4- Map of the replication defective retroviral vector pCRNCM. Expression 

of the neomycin resistance gene is controlled by the Rous Sarcoma Virus LTR- 

promoter. CMV, cytomegalovirus immediate early gene promoter.
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Sarcoma Virus LTR promoter. Previous work with this vector has shown that 

Bmp2 is involved primarily in maintenance of the apical ridge and in the link 

between patterning and outgrowth of the limb (Duprez et al, 1996a).

2.1.3- Advantages and Limitations
Both rephcation con^etent and defective retroviral vectors are available for 

mediating gene transfer into avian host ceUs. However, the choice of which virus to 

use depends upon the specific requirement of the experiments, taking into account 

the advantages and disadvantages of each. In general, one major advantage of 

rephcative competent viruses such as RCAS is that they contain ah the viral genes 

necessary to produce infectious virus, therefore spread beyond the initial population 

of infected cehs, of the experiment. In such situations, it may be beneficial to limit 

the spread of the vector. One way is to use a defective virus (like pCRNCM), with 

which in principle, no active spreading is possible after initial infection of the 

embryonic ceU. Another way to limit the viral spread is to create chimeric chicken 

embryos in which the donor and the host tissues are derived fi'om strains diftering in 

their susceptibihty to infection by retroviral subgroups (for example A  and E). In 

the resulting chimeras, only the donor tissue can be infected by a particular 

subgroup of retrovirus and therefore it is the only region of the embryo to express 

the transgene. For example. Riddle and colleagues (1993) obtamed restricted 

expression of Sonic hedgehog in the anterior of chick wing buds by grafting cells 

infected with an E subgroup virus to resistant standard specific pathogen-ftree 

embryos.

In contrast to the above, the use of RCAS is constrained by the fact that the Cla\ 

site is the only cloning site in this vector for the introduction of foreign DNA. 

However, the development of adaptor plasmids reduces the problems associated 

with this limitation. In addition to this, there is an upper limit (up to 2kb) on the size 

of the cDNA insert that can be introduced into RCAS vector. This limitation arises
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because there is an upper limit on the length of RNA that can be packaged into an 

infectious virus particle. One consequence of this is that RCASBP viruses cannot be 

engineered to contain a marker gene, such as those encoding alkaline phosphatase, 

b-galactosidase or neomycin resistance, as well as the cDNA sequence of interest. 

In contrast, much larger sequences can be stably introduced into rephcation 

defective vectors making expression of many developmentally interesting genes 

feasible.

2.1.4- Aim of this chapter
As noted in the general introduction, several lines of evidence show that expression 

of Msx-1 correlates with functional epithehal-mesenchymal interactions. 

Transplantation of proximal limb tissue into the dorsal portion of the limb results in 

the re-expression o î Msx-1 in the transplanted mesenchyme (Davidson et al., 1991). 

Msx-1 is not expressed in the limb bud mesoderm in the limbless mutant, which 

does not form an apical ridge, but expression is restored by grafting normal 

ectoderm to the limb bud (Robert et al, 1991; Coelho et al, 1991). These data 

suggest a role for Msx-1 in controlling behaviour of the progress zone. In other 

words, Msx-1 may be involved m maintaining cells in an undifferentiated state.

To test this hypothesis, 1 constructed a series of recombinant retroviruses encoding 

chicken Msx-1 in order to alter the pattern of Msx-1 expression during chick limb 

development. Msx-1 expression is normally lost by cells as they leave the progress 

zone, stop proliferating and differentiate. ^Msx-1 is involved in maintaining cells in 

proliferative and undifferentiated state, overexpression might give rise to continuous 

and abnormally prolonged outgrowth and/or failure of normal cartilage 

differentiation in proximal regions. To achieve this, the two different types of 

retroviral vectors were employed. The rephcation competent retrovirus 

RCASBP(A) was chosen so that the entire limb of the chick embryo would be 

infected by the virus. In contrast, the rephcation defective pCRNCM retrovirus was 

used to overexpress Msx-1 locahy in the hmh bud. The different constructs were
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transfected into cells, and the extent of retroviral infection was determined using 

antibodies against viral proteins. The infected cells were grafted to specific regions 

of the limb bud and the morphology of infected limbs was monitored by histological 

and whole mount procedures.

2.2 Material and Methods

2.2.1- Bacterial Strains

The strain DH5a was purchased from New England Biolabs (Beverley, USA).

2.2.2- Oligonucleotides

The primers used for sequencing and PCR amplifications were synthesised in our 

laboratory using an Apphed Biosystems 381A DNA Synthesiser. All ribonucleotides 

and deoxyribonucleotides were obtained from Pharmacia (St. Albans, Herts.).

2.2.3- Enzymes

Restriction endonucleases, DNA modifying enzymes, DNA and RNA polymerases 

used in this project were purchased either from Gibco/BRL or from Promega.

2.2.4- Radio chemicals

The radioisotopes used were obtained from New England Nuclear Inc. (Boston, 

USA).

2.2.5- Miscellaneous

Gene Screen Plus membranes were obtained from Du Pont (Dreieich, Germany), 

and Hybond-N from Amersham International pic (Aylesbury, Bucks.). Aero disc 

filters were purchased from Gelman Sciences Ltd (Northampton). Film was
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obtamed from the following: Kodak X-omat AR (Kodak Ltd., Hemel Hempstead, 

Herts.), and Fuji RX (Fuji Photofihn Co., London).

2.2.6- General Procedures

All solutions used in the methods described below were prepared with double 

deionised water, and sterilised by autoclaving, unless this was not recommended. 

Plastic ware and glass ware were sterihsed by autoclaving or by baking at 180®C 

for 2 hours, prior using.

Separate stocks of solutions and plasticware were kept for RNA work. RNase free 

solutions were made up in autoclaved water, and either autoclaved or sterilised 

through a 0.45im filter 

(Gelman Sciences LTD, Northampton, UK).

2.2.7- List of buffers and culture media 

RNase-free double deionised (dd) water:

Autoclaved dd water in glass bottles previously baked at 180°C for at least 3 

hours.

Agarose gel loading buffer:

0.25% (w/v) bromophenol blue, 25mM EDTA, 50% (v/v) glycerol 

Polyacrylamide gel loading buffer

0.25% (w/v) bromophenol blue, 25mM EDTA, 0.25% (w/v) xylene cyanol,

50%

(v/v) glycerol. 

lOOx Denhardt's solution:

20% (w/v) BSA, 20% (w/v) polyvmylpyroloidone, 20% (w/v) Ficoll 

Phosphate Buffered Saline (PBS)

135mM NaCl, 27mM KCl, lOmM Na2HP0 4 , 15mM KH2PO4 

20x SSC:
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3M NaCl, 0.3M Trisodium Citrate 

5 Ox TAE:

2M Tris, 50mM EDTA; pH 8 adjusted with glacial acetic acid. 

lOx TBE:

IM Tris, IM Boric acid, 20mM EDTA: pH 8.35.

IxTE

lOmM Tris-HCl, ImM EDTA; pH 8.0.

LB-Broth:

1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl. Adjusted to

7.2

with NaOH.

LB-Agar:

1.5% (w/v) technical agar in LB-broth.

LB-Amp:

LB-broth or LB-agar supplemented with 0.1 mg/ml of ampicillin.

2.2.8 General Techniques

2.2.8.1- Phenol/Chloroform Extraction of Nucleic Acids

An equal volume of equilibrated 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 centiifiigation in a microfiige or in a 

Sorval RC 5B centrifuge for 5 minutes, the upper aqueous layer was transferred to 

a fresh tube taking care not to disturb the interface. The same procedure was 

repeated using an equal volume of equihbrated chloroform The resulting solution 

was precipitated in ethanol.

2.2.8.2- 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
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30 minutes to 1 hour at -20°C or 30 minutes at -70®C to precipitate the nucleic 

acid. Nucleic acids were recovered by centrifugation at 4®C for 20 minutes in a 

microfiige. After removal of the supernatant, the peUet 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 peUet was air dried at room temperature 

and was resuspended in the appropriate buffer (usually dd water or Tris-EDTA 

(TE)).

2.2.8.3-Restriction Enzyme Digestion

Restriction digests were carried out in the buffers recommended by the 

manufacturer. Typically, Ipg of DNA was digested with 1 unit of enzyme, for at 

least 1 hour, in a total volume greater than 10 times the volume of enzyme used.

2.2.8.4-Agarose Gel Electrophoresis

Normal, or low melting point agarose (Sigma) was used for the preparation of gels, 

depending on the intended use of the DNA fragments. Restriction enzyme digests 

were analysed on horizontal agarose gels contaimng between 0.7 and 1.2% (w/v) 

agarose, in Ix TBE (Tris-Borate-EDTA) or Ix TAE (Tris-Acetate-EDTA) with 0.5 

mg/ml of ethidium bromibe. 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. Fmahy, the DNA was visuahsed on a short wave (254nm) 

ultraviolet transiUuminator and photographed with Polaroid type 667 film.

2.2.8.5- Isolation of DNA Fragments from TAE/Agarose Gels 

Two methods were used:

A - GENE CLEAN

This method was used for the isolation of low abundance DNA fragments of up to 

5kb in length from agarose gels. The procedure described below was recommended
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by the manufacturer (Bio-101, La Jolla, USA). The gel area containing the DNA 

fragment to be purified was cut out, and the agarose was dissolved by addition of 

3x its volume of (4M) Nal, and incubation at 50°C for 5 minutes with periodic 

shaking. After the agarose was dissolved, 5|xl of "glass milk" were added followed 

by vortexing and incubation on ice for 10 minutes, to allow binding of the DNA to 

the "glass milk". The mixture was then centrifuged for 15 seconds at 13,000 rpm 

and the pellet was washed twice with ice-cold "new wash" solution. This was 

followed by resuspension of the pellet in lOp.1 of dd water and incubation at 50°C 

for 5 minutes. The "glass milk" was then precipitated by sphming at 13,000 rpm for 

30 seconds. The supernatant which contained the DNA was transferred to a fresh 

tube and an ahquot of this solution was then run on a mini-gel, to check the quahty 

and concentration of the DNA.

B - MAGIC PCR COLUMNS

Small DNA fragments (100-1000 nucleotides) generated by PCR anq)lification, 

were purified from low melting temperature agarose gels using "Magic PCR 

columns", foUowhig the method recommended by the manufacturer of the kit 

(Promega, Madison, USA). The relevant bands were cut from the gel, transferred to 

a microfiige tube and incubated at 70°C for 2-5 minutes. Once the agarose was 

completely melted, it was mixed with 1ml of "magic PCR resin" and filtered through 

a "magic mini-column" using a 3ml syringe. The filtered resin was then washed 

twice in the column, with 2ml of 80% (v/v) isopropanol, and spun dry in a 

centrifuge. The DNA was eluted by incubating the resin in the "mini-column" with 

50|il of TE for 1 minute at room tenqierature, and microfiiging it for 20 seconds. 

Finally, an ahquot of the DNA solution spun through the column was run on a mini

gel to check its quahty and concentration.

2.2.S.6- Large Scale Plasmid Preparation
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LB-Amp (500ml) was inoculated with a bacterial glycerol stock, or a colony 

containing the desired plasmid, and grown for approximately 18 hours at 37®C with 

shaking. Subsequently, the culture was placed on ice for 30 minutes and spun at

4.000 rpm for 20 minutes at 4®C in a SorvaU GS3 centrifuge. The bacterial pellet 

was resuspended in 20ml of ice cold solution I (50 mM glucose, 25mM Tris-HCL 

pH 8, lOmM EDTA), gently mixed with 40ml of freshly prepared solution II (0.2N 

NaOH, 1% (w/v) SDS), and incubated at room tenq)erature for 10 minutes to allow 

bacterial lysis. Then, 20ml of ice-cold solution IQ (3M Potassium Acetate pH4.3, 

glacial acetic acid) were added, thoroughly mixed, and incubated on ice for 10 

minutes to precipitate the bacterial debris. The precipitate was removed by 

centrifuging at 4,000 rpm for 20 minutes at 4®C in a SorvaU GS3 centrifuge, 

foUowed by filtering the supernatant through four layers of nylon gauze. The nucleic 

acids present in the supernatant were precipitated by the addition of 0.6 volumes of 

propan-2-ol, incubation at room tençerature for 10 minutes, and centrifugation at

5.000 rpm in a SorvaU SS34 centrifuge, for 15 minutes at room temperature. The 

peUet was then washed with 70% ethanol and resuspended in 3ml of autoclaved dd 

water. High molecular weight RNA was precipitated by transferring the solution to 

a 10ml Sarstedt tube, adding the same volume of ice-cold 5M LiCL, foUowed by 

centrifugation at 10,000 rpm in a SorvaU SS34 centrifuge, for 10 minutes at 4®C. 

The supernatant was transferred to a fresh Sarstedt tube and the plasmid DNA was 

precipitated at room temperature for 10 minutes after the addition of 2.5 volumes of 

ethanol. FoUowing centrifugation at 10,000 rpm for 10 minutes at 4®C, the peUet 

was washed with 70% ethanol, and resuspended in 750|il of autoclaved dd water. 

Removal of the remaining RNA was achieved by adding previously boUed RNase-A 

( l|il  of 50 mg/ml) and incubating at room temperature for 1 hour. Subsequently, the 

plasmid DNA was precipitated by adding the same volume of ice-cold PEG buffer 

(1.6M NaCl, 13% (w/v) polythylene glycol 8000) and spinning at 13,000 rpm for 

10 minutes at 4®C. The DNA/PEG peUet was resuspended in 400pl of autoclaved 

dd water, extracted twice with phenoFchloroform, once with chloroform, and
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precipitated with 2.5 volumes of ethanol at room tenq)erature for 5 minutes. 

Following centrifiigation for 5 minutes in a microfiige, the DNA pellet was washed 

twice with 70% ethanol air dried at room teroperature and resuspended in the 

appropriate volume of autoclaved dd water. The DNA was quantitated by 

measuring the absorbance of an ahquot of the plasmid solution at 260 and 280 nm 

(1 O.D.260/280 of DNA= 50|ig/ml; the ratio O.D.260/280 for DNA is 

approximately 1.8), and its quahty was checked by agarose gel electrophoresis, after 

which it was finally stored at -20OC .

2.2.8.7-SmaIl Scale Plasmid Preparation

A bacterial colony was used to inoculate 5ml of LB-Amp in a sterile Universal tube 

and was grown overnight at 370C with shaking. Subsequently, 1.5ml of the culture 

were transferred into a microfiige tube. This was spun for 5 minutes at 13,000 rpm 

and the supernatant was discarded. The bacterial pellet was resuspended in 200pl of 

solution I (see above) followed by addition of 400pl of freshly prepared solution II 

(see above). The bacterial debris was precipitated by the addition of 200til of 

solution in  (see above) and incubation on ice for 10 minutes. Following 

centrifugation for 10 minutes at 13,000 rpm the resulting supernatant was 

transferred into a fresh microfiige tube, and the nucleic acids were precipitated with 

1/10 volume of 3M sodium acetate pH 5.2 and 2.5 volumes of ethanol at -20°C for 

20 minutes This was centrifuged again for 15 minutes at 13,000 rpm, and the pellet 

was washed with 70% ethanol and resuspended in 30pl of autoclaved dd water. 5 pi 

of the DNA solution were digested with an appropriate restriction enzyme(s) in a 

total volume of 20pi (in the presence of boiled RNase-A) for 1-2 hours, and 

analysed on an agarose gel. Finally, glycerol stocks of the clones of interest, were 

made with the ahquot of the culture that had been kept at 4®C.

The plasmid DNA obtained by this method was usually clean enough for restriction 

digest analysis, but in some cases, or if the isolated DNA was to be used for
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sequencing, a further ethanol precipitation followed by phenol/chloroform and 

chloroform extraction were performed.

2,2.8.8-DNA Sequencing

DNA sequencing was performed by the dideoxy-chain termination method, using 

the "Sequenase Version 2.0" (USB Corporation, Cleveland, USA) double-stranded 

DNA sequencing system, according to the manufacturer's instructions. Double

stranded DNA (lOpg in 20|il volume) was denatured with 2p.l of 2M NaOH for 10 

minutes at room temperature. The mixture was neutrahsed with S.Sil of 5M 

ammonium acetate and precipitated with 124pl of ethanol at -70®C for 30 minutes, 

followed by centrifugation at room temperature for 10 minutes at 13,000 rpm After 

70% ethanol wash, the pellet was resuspended in dd water so that the concentration 

was lpg/|rl. For each set of reactions, 3pg of DNA were mixed in a microfiige tube 

with 2|j,l of 5x "Sequenase bufifer" and 12ng of an oligonucleotide primer in a final 

volume of lOpl. This was incubated at 75°C for 2 minutes, and allowed to cool 

slowly to room tenqierature, by floating the tube in a small beaker with water from 

the 75®C waterbath. Once the temperature was 30®C, the annealing was complete 

and the solution was stored on ice for a maximum of 1 hour until it was used. To 

the annealed tercplate and primer mix were added, lp,l of O.IM DTT, 2 |l i 1 of 

"labelling mix" (diluted 5x in dd water), 0.5|xl of [a-^^S] dATP, and 2|xl of 

Sequenase enzyme (diluted 8x m ice cold enzyme dilution buffer). This was mixed 

and the labelling reaction was allowed to take place by incubation at room 

temperature for 7 minutes. During the labelling reaction, 2.5|xl of each ddNTP 

termination mix were added to four tubes prewarmed for 2 minutes at 37®C. Once 

the labelling reaction was complete, 3.5|l i 1 of the labelling mixture were added to 

each of the four tubes containing the different termination mixes. This was followed 

by incubation at 37°C for 5 minutes. These reaction was stopped by addition of 4p.l 

of "Stop solution". These were stored at -20 for up to 1 month before being 

subjected to polyacrylamide gel electrophoresis. Polyacrylamide gels were prepared
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using "Sequagel" (National Diagnostics, USA) reagents, according to the 

manufacturer's instructions. The gel mix was as follows: 3.6ml of lOxTBE, 23.75ml 

of Diluent, 8.65ml of Sequagel Concentrate, 115|il of ammonium persulphate 

(1.12g/5ml stock solution), and 15^1 of TEMED (N,N,N',N' tetramethyl- 

ethylenediamine; Biorad, UK). The mix was poured between two 40cm x 20cm 

glass plates, separated by 0.4mm thick spacers, with an inverted "shark's tooth 

comb" on the top. Once the gel was set, it was placed in a sequencing tank with 

IxTBE and pre-run at 30mA for 20 minutes. The DNA samples were then 

denatured at 75^0 for 3 minutes and placed on ice for 2 minutes. Subsequently, 

they were loaded on to the gel and run at 30mA for the required length of time. 

Once electrophoresis was complete, the two glass plates were separated and the gel, 

stuck to one of the plates, was fixed in 1:1:8 (v/v) of methanol/acetic acid/dd water 

for 20 minutes. The gel was then transferred on to a sheet of Whatman 3MM paper 

and dried for 20 minutes in a vacuum at 80°C. Finally, the dried gel was exposed to 

X-ray film overnight at room tenq)erature.

2.2.9- Construction of Recombinant Plasmids

2.2.9.1- Preparation of the Insert and Vector DNA

l-5pg of the vector, and an equivalent amount of the insert DNA, were digested 

with the appropriate restriction enzymes. The digests were incubated at 37®C for 2- 

4 hours, and checked by running approximately 10% of each reaction on an agarose 

gel. When the digestion was conq)lete, the insert DNA was separated on a TAE 

agarose gel, and the desired band was purified by one of the methods outlined in 

section 2.2.8.5.

In order to prevent recircularization of the vector DNA, it was usually 

phosphatased, by digesting with 10 units of calf intestinal phosphatase at 37®C for 

30 minutes, followed by phenol/chloroform extraction and ethanol precipitation.
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Vector and insert fragments were resuspended in small volumes of autoclaved dd 

water, and their concentrations were estimated by running a small aliquot of each on 

an agarose gel, next to known quantities of DNA markers.

2.2.9.2- Ligation Reactions

A standard hgation reaction contained 100-200ng of vector DNA and 10-20ng of 

insert DNA, 1-5 units of T4 DNA hgase and 2pi of 5x T4 DNA hgase buffer, in a 

total volume of 20pl. These components were mixed briefly and incubated for 6-24 

hours at room tenq)erature, after which, they were transformed into freshly 

prepared competent cells. For each set of hgations, three or four reactions with 

different amounts of insert and vector DNA were set up (2:1, 1:1, 1:2, 1:5), 

ensuring that suitable molar ratios of the two were obtained. In parallel, several 

control reactions were also set up, to monitor the efficiency of hgation.

2.2.9.3- Transformation Of E.Coli With Plasmid DNA

Competent cells were prepared using a modification of the method described in 

Sambrook et al., (1989). A single bacterial colony of the appropriate bacterial strain 

was grown in a smaU volume of LB-broth overnight at 37®C with shaking. The next 

morning, a 1:100 dilution of this culture was made in 50-100 ml flesh LB-broth, and 

grown for 1-2 hours to an OD(600) of 0.3-0.4. The culture was then cMUed on ice 

for 15 minutes and harvested by centrifugation at 2,500 rpm for 10 minutes at 4°C, 

in a Beckman J-6B centrifuge. The pellet was resuspended m half of the original 

volume, in ice-cold 50mM CaCl2 and incubated on ice for 20 minutes. The bacteria 

were centrifuged once more, as before, and resuspended in one-tenth of the original 

volume, in ice-cold 50mM CaCl2. After a further incubation of 1 hour on ice, the 

competent bacteria were ready for transformation.

One third of each hgation reaction was added to 200pl of freshly prepared 

conq)etent ceUs. This mixture was incubated on ice for 1-2 hours, and heat-shocked
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at 42°C for 2 minutes. The reactions were then placed on ice for 2 minutes 

foUowed by the addition of 1ml of LB-broth to each tube. To aUow expression of 

the antibiotic resistance gene, the cultures were incubated at 37®C for 45 minutes. 

After centrifuging for 5 minutes at low speed in a microfiige, most of the 

supernatant was discarded, and the bacterial peUet gently resuspended in the 

remaining medium The transformed bacteria were then plated on LB-agar plates 

with the appropriate antibiotic, and incubated overnight at 37^0.

2.2.9.4- Colony Screening

Recombinant colonies were screened according to an adaptation of the method 

described by Grunstein and Hogness (1975). A 0.5cm grid, was drawn with a pencil 

on circular Gene Screen Plus membranes of a size of the Petri dishes. Colonies were 

chosen, and plated both on the membrane circle laid on an LB-Amp. plate, and on a 

repUca LB-Amp. plate with an equivalent grid drawn on the back. Both plates were 

then incubated overnight at 37^0, after which the rephca plate was stored at 4®C. 

The membrane with the colonies grown on it, was peeled from the agar plate, and 

prepared for hybridisation by floating it, colony side up, on denaturing solution 

(0.5M NaOH, 1.5M NaCl) for 5 minutes, and then in neutralising solution (0.5M 

Tris-HCl pH 8.0, 1.5M NaCl) twice for 5 minutes. Next, the bacterial debris was 

removed by wiping the surface of the membrane several times with tissues soaked in 

2x SSC, 0.1% (w/v) SDS. FinaUy, the membrane was rinsed in 2xSSC, and air dried 

after crosslinking the DNA in a U.V. Stratalinker (Stratagene, La JoUa USA), and 

stored at room temperature until hybridised.

2.2.9.5- Southern Blotting

Southern blots were performed using the method described in the Gene Screen Plus 

(Du Pont, Dreieich, Germany) manual. After running and photographing the gel, the 

DNA was denatured by soaking the gel in denaturing solution (0.5M NaOH, 1.5M 

NaCl) for 30 minutes, followed by neutrahsing solution (0.5M Tris-HCl pH 8.0,
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1.5M NaCl) for 30 minutes, both with gentle shaking. During this time, a sheet of 

Gene Screen Plus was cut to size of the gel, wetted in dd water, and soaked in lOx 

SSC. The blot was assembled in the usual way (Sambrook et al., 1989) with 

lOxSSC, and the DNA allowed to transfer overnight.

After blotting, the membrane was removed, rinsed in 2x SSC to remove any 

residual agarose, and the position of the wells marked with a pencil. Finally, the 

DNA was crosslinked to the membrane in a U.V. Stratalinker (Strategene, La Jolla, 

USA), and the blot was dried and stored at -20°C until it was hybridised.

2.2.9.6- Labelling of DNA probes

DNA probes were prepared by random priming (oligolabelling) of DNA templates. 

Recombinant plasmids containing the template were digested with the appropriate 

enzymes and run on a 1% (w/v) low melting point agarose gel in Ix TAE. The 

relevant fragments were cut out of the gel, placed in a microftige tube with 3x their 

volume of dd water, and melted by heating to 65°C for 10 minutes. Templates 

prepared in this way were stored at -20^C until used. Just prior to use, the DNA 

template was denatured by boiling for 5 minutes and quickly quenching on ice. An 

ahquot corresponding to 50-100ng of DNA was combined with 5pi of 5x OLD 

(Ohgonucleotide Labelling Buffer), 2pi (20pCi) of [a-^^P] dCTP, 2pi of Klenow 

fragment of DNA polymerase I (Gibco/BRL, Paisley, Scotland) and double 

deionised water making up the volume to 25 pi. The reaction was incubated at 37®C 

for 4 hours, or at room temperature overnight.

5x OLE : lOOpl Solution A

250pl 2M HEPES pH 6.6 

150pl 90units/h random 6-mers 

Solution A: 1ml (1.25M Tris-HCl pH 8.0, 0.125M MgCl2)

18pl 2-mercaptoethanol 

5pi (0. IM dATP ,0.1 M dTTP, 0. IM dGTP)
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After the labelling reaction was complete, un-incoiporated nucleotides were 

removed by spinning the reaction mixture through a Sephadex G-50 (Pharmacia, St 

Albans, Herts) column. The column was prepared by pipetting approximately 1ml of 

Sephadex G-50 beads, resuspended in TE, into a 1ml syringe plugged with of 

sihconised sterile glass wool. The column was then centrifuged for 10 minutes to 

remove the buffer and contact the beads. The volume of the labelling reaction 

mixture was increased to 200jil with TE, loaded on to the column and centriftiged 

for 10 minutes. The eluate was collected inside a 15ml Falcon tube. The purified 

probe was transferred to a microftige, and 1|li1 was taken into a scintillation vial 

containing 8ml of Ecoscint (National Diagnostics, Atlanta, USA), to determine the 

activity of the probe. Probes prepared in this way were stored at -20®C for up to 

two weeks until they were used.

2.2.9.7-Hybridisation of Random Primed DNA Probes

Hybridisation of Southern blots and colony lifts with ohgolabeUed DNA probes, 

was performed according to the method described in Sambrook et al.,(1989). The 

membranes, interleaved with sheets of nylon mesh, were placed in hybridisation 

bottles with prehybridisation mixture (6x SSC, 5x Denhardt's solution, 1% (v/v)

SDS and lOOmg/ml of heat-denatured sheared herring sperm DNA), and incubated

at 65®C in a Hybaid rotary hybridisation oven for at least 1 hour. Hybridisation was 

carried out at 65°C overnight, in a mixture identical to the prehybridisation mixture 

with extra 10% (w/v) dextran sulphate, and 10^-10^ cpm/ml of ^^P labelled DNA 

probe. The probe was combined with the herring sperm DNA, and denatured by 

boiling for 5 minutes, before adding to the hybridisation mixture. After 

hybridisation, depending on the number of membranes in the hybridisation bottles, 

the membranes were kept in the bottles or transferred to sandwich boxes and 

washed as follows:

-3x SSC, 1.0% (w/v) SDS; 20 minutes at 65®C

-Ix SSC, 0.5% (w/v) SDS; 20 minutes at 65°C
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-0.5x SSC, 0.5% (w/v) SDS; 20 minutes at 65°C 

-0. Ix SSC, 0.1% (w/v) SDS; 30 minutes at 65°C

Finally the membranes were wrapped in Saran wrap, without allowing them to dry, 

and exposed to Kodak film at -70°C for an appropriate length of time.

2.2.9.8- PCR Amplification

A  typical PCR reaction contained 5 nmoles of each dNTP, approximately 20 pmoles 

of each primer (120 ng for an 18-mer oligonucleotide), 50-500ng of template DNA, 

and 2 units of Taq DNA polymerase (Perkin Elmer Cetus, Norwalk, USA) in Ix 

"RCR buffer" (supphed by the manufacturer). Reactions were prepared in a 0.5ml 

microfiige tube, and overlaid with 50|il of liquid paraffin to minimise evaporation. 

Amplification was carried out in a Hybaid thermal cycler, using the following 

temperature profile: 2 minutes at 94°C; 2 minutes at the annealing temperature

(62®C); 1 minute at 72®C, for 25 to 35 cycles, followed by a final extension at

72®C for 3 minutes. The reactions were stored at 4®C and an aliquot analysed on an 

agarose gel. The annealing temperature for each PCR reaction was determined on 

the basis of the length and nucleotide conposition of the primers, and was usually 

5®C below the lowest of the melting temperatures (Tm) of the two primers. The 

Tjq of each primer was calculated using the following formula.

Tjji (in ®C) = 4 X (G + C content) + 2 x (A + T content)

2.2.10- RNA Techniques

2.2.10.1- RNA Probes

To generate an RNA probe specific for chicken Msx-1 mRNA, the cMsx-l/BS 

plasmid (from S. Wedden, see section 2.3.1) was linearised with Hind m  and, 

following DNA purification, the riboprobe was made using T3 RNA polymerase. 

The resulting probe was 1.4kb long
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To generate an RNA probe specific for chicken Msx-1 antisense RNA (negative 

control), the cMsx-l/BS plasmid was linearised with Bam HI and, following DNA 

purification, the riboprobe was transcribed using T7 RNA polymerase.

2.2.10.2- Labelling of RNA Probes

Two different methods were used to label RNA probes according to their 

subsequent use: [a-^^P] CTP (New England Nuclear Inc.) was used to label 

liboprobes used for northern hybridisation and Digoxigenin-11-uridine-5'- 

tiiphosphate (DIG-llUTP; Boehringer Mannheim) was used to label riboprobes for 

in situ hybridisation of whole-mount embryos. All the procedures described below 

were carried out using RNase-free reagents.

A - 32p -labelled RNA probes

Plasmids containing the DNA templates were linearised, phenol-chloroform and 

chloroform-extracted, and ethanol-precipitated. They were then resuspended in dd 

water so that their concentration was l(ig/iil. AU the reagents, except the en2ymes, 

were aUowed to reach room temperature. Then the foUowing reaction mixture was 

set up with each component added in the order shown: 5|rl of 5x transcription 

buffer, 5.9|xl dd water, l|rl of IM DTT, 1.2frl lOmM of each GTP, ATP, UTP, l|rl 

50mM CTP, 1.5iil DNA template, 5|il [a-^^P] CTP, Ipl RNase Inhibitor, Ipl (10 

units) of either T3 or T7 RNA polymerase. After mixing, the reaction was incubated 

at 37®C for 50 minutes. FoUowing the addition of lp,l of the appropriate RNA 

polymerase, the mixture was further incubated for 1 hour at 37®C. The DNA 

template was removed by adding liil of RNase Inhibitor and l^il of RNase-free 

DNase I, and the mixture was incubated for 15 minutes at 37°C. Subsequently, Ijrl 

of tRNA (20mg/ml stock), 20|rl of 3M sodium acetate pH 5.2, and 170|xl of dd 

water were added. After ethanol precipitation and centrifugation at 4®C for 20 

minutes at 13,000 rpm the RNA peUet was washed in 70% ethanol and resuspended
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in 50^1 of dd water by heating at 65®C for 10 minutes. The probe was used 

immediately after its activity was counted in a scintillation counter.

B.- DIG-1 l-UTP-labeUed RNA probes

The DNA template of interest was purified fiom a low melting point agarose/TAE 

gel using the "Gene Clean" method (section 2.2.8.5). The probe was made 

according to the protocol provided by the manufacturer of the label (Boehringer 

Mannheim). The reaction mixture was set up as follows: 9.5|xl of dd water, lp.1 of 

IM DTT, 5|j,l of 5x transcription buffer, 1.3p.l of lOmM UTP, 2p.l of lOmM ATP, 2 

(.il of lOmM CTP, 2|xl of lOmM GTP, 0.7|il of DIG-11-UTP, lp.1 of DNA ten^late 

(lp,g/|il stock), l(il of RNase Inhibitor (40 units), 1.5|o,l of either T7 or T3 RNA 

polymerase (20 units). The mixture was incubated at 37®C for 2 hours. A fiirther 

incubation at the same tenq)erature for 15 minutes was carried out after the addition 

of 2(il of RNase-free DNase I, l|il of RNase Inhibition, and l|il of transfer RNA 

(lOmg/ml stock). This was followed by 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 100p,l of dd water and stored at -20®C for up to six months. It 

should be noted that the reaction was monitored by loading lp .1 of the reaction 

mixture, before the DNase I step, and after the final resuspension, on to a TBE 

agarose gel and visuahsing the riboprobe after brief electrophoresis.

2.2.10.3- Isolation of Total RNA

Total RNA was extracted from tissue culture cells by the acid guanidium- 

thiocyanate-phenol-chloroform method, described by Chomczynski and Sacchi 

(1987). The cells were harvested in l-2ml of solution D per tissue culture plate (4M 

guanidinium thiocyanate, 25mM sodium citrate, pH 7.0, 0.05% (w/v) sarcosyl and 

O.IM 2-mercaptoethanol). To the resulting solution, 0.1ml of 0.2M sodium acetate, 

pH 4.0, 1ml of phenol (water saturated) and 0.2ml of chloroform-isoamyl alcohol 

mixture (49:1 v/v) were added per ml of solution D. After addition of each solution.
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the tube was inverted several times to ensure thorough mixing and left on ice for 15 

minutes. It was then centrifuged at 10,000 rpm in a Sorval SS34 rotor for 20 

minutes at 4°C. The aqueous phase which contains the RNA was removed, leaving 

the DNA and proteins at the interface and in the phenol phase. An equal volume of 

iso-propanol was then added to the aqueous phase in a clean Sarstedt tube. The 

tube was placed at -20°C for a minimum of 1 hour to precipitate the RNA. The 

tube was then spun at 10,000 rpm in a Sorval SS34 rotor for 20 minutes, at 4®C 

and the resulting RNA pellet dissolved in 0.3ml of Solution D. The RNA was 

transferred to an 1.5ml eppendorf and an equal volume of iso-propanol added and 

placed at -20°C for 1 hour. The eppendorf was then microfuged for 10 minutes at 

4®C, washed with 75% (v/v) ethanol, and respun for a further 5 minutes. The 

resulting pellet resuspended in 50|xl RNase-free dd water, cleaned with 

phenol/chloroform and chloroform extraction, ethanol precipitated and finally 

resuspended in 50pl of RNase-free water. The O.D at 260 and 280nm was 

measured. (1 O.D at 260 of RNA= 40pg/ml. Ratio of O.D26O/28O for RNA =2.0). 

The RNA was stored at -20°C, with 1/10 the volume of 3M sodium acetate, and 

2.5 times the volume of ethanol.

2.2.10.4- Agarose Gel Electrophoresis of RNA

Formaldehyde denaturing agarose gels for the separation of total RNA, were 

prepared according to the method described by Sambrook et al (1989). Total RNA 

(10-20pg) was mixed with 2 volumes of RNA loading buffer (75% v/v deionised 

formamide, 9%v/v formaldehyde, 1.5x MEA (20x MEA stock- 400mM MOPS 

(morpholinopropanesuftbnic acid), lOOmM sodium acetate, 200mM EDTA, pH 

7.2) and lOpg/ml of ethidium bromide) and heated at 65°C for 5 minutes, followed 

by incubation on ice for 5 minutes. The samples were then loaded on to a 

denaturing agarose gel (1.1% w/v agarose, Ix MEA and 6% v/v formaldehyde). 

The gel was then run at 5 volts/cm in Ix MEA buffer, for the required length of
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time. Finally, the RNA was visualised on a short wave ultraviolet translluminator 

and photographed.

2.2.10.5- Northern Blotting and Hybridisation

Northern blots were performed according to the method outlined in the Hybond-N 

nylon membrane manual (Amersham, UK). After blotting and before removing the 

gel, the membrane was marked with pencil to allow later identification of the tracks. 

The RNA blot was then fixed by baking in an oven at 80°C for 2 hours. Northern 

hybridisation was performed as described by Rowe et al., (1991). The membranes 

were interleaved with sheets of nylon mesh and placed in hybridisation bottles 

containing prewarmed (65®C) prehybridisation mixture (5x SSC, 60% v/v of 

deionised formamide, 20mM sodium phosphate pH 6, 5x Denhardt's solution, 1% 

w/v of SDS, heat-denatured lOOpg/ml yeast total RNA and heat-denatured 10p.g/ml 

poly-(A)"^ RNA). This was followed by incubation at 65°C in a Hybaid rotary oven 

for at least 2 hours. Hybridisation was carried out at 65°C overnight, in a mixture 

identical to the prehybridisation mixture with extra 7% (w/v) dextran sulphate and 

with ^^P-labeUed RNA probe to a final concentration of approximately 10^ cpm/ml 

of hybridisation mixture. Before its addition to the hybridisation mixture, the probe 

was combined with herring sperm DNA, yeast total RNA and poly-(A)"*" RNA, 

denatured by heating at 80^0 for 5 minutes. Once hybridisation was complete, the

membranes were transferred to sandwich boxes and washed with agitation as

described below:

- 3x SSC, 1% (w/v) SDS, 30 minutes at 65°C

- 2xSSC, 0.5% (w/v) SDS, 30 minutes at 70®C

- Ix SSC, 0.5% (w/v) SDS, 30 minutes at 750C

- 0. Ix SSC, 0.5% (w/v) SDS, 30 minutes at SO^C

- O.lx SSC, 0.1% (w/v) SDS, 30 minutes at 80°C
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FinaUy, the membranes were wrapped in Saran wrap without aUowing them to dry, 

and exposed to X-ray film at -70®C. An estimation of the length of the RNA bands 

present on the autographs was calculated based on the known sizes of the 18S and 

28S ribosomal RNA bands which are 1.9kb and 5.1kb respectively (Darling and 

BrickeU, 1994).

2.2.10.6- In Situ Hybridisation of Whole Embryos

The chick embryos were removed firom the egg, and cleaned of aU extra-embryonic 

membranes. They were fixed overnight at 4°C in 4% (w/v) paraformaldehyde 

(paraformaldehyde in PBS with a few drops of sodium hydroxide(lOM)). The 

fixative was then removed by washing twice in PBT (PBS and 0.1% Tween-20) at 

4°C and the embryos were dehydrated by washing successively for 10 minutes each 

in ice-cold 25%, 50%, 75%, and 100% methanol in PBT. They were stored in 

absolute methanol at -20®C untU required.

2.2.10.6.1- Pretreament of Embryos

The embryos fi*om -20°C were rehydrated through a graded series of methanol 

solutions (75%, 50%, 25%) foUowed by incubation in PBT for 10 minutes at room 

temperature with shaking. They were then treated with Proteinase K (20pg/ml in 

PBT) for 15-20 minutes at room temperature with shaking. After washing in PBT 

for 10 minutes, the embryos were fixed m 4% (w/v) paraformaldehyde and 0.25% 

(v/v) glutaraldehyde for 20 minutes at room tenq)erature. After rinsing in PBT for 

10 minutes, the embryos were prehybridised for 2-3 hours at 70®C. A 50ml volume 

of prehybridisation solution contained: 25ml of deionised formamide, 12.5ml 20x 

SSC pH 4.5, Ig of Blocking reagent (Boehringer Mannheim), 200U Tween-20, 

0.5ml of 10% CHAPs solution (Sigma), 250|il of 10 mg/ml heparin Uthium salt 

(Sigma), 0.5ml of 0.5M EDTA pH 8.0, 250|il of 20mg/ml phenol/chloroform 

extracted yeast total RNA (Sigma).
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2.2.10.6.2- Hybridisation and Post-Hybridisation Treatments

The DIG probe was heated for 3 minutes at 80°C and placed on ice for 3 minutes. 

The prehybridisation mixture was replaced with hybridisation mixture 

(prehybridisation mixture containing the DIG probe (I00-200ng/ml)) and 

reincubated at 70°C overnight with gentle shaking. The embryos were then washed 

twice in 2x SSC, 0.1% w/v CHAPS, at 60°C for 30 minutes each, followed by a 2x 

30 minutes wash in 0.2x SSC, 0.1% CHAPS at the same temperature. 

Subsequently, the embryos were washed in PBT for 15 minutes at room 

temperature and then incubated in 20% (v/v) heat-inactivated lamb serum in PBT 

for 2-3 hours at 4®C with gentle shaking. Finally, the embryos were incubated (with 

rocking) overnight at 4®C with fresh 20% (v/v) lamb serum in PBT containing anti- 

digoxigenin antibody (Boehringer Mannheim) to 1/1000 dilution.

The following day, the embryos were incubated 5 times in PBT, for 1 hour each, at 

room tenq)erature with shaking. This was foUowed by 2 incubations at room 

temperature for 10 minutes each in alkaline phosphatase buffer (for 50ml solution: 

5ml of IM Tris pH 9.5, 2.5ml of IM MgCl2, 1ml of 5M NaCl, 0.1% Tween-20). 

The colour reaction was performed in the dark, in BM purple AP-substrate 

precipitation (Boehringer Mannheim) for the required length of time. Once the 

desired colour intensity was obtained, the embryos were washed twice in PBS and 

stored in PBS with 0.02% sodium azide at 4°C.

2.2.11- Tissue Culture

AU tissue culture techniques were carried out under sterile conditions. The solutions 

were either autoclaved, or filter sterUised, or were Gibco/BRL (Paisley, Scotland) 

products, purchased as sterile solutions ready to use. The plasticware was also 

sterile and purchased from Nunc.
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2.2.11.1- Chick Embryo Fibroflasts (CEF) from Line (O) Chick Embryos 

Primary chick embryo fibroblasts were derived from 10 day old line O chick 

embryos, which had been incubated at 37°C. The fertile O line eggs were from the 

Institute of Animal Health, Compton, UK To obtain a suitable cell number, 10-12 

chick embryos were used. The eggs were first cleaned using 70% (v/v) ethanol 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 to new Petri dishes containing PBS. The reason for 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 0.5g glass beads (710-1 ISOfrm in diameter. 

Sigma). The beads were autoclaved in 5ml water and the water removed before 

adding the tissue. 10ml of ice-cold trypsin-versinE (l:9v/v) were then added to the 

flask, swirled around with the tissue and left to settle for about 30 seconds for the 

larger 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 20ml universals. The universals were kept on ice whilst this 

process was being carried out. Next, the universals were centrifuged for 5 minutes 

at 1,500 rpm in a Beckman J-6B centrifiige at 4®C. The supernatant was discarded 

and the pellets resuspended m 10ml of PBS to wash away the trypsin, which was 

then centrifiiged as before. The pellets were resuspended in a total of 10ml 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 carry on the digestion, as well as causing further 

mechanical dispersion. After incubation, the cell suspension was poured through a
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220|im 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 6x 10^ cells per ml. 20 ml of medium were then added (90% DMEM- 

Dulbecco's Modified Eagle's Medium, 10% virus-screened FCS-Foetal Calf Serum, 

both from Gibco/BRL, Paisley, Scotland) and the cells incubated at 37°C, 5% CO2 

overnight. Next day, the cells were examined under the microscope and passaged if 

they were confluent. If not, they were washed with PBS or serum-free DMEM to 

remove any dead cells and fresh medium was added.

2.2.11.2- Passaging of Cells

CEF(O) and QT6 (quail cell line, a gift from Dr. A. Stoker, Oxford) were cultured 

in 90% DMEM and 10% FCS medium.

Q2bn cells (quad derived packaging cell-line. Stoker and Bissell, 1988) cultures 

kept in an equal mix of DMEM and Ham's F 12 which was supplemented with 8% 

FCS, 2% chicken serum, 1% glutamine and 1% penicillin/streptomysin. The drug 

0418 was added for selection (800^ig/ml) and maintenance of neomycin resistant 

clones.

Once the cells had reached confluence, they were passaged. This was carried out by 

initially removing the medium from the cells and washing the cells with either 5ml of 

PBS or 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 (l:9v/v trypsin/versine (TV)) by adding 2ml of TV and replacing the 

flask in the incubator for 1-2 minutes to allow the cells to dissociate from their 

monolayer. This action was then terminated by the addition of 5ml of medium, the 

number of cells was then counted using a hemocytometer and the cells replated out 

at a density of 5x 10^ cells per ml, with 20ml of medium in a 80 cm^ flask. The cells 

were then incubated at 37®C, 5% CO2
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2.2.11.3- Transfection Protocols

Two types of transfection were used:

A.- Transfection of Q2bn cells and selection of neomycin-resistant transfectants

The Q2bn packaging cell line was transfected using L i p o f e c t i n ^ M  (Gibco/BRL) 

with a modification of the method recommended by the manufacturer. Cells were 

plated 16-18 hours before transfection at 3-4 x 10^ per 10cm dish (approximately 

30-50% confluent). The transfection mixture was prepared by combining ISjil of 

lipofectin reagent (Img/ml stock), 200pl of medium without serum and antibiotic 

and 5|xg of plasmid in 200pl of the same medium The mixture was then incubated 

at room ten^erature for 15 minutes. During this 15 minute incubation, the cells 

were washed 3x on the culture dish with DMEM/F12. The transfection mixture 

was then added to the culture dish together with 3.6ml of medium without serum 

and antibiotic, and the cells were incubated at 37°C for 6 hours. At the end of this 

incubation, 4ml of 2x serum were added to the cells. The cells were then grown at 

37°C for a further 48 hours, the transfection medium was removed and selective 

medium (medium plus 800pg/ml G418) was added to the cells. After 10-15 days, 

G418 resistant colonies were visible. To isolate the colonies, 20p,l pre-warmed TV 

was used and trypsinized cells were plated in 24- well dishes for the initial growth 

of the colony. Colonies were spht into larger wells as they became confluent under 

continued selection with G418. Individual clones were frozen at the 10-cm dish 

stage, using the selective medium supplemented with 10% dimethylsulfoxide 

(DMSO,Sigma).

B.-Transfection of CEF(0)

CEF(O) were transfected by calcium phosphate precipitation using a protocol based 

on that first described by Graham and Van Der Eb (1973). The cells were plated out 

in 90% DMEM and 10% FCS at 5x 10 ^ cells per 10cm tissue culture dish and left 

in the incubator overnight. The next day, four hours prior to transfection, the
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medium was removed and replaced with 5ml of fresh medium. Transfection mixture 

was prepared in the order stated: 10|iig DNA to be transfected, lOpg carrier DNA 

(herring testes DNA), 31 pi of 2M CaCl2 and made up to 250pl with dd water. The 

above was added dropwise to 250pl 2x HEPES-buffered saline (lOx HBS is 8.18% 

(w/v) NaCl, 5.94% (w/v) HEPES, 0.2% (w/v) diNa2HPO^, pH 7.12). Once a 

milky-white precipitate had formed, the transfection mixture was gently added to 

the cells and left overnight, for a maximum of 18 hours at 37°C. The transfection 

medium was removed by aspiration and the cells were washed 3 times with serum 

free medium. Finally, 10ml of fresh medium was added and the cells were then 

grown for 7-14 days, passaging every other day. For good spread of virus through 

the cultures, good cell proliferation is required.

2.2.11.4-Harvesting the Viral Supernatant

24 hours prior to harvesting the supernatant from the virus-infected cells, the 

medium was removed and fresh medium added (5-10ml per 10cm tissue culture 

plate). The next day, the medium was removed from the cells and passed through a 

0.45pm acrodisc (Gelman Sciences Ltd, Northarcpton, UK) to remove any cells 

from the medium. This medium was then stored in 0.5ml ahquots at -70^0. To gain 

a higher titer, the supernatant was concentrated.

2.2.11.5-Concentration of Supernatant by Ultracentrifugation

This method was used only for the CEF(O) transfected cells. The medium 

containing the viral particles was placed in ultracentrifiige tubes at 10-12ml per 

tube. The rotor tubes and caps from a SW41 Beckman rotor were washed 

thoroughly with 70% ethanol, and the tubes placed inside. The viral supernatant 

was centrifiiged at 20,000 rpm, for 2 hours at 4®C and the medium decanted off. 

The decanting procedure left 50-100pl of medium in the bottom of each tube and 

this was used to resuspend the viral pellet. Each tube was then placed in sterile 

Falcon tubes and shaken gently on ice for 1 hour, after which the medium was
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gently pipetted to achieve maximum resuspension. Any air bubbles that appeared 

were removed by microcentribigation to ensure a maximum yield of virus particles. 

The supernatant was then abquoted at 50|il per Eppendorf. Generally, around 60ml 

of culture medium was reduced to 300-600|l i 1 concentrate. The aliquots were then 

frozen on dry ice and stored at -70^0. At all steps, the viral supernatant was kept 

on ice.

2.2.11.6- Anti-gag and Anti-Msx-1 Antibody Staining

To assay cells for viral spread, they were stamed with a monoclonal antibody 3C2 

agamst viral gag protein. The transfected cells were plated out m 15mm plates and 

left overnight. The medium was removed and the cells were washed with 0.5ml 

PBS, pH 7.5 per well for 5 minutes. The cells were then fixed for 20 minutes in 2% 

(w/v) paraformaldehyde, and the Vectastain ABC ehte kit (Vector Labs., 

Peterborough, UK) was used to carry out immunocytochemistry. All solutions were 

provided in the kit except the primary antibody, the PBS, the diaminobenzidine 

tetrahydrochloride (DAB, SIGMA) and the Tris-HCl, pH 7.5. The staining 

procedure was as follows. After fixing, cells were washed for 5 minutes in PBS. 

Then, 0.5ml of 0.3% (v/v) hydrogen peroxide (from a 30% stock solution) in 

methanol was added, to quench endogenous peroxidase activity. After incubating 

for 30 minutes, cells were washed with 0.5ml PBS for 20 minutes. Next, 0.5ml 

blocking buffer (150|xm horse serum in 10ml PBS) was added for 20 minutes. The 

cells were then washed with 0.5ml PBS for 5 minutes. Next, 0.5ml of a 1/10 (v/v) 

dilution of primary antibody (3C2 cell supernatant) in PBS was added and the cells 

incubated for 1 hour at room temperature. The cells were washed 3x 5 minutes 

with PBS. The cells were then incubated with 0.5ml of secondary antibody (50pl 

biotinylated horse anti-mouse immunoglobulin and 150pl horse serum made up in 

10ml PBS) for 30 minutes. Again the cells were washed three times with 0.5ml PBS 

for 5 minutes. Next, the cells were incubated with 0.5ml Vectastain ABC elite 

reagent, which consists of lOOpl of reagent A and lOOpl of reagent B added to 5ml
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of PBS and immediately mixed and left to stand for 30 minutes before adding to the 

cells for a further 30 minutes. The cells were then washed 3x with 0.5ml PBS for 5 

minutes and then incubated with the colour reagent DAB for 2-7 minutes or until 

the colour was intense enough. The DAB consisted of an equal volume of 0.02% 

(v/v) hydrogen peroxide (from a 30% stock) made up in dd water and 0.1% (w/v) 

DAB made up in 0. IM Tris, pH 7.2. Once the colour had developed, the DAB was 

removed and the cells washed twice for 5 minutes in water. The cells were stored in 

50/50 (v/v) PBS/glycerol.

To assess cells for MSX-1 protein, the same method was followed. The monoclonal 

antibody (MAb) 4G1 was used, which recognises both MSXl and MSX-2 (Liem et 

al., 1995).

2.2.11.7- Titering of Virus Suspension

The QT6 cells were plated out in 15mm wells at a concentration of 2x 10"̂  cells per 

well and left overnight. Viral supernatants, both concentrated and unconcentrated, 

were removed from the -70° freezer and a series of dilutions was made up in fresh 

medium, in volumes of 1ml. The medium was then removed from the cells and 

replaced with the dilutions of virus. The cells were then reincubated for 18 hours. 

The medium was removed and the cells washed for 5 minutes with PBS and then 

fixed in 2% (w/v) paraformaldehyde for 20 minutes. The cells were then stained for 

gag using the protocol in section 2.2.11.6.

The titer was then calculated by counting the number of virus positive cells in the 

wells, taking into account the dilution factor, the magnification of the microscope 

and the area of the well. Five areas were counted in each well, using a graticule in 

the eye-piece of the microscope under 32x magnification. The average number of 

positive was calculated and multiphed by 1963 (the area counted is 1/1963 of the 

total area) and the dilution factor to give the number of virus particles per ml.
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2.2.12- Embryology

2.2.12.1- Production of Cell Aggregates

Cell aggregates were produced by two methods:

A - 5 X 10^ retrovirus-producing cells were seeded in a 10cm bacteriological Petri 

dish (Nunc) at least two days before grafting. Bacteriological dishes were used 

because cells adhere poorly to these and therefore form aggregates which tend to 

float. These cells aggregates were incubated overnight in medium containing 2|rg/ml 

mitomycin C (Sigma) to block cell division irreversibly but to permit retrovirus 

production. The following day the cell aggregates were washed twice with Ix PBS 

and kept in medium without mitomycin C or G418. Compact spherical cell 

aggregates of about 150-200|rm diameter were selected using a stereo microscope. 

These non-proliferative cell aggregates were used for grafting experiments on the 

same day only.

B - A confluent 80cm^ flask of CEF(O) transfected with the viral construct was 

trypsinised as described in section 2.2.11.2. Once the cells had dissociated from 

their monolayer, they were centrifuged for 5 minutes, at 1,500 rpm in a Beckman J- 

6B centrifuge, 4°C. The pellet was resuspended in 1ml of medium, and transferred 

to a sterile eppendorf and centrifiiged 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 6cm tissue culture dish containing 5ml of 

medium using a blue 1ml tip with its end cut off. The dish was then incubated at 

37®C for one hour for the pellet to consohdate after which the pellet was ready to 

use for grafting in ovo.

2.2.12.2- Grafting of Cell-Aggregates into Chicken Embryo Wing Buds

Fertihsed White Leghorn eggs were incubated at 38 +/- l^C (70-80% humidity). 

Eggs were windowed aseptically and staged according to Hamburger and Hamilton
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(1951). Embryos of developmental stages 18-20 (70-78 hours of development) 

were selected and using jfine forceps a small hole was opened in the extra-embryonic 

membranes overlying the wing. The grafting site was then prepared by making an 

incision in the sub-apical mesenchyme of the wing bud using sharp tungsten needles. 

The cell pellet was inserted into the incision using tungsten needles. The egg was 

re-sealed with tape and incubated to reach the desired developmental stage. 

Embryos were then dissected and fixed either in 4% (w/v) paraformaldehyde at 4®C 

overnight or in 5% (w/v) TCA (tricholoacetic acid) overnight.

2.2.12.3- Alcian Green Staining for Cartilage

After the embryos were fixed in TCA, they were stained with 0.1% (w/v) alcian 

green in acid alcohol (70% (v/v) ethanol, 1% HCl) for 4 hours to overnight. Next, 

the embryos were washed in acid alcohol for 4 hours to overnight, and then twice in 

absolute ethanol for a minimum of 2 hours. FinaUy, the embryos were cleared in 

methyl sahcylate.

2.2.12.4- Micromass Cultures

To prepare micromass cultures, stage 20 or 21 whole wing limb buds were used. 

The embryos were removed fi'om the egg asepticaUy, placed in a Petri dish 

containing PBS, pH 7.5 and aU the membranes removed. Next using a pair of 

tungsten needles, the buds were removed firom the embryos and washed again with 

PBS. The PBS was removed and a solution of 2% trypsin (Gibco 1:250) in 

calcium- and magnesium- fi*ee saline (Hanks Buffered Salt Solution, Gibco) pH 7.4, 

added. The buds were then left; on ice for 20-35 minutes to aUow the ectoderm to 

dissociate firom the mesoderm. To block the action of trypsin, micromass culture 

medium (45% (v/v) DMEM, 45% (v/v) F12, 10% (v/v) FCS, with antibiotic (1% to 

final volume) and L- glutamine (200mM, lOOx; 2% of final volume)) was added. 

Next, the Petri dish was placed on a cold plate and the ectoderm was removed using 

two pairs of fine forceps. The mesoderm was then placed in a sterile Eppendorf and
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suspensions were made by pipetting the tissue fragments vigorously. The 

mesodermal cells were then spun down for 3.5 minutes at 6,500 rpm, and 

resuspended in 1ml of medium The number of cells per unit volume was estimated 

using a hemocytometer. The cells were microfuged again for 3.5 minutes, at 6,500 

rpm and resuspended in an appropriate volume of medium to give the required 

concentration of cells (2 x 10^ cells per ml). The cells were then plated out in the 

centre of 1cm diameter wells using lOpl cell suspension (containing 10^ cells) per 

well. The micromasses were then incubated for 1 hour at 37°C, 5% CO2 Next, the 

cultures were incubated with 290p,l of micromass medium and they returned to the 

incubator overnight.

The next day, the micromasses were infected with viral supernatant at varying 

dilutions. They were again reincubated and 3 days after the initial viral infection the 

medium was removed and fresh dilutions of virus added. The micromasses were 

allowed to grow for 6 days before being fixed and analysed for any phenotypic 

effect the virus may have had.

2.2.12.5- Alcian Blue Staining of Micromass Cultures

The micromasses were fixed overnight in 4% (w/v) paraformaldehyde at 4®C. The 

paraformaldehyde was removed and replaced with 1% (w/v) alcian blue for 3 hours 

at room tenqierature. The alcian blue was then removed and the micromasses rinsed 

with water for 1 minute. The cultures were then dehydrated through a series of 

ethanol solutions (50%, 70%, 90%, 100%) with each step carried out for 5

minutes. The last ethanol wash was then removed and 50/50 PBS/glycerol added to 

cover the micromasses.
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2.3 Results

2.3.1- Characterisation of a chicken Msx-1 cDNA clone
A chicken Msx-1 cDNA clone was previously isolated by S. Wedden during a 

library screen and the 1.4kb EcoRI insert was subsequently subcloned into the 

plasmid vector pBluescript SK"̂  yielding plasmid cMsx-l/BS. I sequenced the two 

ends of the cDNA insert directly from double stranded cMsx-l/BS using the T7 and 

T3 primers corresponding to pBluescript sequences franking the insert. I then 

determined the conq)lete sequence of the insert using internal primers (Figure 2.5). 

The cMsx-1 insert consisted of a 5' untranslated region of 322 nucleotides, followed 

by an open reading frame of 724 nucleotides and finally a 3' untranslated region of 

354 nucleotides. The open reading frame started with an ATG codon that met the 

requirements of Kozak's rules (Kozak, 1984). The sequence was then compared 

with that of pubhshed cMsx-1 sequence using the program PC-Gene (Intelhgenetics 

Inc., California USA). The nucleotide sequence of the coding region including that 

of the homeodomain was found to be identical to the sequence of the pubhshed 

cMsx-1 (Figure 2.6). There was also extensive nucleotide sequence identity between 

this chicken cMsx-1 and the pubhshed cMsx-1 in the 3' untranslated region (Figure 

2.6). In contrast, there was no significant homology in the 5' untranslated sequence. 

This is unlikely to be due to strain differences and to a cloning artifact, either in the 

pubhshed qMsx-1 clone or in cMsx-l/BS. However, this was not important for the 

subsequent studies since both non-coding regions of cMsx-1 were removed.

2.3.2- Construction of recombinant retroviral plasmids 
encoding chicken Msx-1
Previous studies have shown that non-codmg sequences can reduce the efficiency of 

expression of the inserted cDNA. For this reason it was decided to remove the 5' 

and 3* nbn-codihg regions from the cMsx-1 cDNA before cloning into retroviral 

vectors. The coding region of the cMsx-1 cDNA was amplified using PCR



Figure 2.5- (A) Diagrammatic representation of the chicken Msx-1 cDNA clone 

{cMsx-1) showing the positions of the primers (arrows) used for sequencing. (B) 

Corrq)lete nucleotide sequence of cMsx-L Underlined nucleotides constitute the cMsx-\ 

coding region.
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GAATTCGCGGCCGCCCGCCTCCGCCGCGCCCTCATGAGCGC-CGCC
GCTCCCGCAGCACGCGGACA------------------ CGCCCTGCATGGCCCTG
CGGACATGACCACCGCGCCCACCGGTTCGCAGCGACGAGCCGCCCG
CCT-----------------------------------------------------------------------------------------
---------------------------------------------------------------------------------CGCGGCG
ATGQGCGGCGAGGAGGAGAGCGACAAACCCAAGGTGTCCCCTTCCC 
CGCTGCCCTTCAGGCGGTGGAAGQGCTCATGGCCGACCGCGGAACG 
CGGGCGGCAGAGACGGTCCCGAGGQTTCCGGGCCCCCTCTCGCCGC 
CCGAGCCAACCTCGGCGCTCTGACGACGGAGGCACCGACGTCGCCG 
CTCCGTCTCGGCGGCCACTTCCCGTCCGTCGGGQCGCTGGGCAAGC 
TGCCCGAGGACGCGCTGCTCAAAGCAGAGAGCCCCGAGAAGCCGGA 
GCGACGCCCTGGATGCAGAGCCCCCGCTTCTCGCCGCCCCCGCCCA 
GGGCTGAGCCCCCCGCCTGCACCCTGCGCAAGCACAAGACCAACAG 
GAAGCCCCGGACGCCCTTCACCACGGCCCAGCTGCTGGCCCTGGAG 
AGGAAATTCCGCCAGAAGCAGTACCTGTCCATCGCCGAGCGCGCCG 
AGTTCTCCAGCTCGCTCAGCCTCACCGAGACGCAGGTGAAGATCTG 
GTTCCAGAACCGCCGCGCCAAGGCCAAGCGGCTGCAGGAGGCCGAG 
CTGGAGAAGCTGAAGATGGCAGCCAAGCCCATGCTCCCGCCTGCTG 
CATTCGGCATCTCCTTCCCGTTGGCGGCCCAGCAGTGGCCGGCGCA 
TCCCTGTACGGAGCCTCCAGCCCCTTCCAGCGAGCGGGTCTGCCCG 
TGGCCCCTGTGGACTGTACACGGCGCACGTTGGATATAG-----------

TGGCAGGCTGGGGAAGGAACTATGGCAGAGAAAGGGCACAAAGGCA 
GCCCAGTAGGACATTTCAGCAAGGGGAGGGTGGGAGGCAGAGCGCC 
GCCTGTCCCGTCCCTGCAGGGCAGCTGTTAACCTGTGGCCATTCCT 
CCGCCAGCTCCTGAGGAAGGGGCTCTCTCTGTGTAGTATGTAATAT 
AC TGTATATTTGAAATTTTAGC GGC CGCGAATTC C



Figure 2.6- Comparison of the predicted nucleotide sequence of cMsx-1 with the 

published cMsx-1 sequence (Suzuki et al., 1991). (A) The two sequences have identical 

coding regions and the 3' untranslated region were almost identical. The 5' untranslated 

sequences were totally different. (B) Direct comparison of the 3' untranslated region; 

the differences are shown in big letters. First line: published cMsx-1 sequence. Second 

line: sequence characterised in this thesis.
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(Polymerase Chain Reaction). A PGR primer was designed for the 5' end to create a 

Nco\ site at the Msx-1 ATG codon. This would allow the 5* end of the Msx-1 

coding region to be directly inserted into the Nco\ site of Clal2Nco (Figure 2.7). A 

primer for the 3' end was designed to add a site that was absent from the Msx-1 

sequence, but present in the adaptor plasmid (Figure 2.7). Nco\ was used. The 

amplified PGR product (724bp long) was hgated into Glal2Nco, which had been 

cut with Nco\, yielding Glal2Nco-Msx-l and the insert was then sequenced to 

ensure that no mutations had been introduced by PGR The insert was cut out using 

the flanking Clal sites and hgated into C/ad-cut pGRNGM and RGASBP(A).

Hybridisation colony screening at high stringency, using the cMsx-1 PGR fragment 

as a probe yielded three positive clones for the pGRNGM hgation. Nucleotide 

sequence analysis of these clones, using a primer corresponding to vector sequence 

flaking the Clal site, showed that 2 clones contained the Msx-1 coding region in the 

sense orientation (e.g. Msx-l/pGRNGM) whilst the remaining one clone contained 

the Msx-1 coding region in the antisense orientation (Gontrol/pGRNGM) (Figure 

2.8, 2.9). In addition, the orientations were checked by restriction enzyme digestion 

using EcoRI (Figure 2.8, 2.9).

The RGASBP(A) Hgation gave rise to a large number of positive clones. To 

determine the orientation of these inserts, diagnostic cuts were carried out using 

Sail (Figure 2.10). The sense construct Msx-l/RGAS yielded two fragments with 

the restriction enzyme Sail (Figure 2.11). These were a large fragment of about 

12kb and a Ikb fragment. The antisense construct Gontrol/RGAS also yielded two 

fragments when digested with Sail (Figure 2.11). These were a large fragment of 

1 Ikb and a fragment of 2kb. In addition, orientations were checked by nucleotide 

sequencing, using an RGAS primer.



Figure 2.7- (A) Strategy for generating an Ncol compatible 5' overhang without 

altering the coding sequences. Single base change (arrowed) introduced into the cMsx-1 

sequence to create an Ncol site. (B) An Ncol site was added to the 3' end of the cMsx-1 

cDNA sequence. (C) Cloning of the cMsx-1 coding region into the adaptor plasmid, 

Clal2Nco. The initiation and termination codons are indicated in boxes. An EcoRI site 

was added to both primers to ensure that Ncol was efi&ciently cut.
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GCATGCCCATCGATAAGCTTGGGCTGCAGGTCGAC

X bal BamHI Sm al SstI EcoRI

TCTAGAGGATCCCCGGGCGAGCTCGAATTCGTAAT

N col

CATGGCCATGGGCGGCGAGGA

Msx-1 sequence

Figure 2.9- Diagnostic cuts and sequence analysis o f Msx-1/pCRNCM. (A) Positive 
clones were digested with EcoRI. Lane 1: anti sense construct yielded two fragments, 
one 7kb and a smaller o f about Ikb. Lane 2: sense construct yielded two fragments, 
a large fragment o f about 8 kb and a very small fragment o f about 300bp (not visible 
on the gel).
(B) Sequence analysis o f the sense Msx-1/pCRNCM eonstruet.



99

/Vcol Ncol

I-------1
PCU fragment

Ncol
Clal I Saa

\  I /

C lal2N co

Clal

Ligation Cut with Ncol

Clal

Clal

Cut with Clal

gag

Cut with Clal

RCASBPtA
Clal2Nco-Msx-l

Ligation

\
env

Msx-l/RCASMsx-1 insert

Clal

Figure 2.10- Procedures for cloning cMsx-l into RCASBP(A) retroviral 
vector
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Figure 2.11- Diagnostic cuts o f Msx-l/RCAS. Lane 1 : anti sense construct 

Control/RCAS cut with Sail produced two fragments; one of 1 Ikb and one 

of 2kb. Lane 2: sense construct Msx-l/RCAS cut with Sail produced two 

fragments, one o f 12kb and a small fragment o f 1 kb.
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2.2.3- Production of infectious recombinant retrovirus 
particles
The quail packaging cell line Q2bn was used to produce infectious particles of the 

replication defective Msx-l/pCRNCM and Control/pCRNCM retroviruses. 

Packaging cells were transfected using the standard lipofectin procedure and stable 

transfectants were selected by growth in medium containing 800pg/ml of geneticin 

sulfate (G418), since the vector carries a neomycin-resistant gene that confers 

resistance to geneticin. I isolated three sense clones, named 2a, 2b and 2c, and one 

antisense clone, named la. The titers of retroviral particles in culture supernatants 

were determined every few months by transfecting recipient QT6 cells with serial 

dilutions of culture supernatant from a particular clone, as described by Pompa et 

al., (1993). The 2a-Msx-l/pCRNCM clone was found to produce the highest titer 

of retrovirus particles (Figure 2.12A) and was chosen for further work. In addition 

the titer of the antisense clone la-Msx- 1/pCRNCM was found to be similar to 2a- 

Msx-l/pCRNCM.

Infectious virus particles of the replication competent Msx-l/RCAS and 

Control/RCAS retroviruses were produced by transfecting the plasmids into 

cultured CEF by the calcium phosphate method of Graham and Van der Eb (1973). 

Normal outbred chickens, such as White Leghorns, contain endogenous 

retroviruses. For example, twenty-two endogenous retroviral loci have been 

characterised in White Leghorn chickens (Weiss et al., 1984). There is therefore a 

risk of recombination of the transfected construct with endogenous sequences. For 

this reason, a primary cell line was made from ten day old Line O chick embryos 

(Astrin et al., 1979), which contain no endogenous retroviruses. However, the 

disadvantage of using a primary cell line was that these cells do not keep growing 

continuously and after approximately six weeks become senescent. The transfection 

procedure must then be repeated with fresh cells to maintain a supply of virus.



Figure 2.12- Immunocytochemical staining for gag proteins in (A) Msx-1/pCRNCM- 

transfected Q2bn cells, (B) Msx-l/RCAS-transfected CEF(O) and (C) CEF(O) alone. 

Cells were stained with a monoclonal antibody 3C2 against the viral gag protein, 

followed by peroxidase-conjugated horse anti-mouse IgG.
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The spread of the virus in the infected CEF cultures was monitored using a 

monoclonal antibody 3C2 against the viral gag protein (Figure 2.12B,C). When all 

the cells stained positive, within 7-10 days, they were prepared for grafting into 

chick limb buds.

2.2.4- Northern hybridisation and immunocytochemistry
To test whether the retroviral genomes directed correct expression of the inserted 

cMsx-1 sequences, I first looked for Msx-1 mRNA in infected cells by northern 

blotting and hybridisation. I then looked for Msx-1 protein in infected cells by 

immunocytochemistry.

Northern blots were performed with total RNA extracted from 2a-, 2b-, and 2c- 

Msx-1/pCRNCM and from la-Control/pCRNCM cell lines (Figure 2.15A). In 

addition total RNA was also harvested from CEF(O) that had been transfected with 

Msx-l/RCAS or Control/RCAS (Figure 2.15C), and also from untransfected 

CEF(O). The RNA extracted from the untransfected cells was present to act as a 

control to ensure there was no cross hybridisation to any sequences within the 

CEF(O). The northern blot was probed with a ^^P-labelled antisense riboprobe 

specific for the cMsx-1 mRNA.

The replication defective retroviral vector Msx-l/pCRNCM carries the Msx-1 

coding region downstream of the internal early CMV promoter. Expression of the 

neomycin gene is controlled by the Rous Sarcoma Virus LTR-promoter. The Msx-1 

sequence is transcribed from both the retroviral LTR and the CMV promoter. The 

genomic transcript would be expected to have a size of 7.4kb whereas the 

subgenomic transcript initiated from the CMV promoter ought to be approximately 

2kb long (Figure 2.13). It was observed that clone 2a (sense) cells contained 

transcripts of the correct sizes, while neither clone 2b nor 2c showed any detectable 

hybridisation to the antisense probe (Figure 2.15B).



Figure 2,13- Map of the genome of replication defective recombinant retrovirus 

Msx-l/pCRNCM. The Msx-1 coding sequences are in the sense orientation with respect 

to the CMV promoter. Negative control virus Control/pCRNCM contained Msx-1 

coding sequences in the reverse orientation. Viral transcripts are shown below the map. 

CMV, cytomegalovirus immediately early gene promoter.
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Figure 2.14- Map of the genome of replication con^etent recombinant retrovirus 

Msx-l/RCAS. The Msx-1 coding sequences are in the sense orientation. Viral 

transcripts are shown below the map. SD, sphce donor site, SA, sphce acceptor site.
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Figure 2.15- Total RNA was isolated from Q2bn and (O) Line eells transfeeted with all different 

construets, electrophoresed on 1 % agarose-Mops-formaldehyde gel and stained with ethidium 
bromide (A,C). fhe 28S, IBS, and 5SRNA bands are indicated. Northern blots of these were 
hybridised with an antisense chicken Msx-1 RNA probe (B,D). Arrows indicate the sizes o f the 
different transcripts.
2a. 2b, 2e Msx-1/pCRNCM, la, Control/pCRNCM constructs (A,B)
8. Msx-l/RCAS; 5, Control/pCRNCM eonstmets (C,D)
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In the case of the RCAS constructs, transcription is initiated in the 5' LTR of the 

provirus, yielding a primary transcript that can be spUced to yield two subgenomic 

transcripts. The fidl length transcript contains the gag pol env and Msx-1 sequences 

and encodes the gag and pol proteins (expected size 8.5kb). The second transcript 

contains the env and Msx-1 sequences and encodes the env protein (expected size 

4.7kb). Finally, the third transcript contains just the Msx-1 sequences (expected size 

2.0kb) and should encode Msx-1 protein (Figure 2.14). Figure 2.15D shows a 

northern blot of total RNA from ceUs transfected with the sense RCAS construct 

and hybridised with the antisense Msx-1 probe. All three transcripts were detectable 

and corresponded to the sizes expected.

Immunocytochemistry with a monoclonal antibody against cMsx-1 showed that 

Msx-l/RCAS-transfected cells synthesised cMsx-1 protein, while Control/RCAS- 

transfected cells did not (Figure 2.16).

2.2.5- Ectopic expression of recombinant retroviruses in vitro
To determine the effect of overexpressing Msx-1 in an in vitro model of developing 

limb bud mesenchyme, micromass (high density limb mesenchymal cells) cultures 

were prepared from stage 20 limb buds and infected with supernatant from cells 

infected with 2a-Msx- 1/pCRNCM or Msx-l/RCAS or as controls, 

Control/pCRNCM or Control/RCAS. Infection was carried out on day 1 (n=10), 

day 2 (n=10) or day 3 (n=20) after plating . On day 4, the micromasses were fixed 

in 4% paraformaldehyde and stained for cartilage with alcian blue.

Control cultures differentiated into a sheet of cartilage as would be expected. 

Cultures infected with 2a-Msx- 1/pCRNCM or Msx-l/RCAS did not show any 

visible difference to the control cultures (Figure 2.17).



Figure 2.16- Immunocytochemical staining for chicken MSX-1 in CEF(O) cells 

transfected with Msx-l/RCAS. Cells were stained with a monoclonal antibody against 

MSX-1, followed by peroxidase-conjugated horse anti-mouse IgG. (A) Low 

Magnification (lOX) (B) High Magnification (25X). Note nuclear staining and 

conq)are with Figure 2.12.
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Figure 2.17- Micromass cultures of stage 20 chick wing bud mesenchyme. Four-day 

micromass cultures grown in supernatant from (A) Msx-l/pCRNCM-transfected Q2bn, 

(B) Control/pCRNCM-transfected Q2bn cells and (C) Msx-l/RCAS-transfected 

CEF(O), (D) Control/RCAS transfected CEF(O) cells. All cultures were stained with 

alcian blue for cartilage.
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2.2.6- Ectopic expression of recombinant retroviruses in vivo 
by grafting transfected cells into chick limb buds
Cell aggregates of the selected high titer retrovirus producer clone 2a-Msx- 

1/pCRNCM were produced and treated with mitomycin C to block ceU division but 

permit retrovirus production. A heterogeneous population of cell aggregates was 

obtained and non-necrotic cell aggregates of about 150 to 200|j,m diameter were 

selected. The spherical cell aggregates were grafted to the wing bud of stage 18 to 

20 embryos. An incision was made close to the AER to place the cell aggregate in 

direct contact with the cells of the progress zone (anteriorly, apically and 

posteriorly) (n=55). In some cases, grafts were placed proximally, at the border 

between the flank of the embryo and the limb bud (n=26). The distribution of the 

virus was monitored by in situ hybridisation to whole mount preparations (n=10), 

using a chicken Msx-1 probe that hybridises to viral genomic RNA transcribed fi*om 

the viral LTR and to Msx-1 mRNA transcribed jfrom the CMV promoter. 

Transcripts were found in both grafted cells and in immediately adjacent host 

mesenchyme at both 24 hours (n=6, Figure2.18A,B) and 48 hours (n=4) after 

grafting. This indicated that Msx-l/pCRNCM acted as expected for a replication- 

defective retrovirus and infected the limb bud mesenchymal cells locally at the apex 

of the bud, but did not spread beyond the initially infected cells.

To check whether the grafted cell aggregates had any effects on limb pattern 

formation, a large number of infected embryos were left to develop for six days 

(stage 36; embryonic day 10). They were examined for malformations and their 

skeletal pattern was analysed by Alcian Green staining. Analysis of 71 embryos 

revealed no changes in the skeletal pattern (compare Figure 2 .18B with Figure 

2.18C). However in a few embryos (n=Tl) embryos the humerus was shortened 

and thickened. This was probably likely caused by the experimental manipulation 

during grafting of ceU aggregates, because the same effect was seen when 

Control/pCRNCM ceUs were grafted (n=16).



Figure 2.18- In situ hybridisation to transcripts of replication defective Msx- 

l/pCRNCM virus in vivo, following grafting of Q2bn transfected cells into chick limb 

buds. (A) Distribution of Msx-l/pCRNCM virus in whole mount preparations of limbs 

grafted (a) centrally or (b) anteriorly at stage 19/20 with Msx-l/pCRNCM-transfected 

Q2bn cells. Viral transcripts were detected by in situ hybridisation 24 hours after 

grafting with a probe specific for chicken Msx-\ transcripts and are stained purple. 

Arrows show viral transcripts in grafted cells. (B) Effects on skeletal pattern of grafting 

Msx-1/pCRNCM-transfected Q2bn cells to the apex of stage 19/20 wing buds. (C) 

Effects on skeletal pattern of grafting Control/pCRNCM-transfected Q2bn cells to the 

apex of stage 19/20 wing buds. Whole mount preparations were stained with alcian 

green on embryonic day 10.
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Figure 2.19- In situ hybridisation to transcripts of replication competent Msx- 

1/RCAS virus in vivo, following grafting of CEF(O) transfected cells into chick limb 

buds. (A) Widespread locahsation of Msx-1/RCAS in whole mount preparations 48 

hours after grafting of Msx-1/RCAS-transfected CEF(O) cells to the apex of stage 17 

wing buds. (B) Effects on skeletal pattern of grafting Msx-l/RCAS-transfected (CEFO) 

cells to the apex of stage 17 wing buds. (C) Effects on skeletal pattern of grafting 

Control/RCAS-transfected (CEFO) cells to the apex of stage 17 wing buds. Whole 

mount preparations were stained with alcian green on embryonic day 10.
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Pellets of CEF(O) infected with Msx- 1/RCAS or ControPRCAS virus were grafted 

to the apex of stage 16-20 chick limb buds. Since the viruses were rephcation- 

competent, they showed spread through infected tissue. Twelve hours after 

grafting, viral transcripts were aheady detectable by in situ hybridisation with a 

chicken Msx-1 probe (n=6). Viral transcripts were detectable in all cells of the 

recipient limb within 48 hours after grafting (n=4, Figure 2.19A). Control virus 

(Control/RCAS) spread through infected wing buds to approximately the same 

extent as Msx-1/RCAS (n=2).

When the manipulated embryos were fixed six days later, no effect on the skeletal 

pattern or size or shape of the skeletal elements was seen and the limbs appeared 

normal (n=48 , Figure 2.19B). Control grafts of CEF infected with Control/RCAS 

virus also resulted in the development of normal limbs as expected (n= 10) (Figure 

2.19C).

2.4 Discussion
To test the hypothesis that Msx-1 is involved in maintaining the characteristics of 

progress zone cells, chick limb bud cells were infected with either a repHcation 

corqpetent retrovirus or a repHcation defective retrovirus encoding cMsx-l. The 

resultant constitutive expression of qMsx-1 in limb bud mesenchyme ceUs might 

prevent differentiation and stimulate outgrowth.

The foUowing retroviruses were constructed:

1) RepHcation defective pCRNCM containing fuU-length chicken Msx-1 coding 

region alone (Msx-l/pCRNCM and Control/pCRNCM) .

2) RepHcation corcpetent RCASBP(A) containing fiiU-length chicken Msx-1 coding 

region alone (Msx-1/RCAS and Control/RCAS).

The chicken Msx-1 coding region was generated using PCR. Nucleotide sequencing 

showed that the Msx-1 coding region was free of any untranslated region and no
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mutations had been introduced during virus construction. Furthermore, northern 

blotting and hybridisation showed that the viruses (2a-Msx-l/pCRNCM, Msx- 

1/RCAS) directed synthesis of correctly processed chicken Msx-1 mRNA. In 

addition, I showed that Msx- 1/RCAS directs synthesis of Msx-1 protein by using an 

antiserum against chicken Msx-1. However, infection of high density micromass 

cultures of chick limb bud mesenchyme with 2a-Msx- 1/pCRNCM and Msx- 

1/RCAS had no effect on cartilage differentiation in vitro, and when chick limb buds 

were infected with these viruses in ova by grafting virus-infected cells to the limb 

buds, there was no effect on hmb development.

There are a number of possible explanations for this lack of effect. First, it is 

possible that whilst I showed that Msx-1 mRNA and protein are produced by the 

viruses in fibroblasts in vitro, the viruses fail to direct synthesis of chicken Msx-1 

mRNA and/or protein in vivo. This could be tested by performing northern 

hybridisation on infected micromasses and infected embryo tissue, or by performing 

immunocytochemistry on infected micromasses and embryos. A second possibility is 

that virus-encoded Msx-1 is expressed in the infected limb buds but not at high 

enough levels. It should be possible to test this by performing western blotting in 

normal and infected limbs, although it may be difficult to detect increased 

exogenous Msx-1 levels above a background of endogenous Msx-1. Third, Msx-1 

may require other factors to maintain progress zone characteristics. For exanq)le, it 

may work in concert with the closely-related Msx-2 gene. To test this possibihty. Dr 

Delphine Duprez has constructed a repHcation competent retrovirus encoding Msx- 

2 using the same RCAS virus but with a different subgroup specificity (subgroup 

B). In this way, it is possible to co-express both recombinant proteins, Msx-1 and 

Msx-2, in the same host cells. This collaborative work, between myself and Dr 

Duprez, is stiU in progress. In addition, on the basis of gene expression patterns, 

numerous other genes could, in principle, act in the same pathway as Msx-1. These
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include AP-2, Wnt-Sa and Evx-1. All these genes show similar patterns of 

expression to that of Msx-1 (see Chapter 1).

Finally, another hypothesis could be that Msx-1 is simply not involved in limb 

outgrowth. Functional inactivation of Msx-1 in transgenic mice has no apparent 

effect on limb development or in many other tissues where it is normally expressed. 

In fact, the only abnormahties observed in these null mutant mice are in tissues that 

derive from the first branchial arch, resulting in defects of the maxillary and 

mandibular bones and teeth (Satokata and Maas, 1994). The amino acid sequence 

similarity between Msx-1 and Msx-2, and the fact that they are expressed in 

overlapping or related patterns, raise the possibihty that Msx-2 may substitute for 

Msx-1 in null mutant mice. Msx-2 involvement in limb development is suggested by 

the finding of limb abnormahties in patient with a mutation in the MSX-2 gene 

causing Boston-type cranio synostosis (premature fusion of the skull bones) (Jabs et 

al , 1993). Analysis of the biochemical properties of both genes revealed that these 

members are "equivalent but not equal" and that their proposed redundancy may be 

achieved via distinct biochemical mechanisms that yield a similar functional outcome 

(Catron et al, 1995; 1996). The redundancy hypothesis was recently tested by 

constructing mice deficient for both Msx-1 and Msx-2. The double null mutant 

displayed morphological alterations in hmb and heart development that are not 

observed in the single null mutants (R. Maas, quoted as a personal communication 

in Catron et al, 1996). These results support the hypothesis that Msx-1 and Msx-2 

may be able to substitute fimctionaUy for each other.

Among these possible reasons for the lack of effect of the Msx-1 retroviruses, 

probably the most likely is that Msx-1 acts in concert with other factors.

2.4.1-Review of uses of retroviral vectors in chick embryos
Targeted ectopic expression of genes in chicken embryos corcplements and extends 

the available genetic and transgenic approaches in other vertebrate model systems. 

The power of using retroviral vectors hes in the ease with which gene expression
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may be altered in specific areas of the chick embryo at different times in 

development (Table 2.1). However, as can been seen from my experiments 

retroviral vectors are not always effective, even when ef&cient spread through 

embryonic tissue and expression of the cloned sequences is achieved.

In general, the efficiency with which cloned cDNA sequences are expressed varies 

considerably between viral constructs. For example, m other experiments in our 

laboratory, CEF infected with RCASBP(A)/BMP-4 secreted BMP-4 efficiently, but 

CEF infected with RCASBP(A)/RAR-(3 did not synthesise detectable RAR-(3. 

Northern analysis showed that RCASBP(A)/BMP-4 infected CEF contained 

approximately equal amounts of unspHced primary viral transcripts, sphced env 

mRNA and sphced BMP-4 mRNA, whilst RCASBP(A)/RAR-p-infected CEF 

contained primary viral transcripts and env mRNA, but only low levels of RAR-P 

mRNA. This indicates either that the sphcing event required to generate RAR-p 

mRNA was inefficient, or that the RAR-P mRNA was unstable (Bell and Brickell, 

1996). In some cases, the efficiency of expression can be improved by removing 5' 

and 3' non-coding regions from the inserted cDNA For exanqjle, it is found that 

RCASBP(A) containing a BMP-2 cDNA insert with extensive 5' and 3' non-coding 

sequences faded to direct BMP-2 synthesis, whilst a construct lacking these non

coding sequences, but identical in ah other respects, directed efficient BMP-2 

synthesis (Duprez and Brickell, unpubhshed observations). In addition, it seems that 

some tissues and ceh types are more susceptible than others to virus infection, but 

no systematic study has been reported. There also seems to be variabihty in the 

efficiency with which viruses of different subgroups infect tissues. For example, 

subgroup B viruses appear to be much more efficient at infecting cehs in the central 

nervous system than are viruses of subgroups A  and E (Kieman et al., 1994).

In conclusion, the retroviral vector approach is potentiahy powerfid but should 

nevertheless apphed with some caution.
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Chapter 3

Regeneration of wing bud stumps of chick embryos in
response to FGF-4
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3.1 Introduction
As discussed in the previous chapter, overexpression of Msx-1 in the limb bud did not 

allow direct conclusions to be drawn about its role in limb development. The 

stimulation of Msx-1 by inductive tissue interactions and the proposed functions of 

Msx-1 in controlling the balance between growth and differentiation however make it a 

good candidate for a role in limb bud regeneration. This is suggested by recent 

molecular evidence errq)hasising that both development and regeneration use a similar 

set of signals for regulating pattern formation. It is commonly thought that embryonic 

chick limb buds cannot regenerate. However, with the identification of signals that 

direct outgrowth in developing limbs, a new way of stimulating regeneration in 

embryonic limb bud has emerged. Here, I re-examine systematically the regenerative 

properties of chick limb buds and start to characterise the process of regeneration.

Vertebrates in general, show no regeneration as adults and very limited or no 

regeneration even as embryos. The only adult vertebrates that show remarkable powers 

of regeneration are the urodele amphibians, in which the regenerate is always 

appropriate to the level of anq)utation and matches precisely the stump (Figure 3.1). In 

general, amphibian limb regeneration can be described in terms of six major processes: 

wound healing, dedifferentiation, proliferation, differentiation, morphogenesis and 

growth. Regeneration of normal structures depends upon each of these events 

occurring at the proper time and to the appropriate extent.

Recent interest in the parallels between limb development and regeneration has given 

insights into problems in both areas. In both regeneration and development, distal 

outgrowth, for exanq)le, is stimulated by interactions between ectoderm and underlying 

mesenchyme. In developing chick limb buds, the apical ectodermal ridge, a thickened 

epithelium that rims the tip of the bud, mediates bud outgrowth and maintains a zone of 

undifferentiated {proliferative cells, the so-called progress zone, at the tip of limb bud 

(Summerbell et al., 1973). During regeneration of amphibian limbs, epidermal cells



Figure 3.1- Successive stages in the regeneration of opposite limbs in a newt 

following amputation through lower (left) and upper (right ) arms. At the top are the 

original limbs. Reading down, photographs were taken at 7, 21, 25, 28, 32, 42, and 70, 

days after annulation. For more proximal stumps (right) the regenerate elongates faster 

but differentiates more slowly than that growing fi-om more distal level of amputation 

(taken from Richard Goss, "Principles of regeneration", 1969).
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migrate over the anq)utatioii surface to form the wound epithehum within few hours of 

amputation. Continued epidermal migration causes the wound epithehum to thicken 

into an apical ectodermal cap, an analogous structure to the apical ridge, detectable 4-5 

days after anq)utation (WaUace, 1981). Tissue cehs dedifferentiate and migrate to the 

area below apical cap to form the blastema (Hay, 1959; Steen, 1968; Gardiner et al., 

1986; Casimir et al., 1988; Lo et al., 1993). When an additional apical ridge or cap is 

grafted to the surface of a developing hmb bud or blastema tip respectively, this can 

result in outgrowth of supernumerary limbs (Saunders and Gasseling, 1968; Goetinck, 

1964; Thornton and Thornton, 1965). Conversely, when the apical ridge or apical cap is 

removed permanently at various stages during development or regeneration, truncation 

occurs at different proximo-distal levels (Saunders, 1948; Summerbeh, 1974; Rowe and 

FaUon, 1982; Stocum and Dearlove, 1972).

As described in Chapter 1, in developing limbs the signal from apical ridge can be 

substituted by members of the fibroblast growth factor (FGF) fatmly (Niswander et al., 

1993b; Fahon et al., 1994). Apphcation of FGF-4 also maintains polarising region 

signalling in vivo and in vitro (Niswander et al., 1993b; Vogel and Tickle, 1993). Distal 

structures are only generated in the absence of the ridge when both ridge and polarising 

signals are apphed (Niswander et al., 1993b). The FGFs have also been in^hcated in 

amphibian hmb regeneration but their role in regeneration has not been elucidated. 

FGF-1 has been detected in both blastema mesenchyme and epidermis of axolotls 

(Boihy et al., 1991). In addition, it has been shown that FGF receptors are present in 

both the wound epidermis and throughout the mesenchyme of the blastema (Poulin et 

al., 1993; Poulin and Chiu, 1995). Since the apical ridge in developing limbs and apical 

cap may carry out similar ftmctions, it was suggested that the apical cap in regenerating 

limbs may release FGF into the mesenchyme and therefore promote outgrowth of the 

blastema (Poulin et al., 1993).
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Chick limb buds do not regenerate after amputation even at very early stages. This 

absence of regenerative abibty is intriguing because chick limb buds are quite regulative 

and can be stimulated to form supernumerary limbs in response to apical ridge and 

polarising region grafts (see Chapter 1). In addition, when anq)utated chick limb buds 

are re-supphed with an intact apical ridge, they are capable of conq)lete regeneration 

(Saunders, 1959), suggesting that cells which have recently left the progress zone can 

be caused to "re-enter it" under the influence of the apical ridge. In mice, a distinct 

apical ridge does not form until after outgrowth is well underway, and it is possible that 

this lesser dependence upon a developed apical ridge could account for the ability of 

early stage mouse limb buds to regenerate in culture (Deuchar, 1976; Chan et al., 

1991). Recently, it has been observed that FGF-2 can lead to regeneration of stage 25 

chick limb buds when the bud is amputated at 150(im from the tip (Taylor et al., 1994). 

In order to understand further this intriguing phenomenon, I have mapped 

systematically the regenerative capacity of chick wing buds at a number of different 

stages and amputation levels, and have monitored how the skeleton and muscle patterns 

are re-estabhshed.

The regenerating blastema has an additional requirement for nerves (Singer, 1978). 

Regeneration ceases if the limb is denervated during the first two weeks after 

amputation in an adult urodele. However, in urodele embryos, this nerve dependence of 

regeneration is not acquired until late stages of development, when the limb becomes 

innervated. Perfect limbs can develop after anq)utating aneurogenic urodele limbs 

(made by excising the neural tube of tail bud embryos) which never become "addicted" 

to nerves. Innervation of aneurogenic limbs, however, renders them nerve-dependent 

with respect to regeneration (Yntema, 1959; Thornton and Thornton, 1970). In 

addition, cells of the urodele regeneration blastema have been found to express a 

number of antigens that are not found in the embryonic limb bud. A summary of the 

reactivity of the antibodies against blastema antigens is given in Table 3.1. With the 

exception of the antigen WE3, which is produced by the cells in the wound epithehum
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Antibody Antigen Normal Developing Regeneration
limb limb bud Blastema

22/18 Mermediate no no
majority of cells 
during nerve-

filament staining staining dependent phase, 
regenerating nerve

Keratin 8, glands, blood
LPIK and keratin vessel no majority of cells.

typellNKIl perinerium staining r^enerating nerve

RCE53 Keratin 18
glands, 
blood vessel no majority of cells.

CK18.2 perinerium staining regenerating nerve

WE3
Possibly
carbonic few cells in no

negative, but 
wound epithelium

anhydrase the epidermis staining positive

Table 3.1 Antibody reactivity in the arrq)hibian limb (Ferreti and Brookes, 
1991).
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as blastema forms, the others are expressed in the mesenchymal cehs. Probably the most 

important is the intermediate filament antigen 22/18 whose expression is associated 

with the relationship to nerve dependency (reviewed by Ferreti and Brockes 1991). 

Given this extensive hterature about nerves and limb regeneration in anq)hibian, I 

monitored the pattern of nerves during chick wing bud regeneration.

3.2 Materials and Methods

3.2.1 Limb bud amputation and FGF-4 application
White Leghorn chicken eggs were incubated at 38®C unth they reached stage 24 

(Hamburger and Hamilton, 1951). The eggs were windowed and the membranes 

covering the embryo were sht and puhed back to reveal the wing bud. A systematic 

series of amputations was carried out by first making an anterior-posterior incision 

through the limb bud with fine needles and then removing the tissue cut ofif with fine 

forceps. The level of amputation was measured using an eyepiece graticule cahbrated at 

20|j,mper division. For FGF-4 apphcation, heparin acryhc beads (H5263, Sigma) of size 

of 200-250|rm were soaked m 2|xl of 700|xg/ml FGF-4 for at least 1 hour at room 

tenq)erature before apphcation to the amputated mesenchyme of the limb. To keep the 

beads in place, I used staples made out of platinum wire (0.025mm^, GoodfeUow 

Metals). The embryos were then fixed either in 5% (w/v) TCA (Trichloroacetic Acid), 

or in 4% (w/v) paraformaldehyde.

3.2.2- Wbolemount Staining For Cartilage
To investigate skeletal wing structures, embryos were left to develop for a further 5 

days. The embryos were then fixed in 5% (w/v) TCA (Trichloroacetic Acid), stained in 

Alcian Green, dehydrated and cleared in methyl sahcylate (Details for cartilage staining 

see section 2.2.12.3.).
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3.2.3- Muscle Pattern- Histology
To investigate the muscle and tendon pattern, the embryos stained for cartilage were 

removed from methyl sahcylate and then placed twice for one hour each in molten wax 

before embedding. Sections were cut on an American Optical 820 Rotary microtome at 

between 5 and 8pm and dried onto glass shdes. FinaUy, sections were stained with 

Mahorÿs Triple stain.

Mahorÿs Triple Stain

a) Histoclear 5 minutes

b) 100%, 90%, 70%, 50% alcohol 5 minutes each

c) Distihed water 3 minutes

d) Acid Fuchsin 10 seconds

e) Distilled water 10 seconds

f) Phosphomolybdic Acid 60 seconds

g) Distihed water 10 seconds

h) M ahor/s Triple Stain 30 seconds

i) Distihed water 75 seconds

j) 90%, 2x 100% alcohol 10 seconds each

k) Histoclear 5 minutes

3.2.4- Embryonic Neurofilament Staining
Amputated and FGF-4 manipulated embryos were incubated for 24-96 hours before 

fixing overnight in 4% paraformaldehyde at 4®C. Wbolemount immunocytochemistry, 

using an antibody which recognises embryonic neurofilaments MAb 3A10, was carried 

out by blocking endogenous peroxidase activity with 0.05% (v/v) hydrogen peroxide in 

Phosphate Buffered Saline (PBS) with 1% (v/v) Triton (PBS-Triton), incubating with 

1:1000 MAb 3A10 in PBS-Triton-10% (v/v) newborn caff serum for 2-4 days at 4°C, 

reacting the bound antibody with 1:100 Peroxidase-conjugated AffiniPure Goat Anti- 

Mouse IgG + IgM (Jackson Immunoresearch Lab.) in PBS-Triton with 1% (v/v) 

normal goat serum, and then visuahsing the bound secondary antibody with 3,3'-
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diaminobenzidene tetra hydrochloride (DAB -Sigma) and clearing with 90% (v/v) 

glycerol in PBS.

3.3- Results

3.3.1- FGF-4 application can promote development of amputated 
early wing buds
When wing buds of early embryos stages (19-22) were amputated, no skeletal wing 

structures developed (Table 3.2; Figure 3.2A). To determine whether FGF-4 was able 

to promote replacement of distal structures after removal of the entire wing bud, a 

single heparin bead soaked in FGF-4 was apphed to the posterior mesenchyme at the 

amputation site, level with the body waU. By 24 hours, outgrowth was clearly 

stimulated and stunq) tissue had grown out posteriorly to surround the FGF-4 bead. 

An^utations at stage 19-20 treated with an FGF-4 bead gave in ah cases, humerus, 

ulna, (also in the majority of cases, a smah fragment of radius (3 out of 4)) and digits (4 

out of 4) although the length of the digits was much reduced (Table 3.2; Figure 3.2B); 

apphcation of FGF-4 after wing bud removal at stage 20-21 resulted in development of 

humerus and ulna (Table 3.2); and from stage 21-22 amputations treated with an FGF- 

4 bead placed posteriorly, only a humerus developed (Table 3.2). More conq)lete sets of 

structures developed when two FGF-4 beads were implanted simultaneously, one to 

apical and one to posterior mesenchyme. In these cases, ah skeletal structures were laid 

down, including a radius, but were reduced in size and the digits were usuahy 

incoroplete (Table 3.2; Figure 3.2C). In contrast, when FGF-4 was apphed just to apical 

mesenchyme, there was never any digit formation but humerus and ulna and, in some 

cases, radius formed (Table 3.2). Apphcation of FGF-4 to anterior mesenchyme, 

fohowing bud removal, gave wings with a thickened or spht humerus but failed to ehcit 

formation of more distal skeletal elements (Table 3.2).
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stage
FGF-4

application cases Humerus Radius Uhia Digits

19-22 NONE 20 0 0 0 0

apical 3 3 2r 3 0
posterior 4 4 3r 4 4

19-20 apical&posterior 3 3r 3r 3r 3

anterior 2 2 0 0 0
posterior 6 6 0 6r 0

20-21 apical&posterior 2 2r 2r 2r 2

anterior 1 1 0 0 0
posterior 6 6 0 0 0

21-22 apical&posterior 1 Ir Ir Ir 1

Table 3.2 : Skeletal pattern of wings following removal of whole hmb buds at early 
stages, with and without apphcation of FGF-4 beads to different positions of the 
remaining mesenchyme. Note that regenerated digits were always reduced.
(r = skeletal element reduced in size or partiaUy developed)



Figure 3.2- Effect of FGF-4 application on development of skeletal structures 

following annotation of chick wing buds at different stages.

(A) Removal of entire wing bud at stage 19-20, just shoulder girdle structures are 

formed. (B, C) Removal of stage 19-20 entire wing buds and apphcation of FGF-4 to

(B) posterior or (C) both apical and posterior mesenchyme. Note more complete 

development of radius in C (compare with B). (D) Amputation at 400-500pm from the 

tip of a stage 24-25 hmb bud and posterior FGF-4 apphcation. Ah structures were laid 

down, but ulna, radius and digits reduced in size. (E, F) Ançutation at (E) 400-500pm 

or (F) 300-400pm from the tip of a stage 22-23 hmb bud and simultaneous apphcation 

of FGF-4 to posterior and apical mesenchyme. "Regenerated" structures were shorter 

than the normal structures, compare E with F, in E most of the structures formed have 

been "regenerated" whereas in F, only distal structures. (G, H) Amputation at (G) 600p 

m or (H) 700pm from the tip of a stage 23-24 wing bud and posterior apphcation of an 

FGF-4 bead. Little or no regeneration has occurred. Insets show regions of the buds 

that were anq)utated (dotted lines), and positions of FGF-4 beads.



127

ï ' " I:) H



128

3.3.2. FGF-4 promotes development of distal skeletal elements 
after excision of tips of late limb buds.
Amputation of the tips of chick hmb buds at dififerent stages of development results in 

hmbs that are truncated at different proximo-distal levels (Table 3,3; Saunders, 1948). 

In order to investigate the effects of FGF-4 on limb bud stumps, a systematic series of 

amputations, in which progressively more of the distal tip of the limb bud was removed, 

was carried out at various stages and FGF-4 beads were apphed. Recent work by 

Taylor et al (1994) demonstrated that apphcation of FGF-2 beads to posterior 

nlesenchyme foUowing an^utation at 150p,m from the tip of stage 25 wing buds 

resulted in development of distal elements that otherwise would not have formed. 

Here, amputations were carried out at four different stages (22-23, 23-24, 24-25, 25- 

26) and FGF-4 beads apphed. The data are shown in Table 3.3. From this analysis it 

can be seen that when amputation was carried out within 500pm of the tip of the hmb 

bud, irrespective of hmb bud stage, development of distal structures including digits 

could be stimulated by FGF-4 (Table 3.3). At stage 22-23, for example, when the bud 

was amputated at 400-500pm from the tip, only parts of humerus formed, but posterior 

apphcation of FGF-4 led to development of both ulna and digits (3 out of 3; Table 3.3). 

At later stages, for example 24-25, a distal amputation at 200-300pm which led to 

truncation at the level of digits, was rescued by posterior apphcation of FGF-4 bead so 

that digits developed (Table 3.3) and even amputation at 400-500pm from the tip, 

which leads to a hmb truncated at the level of humerus, could be stimulated by addition 

of an FGF-4 bead to give ulna and digits (3 out of 3) and, in one of these cases, radius 

too (Table 3.3; Figure 3.2D). When two FGF-4 beads were simultaneously apphed, one 

to apical and one to posterior mesenchyme, foUowing hmb bud amputation 300-500pm 

from the tip at stage 22-23, a conoplete set of structures developed including radius (5 

out of 5 cases; Table 3.3; Figure 3.2E, F). When an FGF-4 bead was apphed to anterior 

amputated mesenchyme, hmb growth and skeletal development were stunted and in 

some cases an extra knob of cartUage formed near the bead (Table 3.3). Interestingly,



Table 3,3 Skeletal elements of wings buds following amputation of limb bud at 

different distances from the tip and application of FGF-4 to the remaining mesenchyme. 

In aU cases, the digits were reduced in size, r, skeletal element reduced in size or 

partially developed
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stage
amputation 

level 
(pm from 
the tip)

FGF-4
application

cases H R U D

NONE 6 6 6r 6r 0
200-300 anterior 1 Ir Ir Ir 0

posterior 5 5 5 5 4
NONE 12 12 Ir 0 0

300-400 anterior 1 1 Ir 0 0
22-23 posterior 4 4 0 4 4

apical&posterior 3 3 3 3 3
NONE 3 3r 0 0 0

400-500 posterior 3 3r 0 3r i
apical&posterior 2 2r 2r 3r 2

NONE 3 3r 0 0 0
500-600 posterior 4 4 0 2r 0

apical&posterior 2 2 0 2r 0
100-200 NONE 6 6 6 6 6

posterior 2 2 2 2 2
NONE 3 3 3r 3r 0

200-300 anterior 2 2 2r 2r 0
posterior 2 2 2 2 2
NONE 2 2 2r 2r 0

300-400 • anterior 2 2 2r 2r 0
23-24 posterior 2 2 2 2 2

400-500 NONE 3 3r 0 0 0
posterior 3 3 Ir 3r i
NONE 3 3r 0 0 0

500-600 posterior 3 3 0 Ir 0
apical&posterior 1 1 0 Ir 0

NONE 4 3r 0 0 0
600-800 posterior 3 3r 0 0 0

apical&posterior 2 2r 0 0 0
NONE 2 2 2 2 0

200-300 anterior 1 1 1 1 0
posterior 2 2 2 2 2

300-400 posterior 2 2 2 2 2

400-500 NONE 3 3r 0 0 0
24-25 posterior 3 5r Ir ir i

NONE 3 3r 0 0 0
500-600 posterior 3 3 0 ir 0

apical&posterior 1 1 0 Ir 0
NONE 3 3r 0 0 0

600-800 posterior 2 2r 0 0 0
apical&posterior 2 2r 0 0 0

200-300 NONE 5 5 5 5 0
posterior 2 5 2 2 2

300-400 posterior 2 2 2 2 2
25-26 500-600 NONE 2 2r 2 2 0

apical&posterior 2 2 0 0 0
NONE 2 2r 0 0 0

600-800 posterior 1 Ir 0 0 0
apical&posterior 2 2r 0 0 0



130

the length of the "regenerated" elements was in all cases very much reduced conçared 

to the length of normal structures (Table 3.3; conq)are Figure 3.2E with Figure 3.2F).

In contrast to the above results, when amputation was carried out between 500 and 600 

|0-m from the tip, only limited replacement of distal structures occurred and no digits 

formed, and when more than 600p.m of limb bud tip was removed, no "regeneration" 

occurred at all (Table 3.3). At stage 23-24, amputation at 500-600jxm from the tip gave 

a partial humerus and, at best, in 2 out of 4 cases, part of the ulna but no digits formed 

(Table 3.3; Figure 3.2G). When larger shces were removed, the "regeneration" response 

was abohshed and FGF-4 apphcation had no observable effect on skeletal development 

(Table 3.3; Figure 3.2H). Thus in 23-26 stage limb buds when 600|xm or more was 

removed, neither posterior nor combined posterior and apical apphcation of FGF-4 

could induce further development of the stump. In ah cases, only part of the humerus 

developed, as it did fohowing amputation with no FGF-4 treatment.

3.3.3- Muscle pattern of regenerated chick limb buds
When a stage 24 chick wing bud was anq)utated at 400|nm from the tip only part of 

humerus formed, but with posterior apphcation of FGF-4, development of a complete 

set of skeletal structures was induced (see above; Table 3.3; Figure 3.3A). In order to 

explore whether a normal pattern of muscle and tendon was estabhshed in addition to 

skeleton, the regenerated limbs were seriaUy sectioned transversely, and muscles were 

identified according to their location and shape. Two limbs were examined and I 

concentrated on the replacement of muscle in the lower arm I used the criteria outlined 

in Sullivan (1962), SheUsweh and Wolpert (1977), and Robson et al, (1994) to identify 

most of the muscles, and Table 3.4 gives the complete names and abbreviations used as 

weh as the number of muscles present in both manipulated and normal limbs.

Figure 3.3B shows a transverse section through the forearm at a mid proximo-distal 

level of a regenerating wing and should be compared with Figure 3.3C (transverse
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Muscle Regenerating
wing

Normal wing

Dorsal radius/ulna region
M. extensor indids longus (EIL) + +
M. extensor metacarpi ulnaris (EMU) + +
M. extensor digitomm communis 
(EDC)

+ +

M. extensor metacarpi radialis (EMR) + +
M. extensor medius longus (EML) — +
M. anconeus (Anc) — +

Ventral radius/ulna region
M. pronator superfidalis (PS) + +
M. pronator profundus (PP) + +
M.flexor digitorum profundus (FDP) + +
M.flexor carpi ulnaris (FCU) + +
T. flexor digitorum superfidalis 
(tFDS)

+ +

Table 3.4 Named muscles (abbreviations in brackets) and muscle 
pattern in the regenerating wing versus normal wing (at stage 36). 
+= muscle was present, —  = muscle was absent, T= Tendon



Figure 3.3- Muscle pattern of regenerating wing buds. (A) Amputation (400pm) and 

posterior application of FGF-4 bead of a stage 24 chick wing bud results in the 

formation of corr^lete set of structures. The position of the section is indicated by a 

line. (B, C) Transverse section through the forearm at a mid proximo-distal level of the 

regenerated (B) and of a normal wing (C). Experimental wings were fixed 5 days after 

operation. The regenerated limb (B) has 9 muscles compared to 11 muscles of the 

normal limb (C). The suggested identification of the muscles is based not only on their 

appearance in these transverse sections, but also by reference to sections located more 

proximally and distally. a, anterior; p, posterior; d, dorsal; v, ventral.

1 = Anc, 2 = EMU, 3 = EDC, 4 = EML, 5 = EMR, 6 = EIL, 7 = FCU, 8 = tFDS,

9 = FDP, 10 = MPP, 11 = MPS (For the complete muscle names see Table 3.4)
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section of a normal wing). In a normal wing, there are six extensors on the dorsal side 

and, on the ventral side, four main flexors (Table 3.4). On the dorsal side of the 

regenerating limb, four out of the six muscles can be seen. A centrally placed 

symmetrical muscle between ulna and radius can be identified as EIL. Mid dorsaUy, and 

just above the EIL, there are two muscles, EMU (the rectangular muscle) and EDC (the 

small muscle), closely associated with the interosseal space. In addition, at the very 

anterior of the limb there is a large muscle lying anterior to the radius, which can be 

unequivocally identified as EMR. It is clear that the order of dorsal muscles is 

maintained in most manipulated limbs. However, Anc is missing on the anterior face of 

the ulna, as well as the EML which normally originates along the posterior surface of 

the radius, ventral to the origin of EIL. Ventrally in the regenerating limb, four muscles 

and a tendon can be seen. The anterior muscles PS and PP can easily be identified. MPS 

inserts directly on to the ventral radius and extends diagonally in a posterior direction. 

MPP extends posteriorly firom the radius across the ventral interosseal space. At the 

anterior ventral surface of the ulna, and just next to MPS, a wide muscle can be 

identified as FDP. Finally, the largest of any muscles in this section, FCU, is lying 

ventrally, posterior to the ulna. There is a small tendinous band lying to the anterior 

ventral surface of FCU which might represent FDS. It should be noted that, in both 

regenerating limbs examined, the ulna appeared to be thicker than that in the control 

limb.

Muscle identification therefore suggested that most of the musculature regenerates and 

that there is good correspondence between the forearm skeletal elements and the 

number of muscles that develop, however, two dorsal muscles do not appear to form 

The regenerating muscles resemble their normal counterparts with respect to their 

arrangement and shape.



134

3.3.4- Cutaneous nerves of regenerated chick limb buds
In adult amphibians, an adequate nerve supply at the amputation site is essential for 

regeneration. I therefore examined the innervation pattern of anq)utated chick limb buds 

treated with FGF-4. The bead soaked in FGF-4 was stapled to posterior stump 

mesenchyme after stage 24 wing bud amputation (300|xm fi-om the tip) and innervation 

was monitored 24-96 hours later by wholemount staining with a monoclonal antibody 

to neurofilaments. In all cases examined, the right amputated limb bud was compared 

with the left normal bud to assess any changes in the nerve pattern. The chick limb bud 

undergoes considerable growth before innervation starts. The first nerves begin to 

migrate in to the limb at stage 24, which was the stage at which amputation and FGF-4 

implantation were carried out.

In amputated limb buds (untreated or treated with FGF-4) fixed 24 or 48 hours later, 

nerve fibres had entered the wing stump but most of them had not yet reached the plane 

of amputation. The innervation pattern in both of these types of limbs was similar to 

that of normal wings. In limbs with FGF-4 beads a small outgrowth of mesenchymal 

cells at the posterior margin had already formed (Figure 3.4A). Since the nerves were 

still 200-250pm away from the amputation plane, this shows that the first phase of 

chick wing regeneration is nerve independent.

The subsequent development of the pattern of innervation was assessed by firang the 

embryos 72 and 96 hours after the operation. At these times, amputated stumps showed 

complete innervation and each of the four main cutaneous nerve branches that normally 

innervate the dorsal forearm region was clearly identifiable by the route that it took 

towards the skin. Specifically, DC A1 ( dorsal cutaneous nerve of the alar web) 

innervated the alar web, while DC Int (dorsal cutaneous nerve of the interosseous 

region) innervated the middle region of the forearm; DC Elb (dorsal cutaneous nerve of 

the elbow region) supplied a region of skin overlying the elbow and DC Uln (dorsal 

cutaneous nerve of the uhiar region) divided as it reached the posterior (ulnar) edge of



Figure 3.4- Innervation pattern of regenerated limbs, 24-96 hours after amputation 

(300p,m) from the tip of stage 24 wing bud by whole mount staining with a monoclonal 

antibody against neurofilaments. (A) Regenerating limb fixed 24 hours after ançutation 

and apphcation of FGF-4 to the posterior mesenchyme. Nerve fibres have not yet 

reached the plane of amputation. (B) Untreated limb fixed 72 hours after amputation. 

Endings of nerve branches are missing. (C, D) Regenerating limbs fixed 72 hours (C) 

and 96 hours (D) after amputation and apphcation of FGF-4 to the posterior margin. By 

96 hours, the outgrowth induced by FGF-4 is ftihy innervated by DC Int and DC Uln. 

CotDpare with normal limb (E). FGF-4 beads are indicated by arrows.
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the limb sending out a proximal and a distal branch (Figure 3.4B), However, aU the 

endings of these cutaneous branches were missing since the limbs were truncated.

When an FGF-4 bead was apphed to the posterior mesenchyme of amputated limbs and 

embryos were fixed at 72 and 96 hours later, the main proximal nerve pattern remained 

unchanged and the pattern was exactly the same as that of the corresponding nerve 

branches in the contralateral control limbs. However, it was interesting that although 

the branches from DC A1 stopped when they reached close to the amputation plane, 

the branches fi*om DC Int and DC Uln (posterior nerve) started to invade the outgrowth 

stimulated by FGF-4 by 72 hours (Figure 3.4C). By 96 hours, the new outgrowth was 

fiilly innervated by DC Int and DC Uln (Figure 3.4D).

3.4- Discussion

3.4.1- Amputations can be rescued by FGF-4
FGF-4 can rescue arqputated chick hmb buds. Amputation of bud tips results in 

cessation of bud outgrowth and patterning and truncated limbs develop. Following 

amputation, the epidermis heals but the apical ridge does not reform. Excavation 

experiments, in which the tip of the limb bud is removed without damaging the apical 

ridge, produce perfect limbs (Barasa, 1964; Hayamizu et al., 1994). This supports the 

idea that failure of reformation of distal structures after an^utation is due to absence of 

the ridge. Since FGF family members can substitute for the apical ridge in normal bud 

outgrowth and patterning, the finding that FGF-4 promotes regeneration after 

amputation appears to be a further reflection of its abihty to substitute for the ridge 

(Niswander et al., 1993b). Under the influence of FGF, mesenchymal cells "fated" to 

form proximal structures now restore distal pattern (Taylor et al., 1994). It is possible 

that this effect of FGF-4 on proximal cells could explain the regulation observed by 

some workers when a tip of a young wing bud with its apical ridge is grafted on to the 

stump of an old bud (Kieny, 1977).
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This systematic analysis of the effects of FGF-4 on anq)utated hmb buds shows that 

there is a decline in the "regeneration" potential of limb buds during development. At 

early stages, the structures that develop from the entire bud can be replaced, but later 

only structures that develop from the tip. This decline in "regeneration" potential can be 

interpreted in terms of abihty of cehs to re-estabhsh a progress zone and appears to be 

related to ceh differentiation. According to histological observations, the mesoderm is 

homogeneous throughout the wing bud up to middle of stage 22, but from late stage 22 

through early stage 25, only cehs up to 400-500pm from the apical ridge retain the 

characteristics of undifferentiated mesenchymal cehs. Proximahy, differentiated 

chondrogenic and myogenic regions are estabhshed (Searls, 1965; Searls et al., 1972; 

Stark and Searls, 1973; Summerbeh, 1976). Previous work, in which the abihty of 

proximal mesenchyme to form distal structures under the influence of the apical ridge 

was tested also showed that this abihty is progressively lost as the limb bud matures 

(Saunders, 1959). Therefore, under the influence of ridge signals, undifferentiated wing 

bud mesenchyme can re-estabhsh a progress zone, whereas differentiated cehs can not. 

Once cehs in the chick wmg bud are more than 600p,m from the tip, differentiation 

appears to be irreversible. It is also worth noting that, although distal structures develop 

when FGF-4 is apphed, these structures are often smaher than normal. This could be a 

consequence of insufhcient supply of FGF-4 when the structures are specified or of a 

delay in development.

3.4.2 FGF-4 restores development of muscle pattern after 
amputation of wing buds
Muscle cehs originate from the somites whhe the lateral plate mesoderm gives rise to 

Carthage, tendons and other connective tissue (Christ et al, 1977; Chevahier et al, 

1977). Previous studies have shown that there is a gradient of myogenic cehs within the 

hmb bud. Myogenic cehs first appear in dorsal and ventral intermediate zones of the 

prospective stylopod and zeugopod, and at later stages they are found in increasmgly
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distal levels of the buds. It appears that migration of myogenic cells in the developmg 

limb bud requires the presence of the apical ridge (Rutz and Hauschka, 1983; Gumpel- 

Pinot et al, 1984). Removal of the apical ridge results in a considerable shortening of 

the myogenic tissue, suggesting that, as in the case of skeletal pattern, there is some 

requirement for the continuing presence of the apical ridge or factors which can 

substitute for the signal emanating from the apical ridge (Rutz and Hauschka, 1983). 

Here, I have shown that the muscle pattern is almost completely restored after FGF-4 

apphcation to posterior stunq) mesenchyme, and resembles that of normal wing with 

respect to muscle arrangement and shape. The deficiency in the muscle pattern in the 

regenerating buds was the absence of two dorsal muscles, one anterior and one 

posterior. These two muscles are the last to form by the sequential sphtting of the 

dorsal muscle masses (Robson et al, 1994), and their failure to form could be related to 

an inadequate stimulation of muscle mass growth by FGF-4. It should be noted that in 

general, the ventral masses spht before the dorsal ones and, if there is a delay in muscle 

development in regenerating limbs this could explain why ventral muscle pattern is 

complete but the dorsal pattern is not. Another possible reason that dorsal but not 

ventral muscles are affected could be that the FGF-4 diffusing from the bead did not 

reach both dorsal and ventral sides of the limb bud equally. It was noticed that, when 

placed at proximal annotations, beads tended to end up either ventrally or dorsaUy.

The finding that FGF leads to muscle as well skeletal regeneration is consistent with 

current views on the effect of FGF on muscle. FGF has been viewed as a factor that 

enhances myoblast proliferation and represses the onset of terminal differentiation until 

its concentration is reduced below a certain threshold (Clegg et al, 1987; Florini et al, 

1991). However, the onset of differentiation is highly asynchronous. Even in the 

continuous presence of FGF, some myoblasts differentiate faster than others (Seed and 

Hauschka 1988). It has been suggested that FGF inhibits myogenesis by repressing 

expression of myogenesis-determining genes. The myogenesis-determining (MyoD 

family) genes mcludes MyoD, and Myf5 which are often expressed in proliferating
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myoblasts prior to differentiation (Davis et al., 1987, Braun et al., 1989), and myogenin 

and MRF4 which regulate differentiated muscle phenotypes (Wright et al., 1989; 

Rhodes and Konieczny, 1989). Among these myogenic regulatory genes, myogenin is 

the most sensitive to repression by FGF signalling (Edmondson and Olson, 1989; 

Edmondson et al., 1991) \mi MyoD expression can also be inhibited in some muscle cell 

lines by FGF signalling (Lassar et al., 1989; Vaidya et al., 1989). This mode of 

regulation is consistent with the differential expression of these genes in the 

regenerating amphibian limb. During newt limb regeneration, Myf-5 is expressed within 

the blastema cells and MRF-4 (which functions similar to myogenin) is repressed in the 

blastema (Simon et al., 1995). However, the order of expression of these genes varies in 

different vertebrate species. For exan^le, in chick embryos, MyoD is the earliest known 

marker of muscle lineage, in contrast to rodents in which Myf5 appears first followed by 

MyoD (PownaU and Emerson, 1992; Ott et al, 1991). It would be interesting to 

monitor the expression pattern of these genes in the regenerating chick hmbs and 

elucidate how differentiation and patterning processes are co-ordinated in re

establishment muscle morphogenesis.

3.4.3- Relationship of chick wing bud regeneration to the nerve 
supply
Early limb outgrowth and development are initiated before the limb becomes innervated 

(Swanson and Lewis, 1982). The presented data here indicate that, in a stage 24 

amputated chick wing bud, the early outgrowth stimulated by FGF-4 is almost entirely 

formed by a cellular population independent of nerve. However, as the limb matures, 

the regenerated outgrowth becomes innervated by Dc Int and Dc Uln. At this point it 

should be mentioned that the proximal nerve pattern develops normally, even without 

the end targets.

The initial nerve independent pathway in chick embryos resembles that observed in 

embryonic urodele amphibians, which regenerate their limbs despite the absence of
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nerves. However, this pathway contrasts with the requirement for nerves for adult limb 

regeneration in urodele amphibians. In a comprehensive series of experiments, Singer 

demonstrated that hmb regeneration in amphibians is dependent on the quantity of 

axons at the plane of annulation and either motor or sensory axons can meet this 

requirement (Singer, 1952; 1974). Denervation appears to stop blastema cell 

proliferation, thereby arresting regeneration, although the initial appearance of blastema 

cells is not affected (Singer, 1952; KeUy and Tassava, 1973; Tassava et al., 1974; 

Mescher and Tassava, 1975). More recently it has been shown that an antibody 

denoted as 22/18 is an excellent marker for a subset of blastema cehs whose division is 

nerve dependent (Kintner and Brockes, 1985). However, this antibody does not stain 

the early developing limb bud and only stains the mesenchymal cehs of an anq)utated 

limb bud which has been innervated. Embryonic limb buds that have not yet invaded by 

the nerves can regenerate in the absence of nerves with a blastema that is 22/18 

negative (Fekete and Brockes, 1987; 1988). Thus, it was suggested that regeneration of 

the early amphibian embryonic bud might occur by a process which differs Jfrom that 

occurring in differentiated larva or adult limbs since the 22/18 antigen is not engrossed 

at the early stages. This situation is very simhar to the early regeneration of chick wing 

buds which is also nerve independent.

In amphibians, there have been several efforts to try to identify the substance(s) 

produced by nerves that stimulate limb regeneration. Such a substance must satisfy at 

least four criteria. It should be present in blastema, be lost on denervation, stimulate the 

division of 22/18 cells whose proliferation is normally dependent on nerves and an 

antibody that blocks its biological activity should inhibit its nerve-dependent 

proliferation when introduced into the blastema (Ferreti and Brockes, 1991). Several 

molecules have been considered as candidate(s) for the neural mitogen including the 

neuropeptide substance P, transferrin (Kiffineyer et al., 1991) and Ghal Growth Factor 

(GGF). For example, GGF a molecule purified from the bovine pituitary, has been 

found to be present in extracts of the regeneration blastema and lost on denervation



141

(Brockes and Kintner, 1986). When denervated blastemas are cultured in the presence 

of GGF, the level of 22/18 positive cells is increased. Thus, GGF satisfies the first three 

criteria and is a good candidate for playing a role in nerve-dependence proliferation in 

the blastema (Brockes and Kintner, 1986). In addition. Singer suggested that the 

trophic substance required for the proliferation of the blastema cells is not produced by 

the neurones alone but may be synthesised also by non-neural cells (Singer, 1978). 

Several studies have shown that FGF is able to stimulate DNA synthesis and mitosis in 

a dose dependent manner (Mescher and Loh, 1981; Carlone et al, 1981). 

Gospodarowicz et al (1975; in Regulation of vertebrate limb regeneration by Sicard) 

also reported that local administration of FGF to normally non-regenerating amputated 

forelimbs of adult frogs produced a regeneration response comparable to that found by 

Singer (1954) after surgical augmentation of the nerve supply to the forelimbs of much 

smaller frogs. Similar results were presented m the BSDB meeting in York (1996) by S. 

Bryant, demonstrating that exogenous supply of FGF-2 can permit regeneration of 

denervated urodele limbs. We have already shown that under the influence of FGF, 

chick limb mesenchymal cells fated to form proximal structures can restore distal 

pattern. An iuterestmg possibility is that FGFs may play a role in the signalling by 

trophic factors released by the nerves that promote limb regeneration.
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Chapter 4

Reactivation oïMsx-1, Shh and Hoxd-13 in response 
to FGF-4 signals in regenerating chick wing buds
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4.1- Introduction
The preceding chapter surveyed several aspects of embryonic chick limb regeneration. 

In particular, it described (1) the systematic mapping of potential for regeneration of 

distal structures (both skeletal elements and muscles) in response to FGF-4, (2) the 

identification of the proximo-distal levels at in which a differentiation programme can 

be reversed at different stages, (3) experiments to assess the influence being exerted by 

the nerves in regeneration. In this chapter, the long standing problem of the source of 

cells for regeneration is addressed by examining the origin of cells that give rise in the 

outgrowth stimulated by the FGF-4 bead. Furthermore, the role of certain genes, in 

particular Msx-1, that are involved in tissue patterning in development, is examined 

during the regeneration of chick wing buds.

The origin of the blastema cells in regenerating anq)hibian limbs has been a major point 

of controversy for many years. During the preblastemic phase of regeneration, wound 

healing and dedifferentiation are the predominant activities. The initial observation that 

blastema formation occurred without mitosis, led to the conclusion that either the 

blastema derived fi"om elements in the blood and perivascular connective tissue or limb 

epidermis transformed into blastema cells (reviewed by Schmidt, 1968). Later, Chalkley 

(1954) provided evidence that mitosis does occur in muscle, endomysium, periosteum, 

Schwann cehs and other connective tissue of limb stump as the blastema forms. It was 

observed that muscle and other ceh types give up their structural and functional 

complexities and graduahy begin to proliferate (Hay and Fischman, 1961). At this point, 

it was not surprising to find out that mononucleate blastema cehs derived firom muscle 

could not be distinguished from those derived fi*om carthage and other connective 

tissues in the stump. Specificahy, the large nuclei and prominent nucleoh seen in 

blastema cehs, their active protein and DNA synthesis, cytoplasmic basophUia and 

abundant cytoplasmic ribonucleoprotein, are characteristics typical of actively growing 

cehs (Hay and Fischman, 1960,1961; Steen and Walker, 1961). In contrast, the apical 

epidermis loses the abhity to synthesise DNA throughout the period of blastema
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formation and does not acquire the cytological features described above (Hay and 

Fischman, 1961). Many recent studies have focused on the dedifferentiation of muscle 

cells. Labelled syncitial multinucleate myotubes were found to dedifferentiate into 

mononucleate cells when implanted in the blastema (Lo et al., 1993). However, in 

contrast to the idea of dedifferentiation of mature cells, Cameron proposed that at least 

part of the muscle contribution to the blastema derives from pre-existing cells with 

reserve or stem cell quahty (Cameron et al., 1986). There is no evidence that FGF-4 

induced regeneration in chick hmb buds is initiated by dedifferentiation of differentiated 

tissues. However, to exclude the possible migration of proximal cells into the 

developing regenerate, I examined the origin of cells that give rise to the regenerating 

limb structures after an^utation and FGF-4 implantation.

Attenq)ts to understand regeneration at a molecular level have focused on the possible 

activities of genes already known to be important in development. In this respect, the 

idea that cehs must remain undifferentiated during pattern formation and the proposed 

role of Msx-1 in controlling growth regulatory mechanisms (described in Chapter 1) 

could be of considerable significance during regeneration. It has already been suggested 

that limb regeneration might depend on expression of Msx-1 (Muneoka and Sassoon,

1992). This is consistent with the observation that higher vertebrates, which no longer 

express Msx-1 cannot regenerate their limbs as adults. In mouse fetal and neonatal 

digits, digit tip regeneration occurs only when amputation is made within the Msx-1 

domain (Reginehi et al., 1995). In addition, it has been observed that fohowing 

amputation of arcphibian hmbs at a proximal level, there is an up-regulation of Msx-1 

when the regenerates reach mid-bud blastema (the stage in which blastema cehs are 

completely undifferentiated) (Simon et al., 1995, Crews et al., 1995). Finahy, in 

regenerating fins of zebrafrsh, the four msx genes (msxA,B,C and D) are re-induced in a 

pattern that differs only shghtly from their initial expression during development 

(Alimenko et al., 1995).
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It has also been suggested that formation of the blastema involves re-expression of 

other genes such as the Hox genes, which have been impHcated in tissue patterning 

during development of the limb bud (Muneoka and Bryant, 1984). The homeobox 

genes of A, C and D clusters have been imphcated in the estabhshment of positional 

identity in developing limbs and their expression appears to be controlled by co

ordinated signalling from the apical ridge (FGF) and the zone of polarising activity 

(Shh). Recent studies have shown that Hox genes are expressed in adult regenerating 

limbs. For exanq)le upon annotation, expression of the newt HoxD-11 (alternative 

names: NvHBox2 or Hox4.6) is reactivated in the regenerating limb and tad (Brown and 

Brockes, 1991). A very similar expression pattern in limb regeneration has been 

reported for HoxDlO (alternative name: Hox4.5), the adjacent gene in the HoxD 

cluster. Like HoxD-11, HoxD-10 is expressed in the limb blastema but not in the normal 

adult limb (Simon and Tabin, 1993). However, HoxD-10 is not expressed in the 

regenerating tail as HoxD 11 is. In addition, HoxC-6 (alternative names: NvHBoxl or 

Hox3.3) and HoxC-10 (alternative name: Hox3.6) genes are expressed in both 

unamputated and regenerating limb tissue. The expression of both genes is highest m 

the undifferentiated mid-bud blastema, the time that pattern is thought to be specified. 

Both these genes of the C cluster are expressed in adult tissue, unlike the D cluster 

genes just mentioned. Based on this persistent expression in the adult tissue, it has been 

speculated that expression of genes of the HoxC cluster in adults might be a central 

property related to the capacity for regeneration (Savard et al., 1988; Simon and Tabin, 

1993). The expression pattern of HoxA genes during an^hibian regeneration, {HoxA 

gene expression is related to the specification of proximal-distal axis), has recently been 

estabhshed. HoxA-9 and HoxA-13 transcripts are co-locahsed in both proximal and 

distal sturq) cehs during the preblastema stages, a pattern which departs markedly from 

the usual rules of spatial and ten^oral colinearity (Gardiner et al., 1995). At later stages 

of regeneration, when a blastema is present distal to the amputation plane, mesenchymal 

cehs of the blastema continue to e^qpress both HoxA-9 and HoxA-13 and only at these
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stages their spatially distinct domains of expression emerge as HoxA-13 expression 

becomes confined to a distal subset of cells (Gardiner et al, 1995).

In this chapter I show that the ability of FGF-4 to induce formation of distal limb 

structures in embryonic chick limb buds correlates with induction of expression of Msx- 

1, Shh, and Hoxd-13. In addition, transplantation of proximal mouse cells to the distal 

tip of the bud beneath the apical ridge is already known to result in re-expression of 

Msx-1 in the proximal tissue (Davidson et al., 1991). This abihty of mouse proximal 

limb bud cells to re-express Msx-1 in response to apical ridge signals is systematically 

explored.

4.2 Materials and Methods

4.2.1 Limb Bud Amputation and FGF-4 or SHH Application
Limb bud annulation and FGF-4 apphcation was carried out as described in Chapter 3, 

section 3.2.1. For SHH bead apphcation, AflSgel- Blue CM beads (200-250p,m) were 

rinsed in TrisChloride-Sodium Chloride buffer, transferred to a 3|xl drop of SHH 

protein (16mg/ml; from A. McMahon) and aUowed to soak for 1-2 hour at room 

temperature. To keep the beads in place, we used staples made out of platinum wire 

(0.025mm^, GoodfeUow Metals).

In another series of experiments, a small sht was made at a measured position in the 

proximal posterior part of the wing bud with a needle and an FGF-4 bead was inserted 

into the mesenchyme. In order to ensure that the bead was held in place, a staple was 

used.

4.2.2- Dil Injection
Amputated stumpy either controls or with FGF-4 beads, were injected with hpophihc 

dye Dil (1,1 dioctadecyl-3,3,3',3'-1etramethylindo-carbocyanine perchloiide, 3mg/ml in 

dimethyl formamide; Molecular Probes, UK), using micro-injection techniques. The site
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of injection was measured by using the eyepiece graticule. The experimental embryos 

were incubated for a further 48 hours, and fixed overnight in 4% paraformaldehyde. 

The limbs were then observed with epifluorescence microscopy to visuahse labelled 

cehs.

4.2.3 Transplantation of Mouse Limb Proximal Cells to Distal 
Chick Wing Bud
Mouse limb buds were isolated fi*om embryos at E10.0-E11.5 (Martin, 1990), and 

placed in 2% (w/v) trypsin at 4®C for Ihour. Afl:er transferring them into Minimal 

Essential Medium (GIBCO) supplemented with 10% (w/v) ECS (GIBCO), 2mM L- 

glutamine (GIBCO), and 1% (w/v) antibiotic/antimycotic, the ectoderm was removed. 

Fragments of mesenchyme were then dissected and grafted to the apex of chick wing 

buds in a sht beneath the apical ectodermal ridge. 24 hours after the operation, the 

embryos were fiixed in 4% (w/v) paraformaldehyde and then processed for whole mount 

in situ hybridisation.

4.2.4- Preparation of Digoxigenin-labelled Riboprobes and 
Whole mount in situ Hybridisation
To examine gene expression, embryos were removed fi*om eggs between 13 and 30 

hours after the operation and fixed overnight in 4% (w/v) paraformaldehyde at 4®C by 

pinning them out in Sylgard dishes. The embryos were then washed twice in PBS, 

dehydrated and stored in absolute methanol at -20°C before being used for wholemount 

in situ hybridisation.

Digoxigenin-labelled antisense RNA probes specific for chicken Msx-1 or mouse Msx-1 

transcripts were prepared as described by Brown et al (1993). RNA probes specific for 

chicken Shh and chicken Hoxdl3 transcripts were prepared as described by Izpisua- 

Behnonte et al., (1991,1993). Wholemount in situ hybridisation was performed as 

described in Chapter 2, section 2.2.10.6.
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4.3 Results

4.3.1- Identification of the origin of cells which contribute to the 
regenerating limb.
When chick limb buds are amputated up to about 500|Lim from the tip at a range of 

developmental stages, limb development can be completely rescued by applying FGF-4 

to the posterior part of the stump (Chapter 3). To map the precise origin of the 

replacement cells and follow their contribution to the regenerating hmb, small 

populations of limb mesenchymal cells were labelled with a fluorescent hpophihc dye, 

DU, after an^utation and implantation of FGF-4 bead. Dll offers the advantages of 

bright, vital labelling of smaU groups of cehs.

At stage 23-24, a distal amputation at 300|Lim leads to truncation at the level of ulna and 

radius. Such stumps can be rescued by posterior apphcation of FGF-4 so that conq)lete 

ulna, radius and digits develop. Injections of Dil were made, as shown in Figure 4.1, in 

one of four locations in hmb buds which had been anq)utated as above and FGF-4 beads 

stapled posteriorly. These were 1) at the posterior margin, 0-50|xm proximal to the 

bead, 2) at the posterior margin, 200p,m proximal to the bead, 3) at the posterior 

margin, 400|im proximal to the bead and 4) at the anterior margin, 400p,m from the 

bead. Figure 4.1 also shows the number of embryos that received injections in each 

location. The stage of the embryo (23-24), the annotation level (300|Lim from the tip), 

the time of injection (2 hours after bead implantation), and the size of injection were 

always kept constant.

In order to check the position and the number of cells originally labelled, eTgeriments 

were performed in which the embryos were fixed immediately after FGF-4 bead 

apphcation and Dil injection 0-50p.m proximal to the bead. In these cases, labelled cells 

formed a discrete population contained within a specific region behind the bead (Figure 

4.2A).



Figure 4.1- Locations of Dil injections in limb buds after annotation and posterior 

FGF-4 application. Numbers indicate the number of injected embryos at each position. 

++, all the cells contribute to the outgrowth; +/— ,small percentage of cells contribute 

to the outgrowth; — , no labelled cells found in the outgrowth stimulated by FGF-4.
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Figure 4.2- Spatial and ten^oral pattern of cell contribution to the regenerating Hmb 

bud after amputation, FGF-4 appHcation and Dil injection. (A) Labelled cells formed a 

discrete population behind the bead in embryos fixed immediately after FGF-4 

apphcation and Dft injection. (B) Apphcation of a Pbs bead and Dil injection 0-50p.m 

proximal to the bead after 48 hours. (C) Apphcation of FGF-4 bead and Dil injection 0- 

50p,m fi-om the bead after 48 hours (position 1 in Figure 4.1). (D) Apphcation of FGF- 

4 bead and Dil injection 200)Lim proximal to the bead after 48 hours (position 2 in 

Figure 4.1). (E) Apphcation of FGF-4 bead and Dil injection 400|Lim proximal to the 

bead after 48 hours (position 3 in Figure 4.1). (F) Apphcation of FGF-4 bead and Dil 

injection at the distal anterior margin, 400pm away firom the bead after 48 hours 

(position 4 in Figure 4.1). Dotted lines represent the outgrowth stimulated by the FGF- 

4 bead after 48 hours and FGF-4 beads are indicated by arrows.
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In order to reveal the spatial and ten^oral pattern of ceU contribution to the 

regenerating limbs embryos were fixed 48 hours after anq)utation and Dil labelling. In 

control amputated wing buds, in which a PBS bead had been implanted and Dil 

injected 0-50|im proximal to the bead, labelled cells formed a discrete population 

behind the bead 48 hours later (Figure 4.2B). In contrast, experimental ançutated limb 

buds treated with FGF, in which the Dil was injected in a similar position (up to 50p,m 

proximal to the bead), a stream of Dil labelled cells was found evenly distributed 

throughout the mesenchyme distal to the bead, right to the tip of the outgrowth 

stimulated by the FGF-4 (Figure 4.2C). When the injection was carried out 200(im 

proximal to an FGF-4 bead in^lanted at the same annotation site, a long strip of 

labelled cells was found in proximal parts of the stump and, in addition, a very few 

scattered labelled cells were observed extending into the new outgrowth (Figure 4.2D). 

However, when limb stumps were injected in proximal mesenchyme 400pm fi*om the 

bead, no labelled cells at all participated in the outgrowth stimulated by FGF-4 and 

virtually all cells were distributed in the ftiture ulna/radius region of the stump as a 

round patch (Figure 4.2E). With groups of labelled cells at the distal anterior margin of 

the sturcp, 400pm away firom the bead, the labelled cells did not appear to contribute to 

the outgrowth but instead mostly remained as a round patch in the anterior with a few 

scattered cells found more centrally (Figure 4.2F). This analysis shows that it is the cells 

in the immediate vicinity of and distal to the FGF-4 bead that contribute to the 

regenerate.

4.3.2- Msx-1 expression in regenerating chick limb buds
Expression patterns of Msx-1 were examined after wing bud amputations at various 

stages of development. In normal wing buds, Msx-1 transcripts are found at the tip of 

the wing bud and as the limb bud grows out Msx-1 is expressed all along the anterior 

margin and along the posterior margin up to 300-400pm fi*om the tip (Figure 4.3A). 

After removal of the entire limb bud at stages 19-22, no cells expressing Msx-1 

remained (Table 4.1). At later stages of development, the posterior Msx-1 expression
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stage FGF-4 Msx-1 cases
apphcation expression

19-22 NONE NONE 7

apical ND
posterior induction 1

19-20 apical&posterior ND

anterior ND
posterior induction 3

20-21 apical&posterior ND

anterior ND
posterior induction 1

21-22 apical&posterior ND

Table 4.1 Induction o ïMsx-1 expression following removal o f\  hole limb buds at 
early stages, with and without application of FGF-4 beads to diferent positions of 
the remaining mesenchyme.
ND, not determined



Figure 4.3- Msx-1 and Shh expression after wing bud amputations and FGF-4 

application, shown by wholemount in situ hybridisation using dioxigenin labelled 

antisense RNA probes specific for chicken Msx-1 and Shh transcripts. Regions to 

which probes have hybridised are stained purple. FGF-4 beads are indicated by arrows.

(A) Msx-1 transcripts in distal mesenchyme of a normal stage 21-22 chick limb bud.

(B) Posterior A/jx-7 expression was absent at 24 hours after amputation at 300p.m from 

the tip of a stage 23-24 wing bud. Note anterior domain of Msx-1 expression remained 

unaffected. The an^utated surface is indicated by arrow. (C, D) Msx-1 is expressed 

posteriorly after simultaneous apphcation of FGF-4 to both apical and posterior 

mesenchyme foUowing amputation at 400-500p,m (C) or 200-300|im (D) from the tip 

of a stage 23-24 wing bud. (E) Msx-1 induced 30 hours after amputation at 500|Lim 

from the tip of a stage 22 chick limb bud and posterior FGF-4 apphcation. Note that the 

bead is weh integrated in the posterior mesenchyme. (F) FGF-4 bead hr^lantation in 

proximal posterior mesenchyme, 500p.m from the tip of a stage 22-23 limb bud, 

resulted in re-activation of Msx-1 in proximal hmb mesenchyme at 24 hours (smah 

arrow, compare with contralateral wing bud). (G) Shh transcripts were induced 24 

hours after anq)utation at 600|Lim from the tip of stage 23-24 chick hmb bud and 

posterior FGF-4 apphcation. Endogenous expression of Shh is detected in the distal 

posterior hmb mesenchyme in the contralateral wing bud. (H) Ectopic expression of 

Shh (smah arrow) at 24 hours when an FGF-4 bead was inserted in proximal posterior 

mesenchyme, 600|im from the tip of a stage 22-23 chick hmb bud .
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domain was also removed by amputations at 300|iim from the tip (Table 4.2; Figure 

4.3B).

To examine whether Msx-7 plays a role in generating distal structures, a bead soaked in 

FGF-4 was apphed to posterior stump mesenchyme after wing bud amputation at 

different proximodistal levels and Msx-1 gene expression was analysed 13-30 hours 

later. In all cases in which FGF-4 enhanced development of distal structures following 

amputation, ie in corq)lete wing bud amputations between stage 19-21 (Table 4.1) and 

in amputations within 600|im of the tip at later stages (Table 4.2), Msx-I was expressed 

in stump tissue. For example, at stage 22-23, following anq)utation within 200-600fxm 

of the tip and application of FGF-4, Msx-I expression was found at 13, 24 and 30 

hours (Table 4.2; Figure 4.3E). At stages 23-24, with aroputations between 100-300jx 

m from the tip, Msx-1 was stdl expressed posteriorly and apphcation of FGF-4 did not 

enhance expression (Table 4.2; Figure 4.3D) but when shces of 300-500|nm were 

removed and the Msx-1 domain removed, FGF-4 apphcation induced its expression in 

the stump (Table 4.2; Figure 4.3C). In contrast, with proximal amputations at the level 

of 600p,m or more from the tip, from which no regeneration occurred, there was no 

induction q îM sx-1 expression by FGF-4 (Table 4.2; Table 4.3).

A further comparison of the abihty of cehs at different positions along the proximodistal 

axis to re-express Msx-1 in response to FGF-4 was made by placing an FGF-4 bead 

proximahy at the posterior margin of intact wing buds and monitoring Msx-1 

expression. At stages 22-26, Msx-1 expression was induced when an FGF-4 bead was 

placed at 500-700|im from the tip and Msx-1 transcripts were always located distal to 

the bead (Table 4.2; Figure 4.3F). In contrast, httle or no induction of Msx-1 was 

observed when the bead was placed 700|xm or more away from the tip (Table 4.2). It 

was very interesting to found out that when two FGF-4 beads were placed close 

together in the posterior mesenchyme a continuous Msx-1 domain was observed 

(Figure 4.4A). In cases where the bead was placed centrahy in the mid-anterior- 

posterior axis, there was no induction of Msx-1 at 24 hours (5 out of 5 cases. Figure
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stage type of 
operation

level of 
operation
(pm from tip)

position of 
FGF application

posterior Msx-1 
expression 

(No of cases)

Shh
expression 
(No of cases)

NONE -  (4)
200-400 posterior

apical&posterior
+ (4) 
+ (1)

22-23 Amputation NONE -  (2)
+ or — 
FGF-4

400-600 posterior
apical&posterior

+ (5) 
+ (1)

+ ^0

600-700 NONE
posterior

- ( 1 )  
-  (2)

Proximal
application 
of FGF-4

500-700 posterior + (2) + (1)

100-300 NONE
posterior

+ (3) 
+ (4)

300-500 NONE
posterior

-  (4) 
+ (6) + (3)

Amputation 500-600 NONE - ( 1 )
+ or — posterior + (3)

23-24 FGF-4 600-700 NONE
posterior

- ( 1 )  
-  (3) + (2)

700-800 NONE
posterior

- ( 1 )  
-  (1) - ( 1 )

Proximal
application

500-700 posterior + (2) + (4)

of FGF-4 700-800 posterior - ( 1 ) + (1)
100-300 NONE

posterior
+ (2) 
+ (2)

Amputation 300-500 posterior + (5)
24-25 + or — 500-600 posterior + (3) + (2)

FGF-4 600-700 posterior - ( 5 ) + (2)
700-800 posterior - ( 3 ) -  (6)

Proximal
application

500-700 posterior + (4) + (2)

of FGF-4 700-800 posterior - ( 1 ) + (4 ) . .(2 )
100-300 NONE

posterior
+ (1) 
+ (1)

Amputation 300-500 posterior + (2)
25-26 + or — 500-600 posterior + (1) + (1)

FGF-4 600-700 posterior - ( 1 ) + (1)
700-800 posterior --(1) - d )

Proximal 500-700 posterior + (1) + (2)
application 700-800 posterior -  (2) + (1)
of FGF-4 800-900 posterior -  (2) -  (3)

Table 4.2 : Msx-1 and Shh expression following either amputation 
of chick wings buds at different distances from the tip and apphcation 
of FGF-4 or proximal apphcation of FGF-4 at the posterior margin of 
intact wing buds. The thickness of Msx-1 expressing distal stripe of 
cehs was 100|im at ah stages. (+) = transcripts of either Msx-1 or 
Shh were detectable; (—) = Msx-1 or Shh were not detected.
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"Regeneration"
Response

Level of 
Amputation 
(pm from tip)

Msx-1
Expression

Shh
Expression

Complete
REGENERATION up to 500 + +

Limited
REGENERATION 500-600 + +

No 600-700 +
REGENERATION 700 or more — —

Table 4.3 : Behaviour of amputated chick limb buds when treated with 
FGF-4 (amputation level as distance from the tip). Comparison of ability to 
replace distal structures with activation of Msx-1 and Shh expression in 
amputated stumps in response to FGF-4.
(+)= transcripts of either Msx-1 or Shh were detected; (-)= Msx-1 or Shh 
were not detected.



Figure 4.4- Con^etence of mesenchymal cells to express Msx-1 and Shh in response 

of FGF-4. FGF-4 beads are indicated by black arrows. (A) The Msx-1 expression 

domain is extended when two FGF-4 beads were appbed to the proximal posterior 

mesenchyme of a stage 22-23 limb bud (open arrow, compare with contralateral wing 

bud). (B) Msx-1 expression is maintained 24 hours (indicated by open arrow) after 

apphcation of FGF-4 to anterior mesenchyme of a stage 23-24 chick limb bud. (C) Msx- 

1 expression is not induced after implantation of an FGF-4 bead proximaUy, in the mid- 

antero-posterior axis of a stage 23 chick limb bud. Note, anterior and posterior 

induction o îMsx-1 by FGF-4 (open arrows). (D) Shh expression is absent at 24 hours 

when FGF-4 beads are apphed to either anterior or central mesenchyme of a stage 23- 

24 wing bud. Note proximal posterior induction of Shh by FGF-4 (open arrow) and 

faint endogenous Shh expression at the posterior distal margin (radicated by an 

arrowhead).
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4.4C). However, anterior placement of the FGF-4 bead maintained Msx-1 expression 

in the anterior mesenchyme (Figure 4.4B,C).

4.3.3- Shh expression in regenerating chick limb buds
Shh RNA is expressed in the posterior part of the limb and the distribution of Shh 

transcripts correlates spatially and terqporally with the polarising region (Riddle et al,

1993). In situ hybridisation analysis carried out immediately following annotation 

shows that after removal of more than 350|Lim of the tip of wing buds (stages 23 

onwards), no Shh expression could be detected in the sturq) (8 cases). To determine 

whether reactivation of Shh could be involved in the "regeneration" process in chick 

wing buds, its expression was monitored in stunns 13-24 hours after posterior 

apphcation of FGF-4. When the amputation was carried out within 700pm of the wing 

bud tip irrespective of wing bud stage, Shh was induced at 13 hours near an FGF-4 

bead (Table 4.2; Figure 4.3G). In intact limb buds, apphcation of FGF-4 to posterior 

proximal mesenchyme within 700pm from the tip also activated expression of Shh distal 

to the bead (Table 4.2; Figure 4.3H; see also Yang and Niswander, 1995). In contrast, 

when an FGF-4 bead was either apphed to more proximal amputations (more than 700p 

m from the tip) or was placed proximahy (over than 800pm from the tip) m intact hmb 

buds, there was no induction of Shh expression (Table 4.2; Table 4.3). When an FGF-4 

bead was placed more anteriorly, there was no induction of Shh expression (Figure 

4.4D). Con^arison of the in situ hybridisation patterns o ï Msx-1 and Shh in amputated 

limbs treated with FGF-4 suggests that cehs that re-express Shh also re-express Msx-1.

4.3.4- Shh bead implantation and Msx-1 expression in the 
regenerating chick limb buds
In order to test directly whether SHH itself induces Msx-1 expression in the 

regenerating limbs, beads soaked in recombinant amino-terminal SHH peptide were 

implanted in the posterior stump mesenchyme fohowing anq)utation 200-400pm from 

the tip of stage 24 wing buds, and Msx-1 expression was analysed 24 hour later. When
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amputation was carried out at the level of 200|rm from the tip, low levels of Msx-1 

transcripts were found in the posterior part of the bud, reminiscent of the normal 

expression pattern, and apphcation of SHH beads did not enhance Msx-1 expression 

(Figure 4.5A, 4 cases). With more proximal annulation, 300-400jim from the tip, there 

was no induction of Msx-1 in the posterior mesenchyme by SHH beads (Figure 4.5B, 6 

cases). Thus, at two different positions, in which FGF-4 markedly up regulates Msx-1 

expression, apphcation of SHH had no effect and this suggests that FGF-4 does not 

regulate Msx-1 expression by activating Shh.

4.3.5- HoxdlS expression in regenerating chick limb buds
In early chick hmb buds, transcripts of Hoxdl3 are locahsed in posterior mesenchyme. 

From stage 24, HoxdlS is expressed in the mesenchyme right across the distal tip of the 

bud whüe the proximal-posterior part of its expression decreases markedly (Izpisua- 

Behnonte et al., 1991). At sthl later stages, expression of HoxdlS appears to be 

reduced in pre-cartilaginous condensations and in interdigital spaces but remains 

strongly expressed in perichondrial areas of digits 3 and 4 (Yokouchi et al., 1991). To 

investigate whether the HoxdlS gene plays a role in regeneration of chick wing buds, 

the distribution of HoxdlS transcripts in arq)utated and in regenerating stumps was 

analysed using wholemount in situ hybridisation 24-72 hours after the operations. 

Amputations between 200-500|4,m from the tip of stage 23-24 wing buds resulted in the 

removal of the HoxdlS expression domain. Apphcation of FGF-4 to posterior stump 

mesenchyme after amputation induced HoxdlS expression . Twenty four hours after 

FGF-4 apphcation, a smah patch of HoxdlS expression was detectable around the 

posteriorly placed bead (Figure 4.5C, 5 cases). By 48 and 72 hours a larger domain of 

expression was estabhshed and expression was locahsed in the mesenchymal cehs, at the 

tip of the outgrowth, which whl give rise to the regenerated digits (Figure 4.5.D, E and 

F, 6 cases).



Figure 4.5- (A, B) Msx-1 expression is not induced 24 hours after implantation of 

SHH bead (arrow) to posterior mesenchyme following amputation at 200-300|im (A) 

or 400-500tim (B) fi’om the tip of a stage 23-23 wing bud. (C-F) Yioxdl3 is induced 24 

hours (C), 48 hours (D) and 72 hours (E, lower magnification with the contralateral 

wing bud, and F, higher magnification) after annotation at 300-400|im from the tip of a 

stage 23-24 chick limb bud and posterior application of FGF-4. A smaU patch of 

HoxdlS expression is detectable around the FGF-4 bead at 24 hours. When embryos 

were fixed 48 hours after innlantation the domain was extended proximally around the 

bead and after 72 hours HoxdlS transcripts were located in the mesenchymal cells that 

give rise to the regenerated digits. FGF-4 beads are indicated by arrows.
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4.3.6- Reactivation oî Msx-1 expression in mouse limb tissue
Distal amputations of fetal and neonatal mouse digit tips show limited regeneration 

without growth factor stimulation. To find out whether proximal mouse limb buds can 

reactivate Msx-1 expression in response to ridge signals, proximal rectangular 

fi’agments of mouse mesenchyme that did not egress Msx-1 were grafted in random 

orientation underneath the apical ridge of wing buds of host chick embryos of stages 18 

to 22 (Figure 4.6). The use of mouse limb buds from 10 to 11.5 -day-old embryos 

provided a series of grafts fi’om progressively more proximal regions of limb buds. 24 

hours after grafl;ing, the host wings were examined and distribution of Msx-1 transcripts 

in the graft was assayed by wholemount in situ hybridisation using an antisense RNA 

probe specific for mouse Msx-1 transcripts (see also Davidson et al., 1991; Brown et 

ai, 1993). Host chick embryos were between stage 18-22 at the time of operation, but 

there was no difference in the behaviour of the grafts in different stages, confirming that 

the apical ridge provides similar signals between stages 18 and 22.

When proximal mesenchyme fi’om donor mouse embryos at early stages (10 and 10.5 - 

day- old), was placed under the apical ridge of the chick limb bud, mouse Msx-1 

transcripts were abundant in aU these grafts after 24 hours, with greatest expression in 

the part of the graft closest to the apical ridge (5 out of 5 cases; Figure 4.6). One 

proximal and one central area piece were taken fi’om forelimb buds of 11 -day mouse 

embryos, but only one proximal piece fiom the hindlimbs, since mouse forelimbs are 

more advanced in development than hindlimbs (Figure 4.6). As with grafts for earher 

stages, mouse Msx-1 transcripts were abundant in these grafts at 24 hours (9 out of 9 

cases; Figure 4.6; Figure 4.7A). The pattern of induced Msx-1 expression in proximal 

mouse mesenchyme was identical to that in controls, in which mesenchyme taken fiom 

the distal tip of mouse limb buds was grafted (2 out of 2; Figure 4.6; Figure 4.7B). A 

significant change in behaviour of grafted cehs was found when proximal mesenchyme 

up to about 800pm fiom the tip of 11.5 -day-old forelimbs was grafted. Expression of 

mouse Msx-1 in the graft was induced but to lower levels (Figure 4.7C). When even



Figure 4.6- Diagram showing location of pieces of mouse mesenchyme cut from 10- 
to 11.5- day mouse limb buds and their behaviour when grafted beneath the apical ridge 

of stage 18-22 chick wing buds. The numbers of cases are indicated underneath each 

mesenchymal piece and the ability of mouse cells to express Msx-1 transcripts in these 

grafts is indicated on the diagram (+) = Msx-1 transcripts were detectable in grafts of 

these cells placed beneath the apical ridge of a chick wing bud. (-) = Low levels of Msx- 

1 were detectable in the grafted cells. (=) = Msx-1 was not activated in the grafted 

cells. F = Forelimb , H = Hindlimb, Shading indicates Msx-1 transcript distribution in 

mouse limb bud.
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more proximal limb tissue, adjacent to the body wall and about 900|iim from the tip of 

the bud was grafted, Msx-1 was not activated (Figure 4.6; Figure 4.7D). However, all 

fragments obtained from more distal regions of the same stage mouse limb bud, closer 

than 700pm from the tip, expressed mouse Msx-1 in the same way as before when 

placed at the tip of chick limb buds (Figure 4.7E). A few grafts became separated from 

apical ridge through dehberate or accidental interposition of distal chick mesoderm In 

these cases, the grafted mouse cells did not express the Msx-1 gene (5 cases; data not 

shown).

4.4 Discussion

4.4.1- Local contribution of cells to the outgrowth
A long-standing problem in the study of regeneration is to identify the origin and 

identity of cells that give rise to the new structures (reviewed by Ferreti and Brockes, 

1991). My results show that the cells that participate in the outgrowth induced by an 

FGF-4 bead in amputated limb bud stumps are those hnmediately close to the bead and 

proximal cells of stunq) origin do not enter the outgrowth. Experiments using locahsed 

irradiation and descriptive studies concur in showing that the adult amphibian blastema 

is also local in origin and there is no migration of cehs from the rest of the body. 

Irradiation of the region behind the amputation surface, leaving undamaged only a smah 

section of tissue immediately abutting on the surface, permitted normal regeneration but 

if the tissue bordering the cut surface was irradiated, regeneration failed (Butler, 1933, 

reviewed by Needham, 1952). Furthermore, incorporation of tritiated thymidine, on the 

premise that DNA synthesis is an important characteristic of cehs transforming into 

blastema, has shown that DNA synthesis during blastema formation is restricted within 

1mm proximal to the amputation plane (Hay and Fishman, 1961; Steen and Walker, 

1961). Although this would represent a large area in an embryonic hmb bud, it must be 

remembered that the regeneration blastema is about 50-fold larger but has a much lower 

ceh density.
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Local contribution to regenerates could be due to the inability of more distant cells to 

participate forming new structures. However, this possibility can be discounted. In 

regenerating amphibian limbs, amputations at any position along the proximo-distal axis 

lead to blastema formation and in embryonic chick limb buds, cells more proximal to the 

amputation site under the influence of FGF-4 can form a new outgrowth. Thus, it 

appears that the local recruitment of cells is probably due to the limited range of the 

FGF signal. Furthermore, because cells are locally recruited, this means that the 

estimates of the proximal extent of regeneration capacity.

It would be interesting to identify the cells that give rise to the regenerate. For exanq)le, 

the contribution of the myogenic cell lineage to the outgrowth stimulated by FGF-4 

could be examined by performing quaü-to-chick replacements of the somites at the 

prospective limb levels.

Regardless of the origin of blastema cells in the regenerating amphibian limbs, there is 

still considerable interest in addressing the question of the metaplastic potential of the 

blastema cells to give rise to all of the different cell types in the regenerate. "Metaplasia" 

is the dedififerentiation of functional cells followed by rediflerentiation of the cells or 

their progeny into a different histological type, for example transformation fi'om 

myotube to chondrocyte (Slack, 1980). Evidence that metaplasia occurs has been 

presented by enq)loying several methods including polyploidy, radioactive labelling and 

natural pigmentation. Cartilage can undergo metaplasia into other connective tissues but 

its transformation into muscle is questionable (Steen, 1968, Namenwirth, 1974). 

However, several other studies support the concept of cartilage conversion into muscle. 

Cartilage flrom white or black axolotls homografted into x-irradiated limbs of opposite 

colour allowed the production of donor-derived regenerates with cartilage, muscle and 

connective tissue (Wallace et al., 1974; Maden and Wallace, 1975). Desselle and 

Gontcharoff (1978) also detected apparent transformation of xenograft chondrocytes



166

into myogenic cells of muscle, although they considered irradiated host cells were also 

reactivated. In experiments where muscle was used as the grafted tissue, graft-derived 

cells were observed in many regenerated tissues, hut the interpretation is uncertain 

because both the myogenic and the connective tissue cells of the muscle might 

contribute to blastema formation (Namenwirth, 1974). However, analysis of a 

molecular méthylation- sensitive marker during regeneration is consistent with a 

contribution of both muscle and connective tissue lineages to the cartilage of 

regenerating limbs (Casimir et al., 1988). Furthermore, the potential of dermal cells to 

undergo metaplasia was also investigated. When triploid skin (but not when just triploid 

epidermis) was grafted to diploid axolotls limbs that were irradiated and stripped of 

their skin, regenerates with normal skeleton and other connective tissues were formed 

after amputation (Namenwirth, 1974; Dunis and Namenwirth, 1977). Most of the 

mesodermal cells in these regenerates were triploid, demonstrating their origin fi*om the 

donor dermis. In chick limb buds, myogenic and chondrogenic cells are restricted to 

discrete limb conçartments weh before their overt differentiation, and there is no 

con^elling evidence to support the existence of pluripotential limb mesenchyme cehs. 

However, Searls and Janners (1969) have shown that chondrogenic limb cehs can 

assimhate into soft tissue regions of the limb in ectopic grafts suggesting that 

mesenchyme cehs can exhibit a certain degree of plasticity and their fate can be altered 

by local interactions. However, human BMP-2 does not appear to be able to transform 

myoblasts to a chondrogenic fate in micromass culture (Duprez et al., 1996c).

4.4.2- Rescue correlates with induction oi Msx-1 expression
The data here, taken together with these of Chapter 3, demonstrate that "regenerative" 

potential of chick limb buds is correlated with expression of Msx-1 (Table 4.3). 

Apphcation of FGF-4 to mesenchyme after amputations of up to 600fxm from the tip 

lead to "regeneration" and Msx-1 was expressed. In contrast, with proximal 

amputations at 700|xm from the tip, where no "regeneration" occurs, Msx-1 expression 

was not induced by FGF-4. Cehs up to 200^m from the FGF-4 bead expressed Msx-1
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and this corresponded to the region from which cells were recruited into the new 

outgrowth.

A similar conclusion that there is a correlation between Msx-1 expression and 

regeneration has recently been reached by examining digit regeneration in developing 

mouse hmb s. Mammahan digit tips have a limited regenerative capacity (Wanek et al., 

1989), and the digit regenerates only when the amputation plane transects the digit such 

that the entire amputation surface hes within the region of cells expressing Msx-1 

(Reginelli et al., 1995). Msx-1 expression in mouse limb buds is more stable than in 

chick limb buds. In mouse limb buds, the entire ectoderm has to be removed to abolish 

Msx-1 expression whereas, in chick buds, removal of the apical ridge leads to almost 

complete loss of the Msx-1 expression domain in the posterior tip (Ros et al., 1992; 

Wang and Sassoon, 1995, Vogel et al., 1995a). This could explain why chick limb buds 

cannot regenerate without growth factor stimulation.

FGF-4 apphcation might stimulate regeneration from proximal mesenchyme in 

mammalian limb buds as it does in chick wing buds. The potential of mouse tissue to 

reactivate Msx-1 expression was assayed by grafting proximal mouse limb tissue 

beneath the apical ridge of a chick limb bud (see also Davidson et al., 1991) which 

expresses Fg/^4. It should be noted that reactivation o î Msx-1 appears to occur at more 

proximal levels in mouse limb buds compared with chick limb buds. This could reflect a 

greater labihty of proximal cells in mouse or that ridge and adjacent mesenchyme are 

more efficient in inducing Msx-1 expression in grafts than just adding FGF-4 to 

amputated stumps.

4.4.3- Rescue may require several signals
FGF-4 may act in concert with a polarising signal to re-estabhsh a progress zone in 

proximal limb tissue. This conclusion emerges from our finding that posterior 

apphcation of FGF-4 leads to successfid development of distal structures from 

an^utated chick hmb stunts, whereas apical apphcation is less effective. Since FGF-4
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is known to maintain the polarising region when locally apphed to posterior 

mesenchyme, this suggests that a polarising region signal is involved (Niswander et al., 

1993b; Vogel and Tickle, 1993). Our data show that FGF-4 induced activation of Shh 

expression in both regenerating and intact limbs correlates with the level at which 

"regeneration" occurs. Shh expression appears to be reactivated shghtly more 

proximahy than Msx-1 expression and SHH beads implanted in amputated stunq)s did 

not activate Msx-1 expression. It seems hkely that FGF may act by inducing Shh that 

then together with FGF activates Msx-1 expression.

It is not clear how Msx-1 expression is related to progress zone function (see also 

Chapter 1). A potentiahy myogenic ceh line, when transfected with the Msx-1 gene, can 

no longer be induced to differentiate into muscle (Song et al., 1992), consistent with a 

role for Msx-1 in maintaining cehs in an undifferentiated and proliferating state. In 

contrast, transfection of Msx-1 into newt hmb blastema cehs had no detectable effect on 

either proliferation or differentiation (Crews et al., 1995). A number of other genes are 

expressed at the tip of hmb buds and some of these could also be inq)ortant in 

maintaining the progress zone. FGF-4 (or the ridge) has been shown to regulate 

expression of Bmp-2, Hoxdl3 and Evx-1 in addition to Msx-1 and Shh in vertebrate 

hmb buds but expression of some of these genes is probably a consequence of progress 

zone function (Vogel et al., 1995a; Niswander et al., 1994; Laufer et al., 1994; 

Niswander and Martin, 1993a). I have shown that expression of Hoxdl3 in regenerating 

limbs is progressively activated in response to FGF-4. Maintenance of Hoxdl3 

expression in the posterior mesenchyme of wing stump can be correlated with posterior 

outgrowth and digit formation. This observation is consistent with the finding that 

fohowing removal of the distal mesenchyme, leaving the apical ectodermal ridge intact, 

the Hoxdl3 domain is regenerated and digits develop (Hayamizu et al., 1994). 

However, in transgenic mice in which Hoxdl3 has been functionahy inactivated, digits 

can develop although their growth is abnormal (Dohe et al., 1993).
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In regenerating urodele amphibians, Msx-1 is strongly up-regulated during initiation of 

regeneration and is specifically expressed in undifferentiated proliferating blastema cells 

derived by dedifferentiation of adult tissue (Simon et al., 1995; Crews et al., 1995). In 

this context, the regeneration blastema could be equivalent to the progress zone of the 

developing limb. It would be interestingly to know to what extent Shh signals are 

involved in amphibian limb regeneration. In the meeting "Towards a molecular 

understanding of regeneration" held in London in 1996, Yutaka Imokawa (ERATO, 

Japan) presented in situ hybridisation data showing that Shh is more highly expressed in 

posterior cells of the blastema, suggesting that a ZPA might exist. In contrast, David 

Stark found that Shh is expressed uniformly throughout the blastema. Despite this 

discrepancy, both of these studies demonstrate that Shh is re-expressed in regenerating 

limbs which is consistent with my observations reported here. This suggests that Shh 

may play an inq)ortant role in patterning of regenerates, in addition to that of the 

developing limb.
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Chapter 5

General Discussion
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5.1- Msx~l and limb development
The main aim of this thesis was to explore the role of Msx-1 in limb development. 

As was outlined in the introduction, Msx-1 has been hypothesised to have three 

different roles in limb development. First, Msx-1 might be involved in the 

interactions that take place at the distal tip of the limb in the progress zone, that 

are responsible for proximo-distal growth; second, the e?q)ression of Msx-1 at the 

anterior margin of the limb has been related to anterior positional identity and 

third, Msx-1 expression appears to be coincident with zones of ceh death such as 

the posterior necrotic zone and the interdigital spaces at later stages. In order to 

gain fixrther insight into these possible roles of Msx-1, I examined the phenotypic 

consequences of its over-expression during chick limb development. Limbs 

infected with either a rephcation competent or a defective retrovirus encoding 

Msx-1 did not exhibit any marked abnormahties in terms of the size of elements 

developed, antero-posteiior patterning or programmed ceh death. It is interesting 

that A/5x-7-deficient mice also do not e?diibit any obvious limb defects (Satokata 

and Maas, 1994). However, the Msx-1 mutation in these mice truncates the gene 

3' to a site in the homeobox, which might leave residual activity involving the N- 

terminal part of the protein (Satokata and Maas, 1994). Nevertheless, the general 

finding appears to be that neither over-egression nor functional inactivation of 

Msx-1 alone appears to have any effect on the developing limb.

These results raise the intriguing possibhity that Msx-1 may function in concert 

with other genes, in particular Msx-2. Msx-2 has a close sequence homology and 

a similar expression pattern to that of Msx-1 in the developing limb. Furthermore, 

patients with a mutation in the MSX-2 gene causing Boston-type craniosynostosis 

have limb abnormahties (Jabs et al, 1993). ThisMiSX-2 mutation changes a single 

highly conserved residue in the homeo domain, which could affect DNA binding 

or protein interaction, but is unlikely to aboHsh both (Jabs et al, 1993; see also 

Davidson, 1995). Recently, mice deficient for both Msx-1 and Msx-2 were
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constructed. The double mutants display morphological alterations in limb 

development that are not observed in the single mutant. Specifically, the double 

mutants exhibit extra preaxial digits which is consistent with the hypothesis that 

these genes may play a role in anterior positional identity (Maas, personal 

communication). Experiments are currently being carried out in which the Msx-1 

and Msx-2 genes are overexpressed in the same cells. This can be achieved by 

cloning the two genes into retroviral vectors of two different subgroups and co- 

infecting cells with the two viruses. It will be interesting to find out whether 

ectopic expression oiMsx-1 and Msx-2 together has any effects on limb pattern.

On the basis of gene expression patterns, there are other genes that might also 

interact with Msx-1. These include genes expressed in the progress zone such as 

several homeobox genes, retmoic acid receptors and binding proteins, AP-2, Wnt- 

5a, and Evx-L These which might act with, or be regulated by, Msx-1 to mediate 

limb bud outgrowth. In addition, Msx-1 may be regulated with members of the 

BMP family expressed in anterior mesenchyme and m the areas of interdigital cell 

death, to specify anterior positional identity and trigger cell death, respectively. 

None of these genes show identical patterns of expression to Msx-1 but all show 

some overlap.

Msx-1 and Msx-2 are co-expressed in other regions of the vertebrate embryo. 

Interestingly, although targeted disruption of Msx-1 results in no overt limb 

phenotype, the transgenic mice do exhibit craniofacial abnormalities including a 

complete cleft of the secondary palate, a failure of tooth and alveolar bone 

development in the mandible and maxilla, and abnormalities of the skull, malleus 

m the ear, nasal membrane bones and conchae (Satokata and Maas, 1994). This 

suggests that in the facial region, Msx-2 cannot substitute completely for Msx-1 

even though it is expressed in an overlapping pattern. Thus, the relation between 

the functions of the two genes is different in face and limb. Indeed double null
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mutants for Msx-1 and Msx-2 possess far more severe craniofacial malformations 

than either null mutant individually, displaying a bilateral clefting of the primary 

palate (Maas, personal communication). It is interesting that this phenotype is 

similar to that observed in retinoic acid treated chick embryos in which Msx-1 and 

Msx-2 expression is down-regulated in the developing facial primordia (Brown et 

al., 1996). This suggests that retmoic acid produces clefting by inhibiting 

expression oïMsx genes. It would be particular interesting to look at the effects 

of over-expressing of Msx-1 and Msx-2 together in the face. Msx-1 expression in 

the face, as in the limb, overlaps with a number of other molecules in addition to 

Msx-2 including AP-2 and various Vint genes. However, genes of the Hox 

conq)lexes are expressed in the limb but not the face and the function of Msx-1 

could depend on these Hox genes.

Recombination experiments in which tissues are exchanged between limb bud and 

facial processes suggest that there also some differences in the signal pathways 

that control the expression of Msx-1 at these two sites. Expression of Msx-1 in 

facial mesenchyme cells can be activated by signals emanating fi*om the limb 

apical ridge, suggesting that face tissue can respond efficiently to local signals in 

the limb. In contrast, Msx-1 expression is not maintained in limb mesenchyme 

cells grafted to the face. For exanq)le, when A/5x-7-expressing limb tissue is 

grafted into the maxillary piimodium, Msx-1 transcripts are down-regulated 

within 24 hours, suggesting that signals in the face are not able to support high 

levels of Msx-1 expression in limb bud cells (Brown et al., 1993).

5.2- The role oî Msx-1 in limb regeneration
Several lines of evidence suggest that Msx-1 may be important in regeneration. 

The proposed fimction of Msx-1 in controlling the balance between growth and 

differentiation made it a promising subject for studies of regeneration. It is
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striking that regeneration of the digits of embryonic mice seems to be temporally 

and spatially linked to Msx-1 expression (Reginelh et al., 1995) and it has been 

shown that regenerative abihty of amphibians is associated with Msx-1 (Simon et 

a l, 1995; Crews et al, 1995). The work in this thesis also shows that reactivation 

of Msx-7 expression correlates closely with the regeneration of chick limb buds. 

The precise role of Msx-1 is however not clear at present. The gene may serve as 

a marker for stages in which undifiFerentiated mesenchymal cells are present 

during regeneration. Alternatively, it is tempting to imagine that the abihty to 

regenerate limbs is directly related to Msx-1 and expression of Msx-1 might itself 

drive regeneration. If this is true, then overexpression o ï Msx-1 in the amputation 

plane of the limb would be sufficient to stimulate regeneration. Another way to 

test the importance of Msx-1 in regeneration would be to examine the 

regenerative response of mouse digit tips in the single null Msx-1 mutant mice. If 

Msx-1 is a key signal for regeneration, then digits tips of the Msx-\ deficient mice 

would not regenerate.

The conclusion fiom studies on limb development suggests that Msx-1 does not 

fimction alone. For regeneration, reactivation of Msx-1 in concert with other 

genes may also be necessary. Specifically, Msx-2 has also been imphcated in distal 

outgrowth during regeneration of digit tips. However, a distinction between Msx- 

1 and Msx-2 was observed with respect to whether cells in the amputation plane 

express these genes at the time of annotation (Reginelh et al, 1995). In the 

embryo, prior to digit separation, a regenerative response is observed foUowmg 

annutation through regions in which Msx-1, but not Msx-2, is expressed, 

suggesting a role for endogenous Msx-1 expression in ceUs at the wound site in 

initiating a regeneration response. At later fetal stages and in neonatal digits, 

regeneration correlates with the expression of both Msx-1 and Msx-2 at the site of 

amputation. However, the level of detectable transcripts of Msx-2 was lower than 

that observed for Msx-1. In adults, digit tip regeneration is specificahy associated
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with whether nail bed tissues remain witliin the amputated stump (Borgens, 

1982). Both Msx-1 and Msx-2 transcripts are found in the regenerative-competent 

distal tissues and only Msx-2 transcripts are present in regeneration-incompetent 

proximal tissues (Reginelh et al., 1995). Bearing in mind these results, it could be 

that the same set o f genes operates in both development and regeneration. It 

should be emphasised that other genes, important in development, may also act in 

concert with Msx-1 and Msx-2 to stimulate regeneration. In particular, given the 

close overlapping domains o f the patterns o f Wnt-Sa, AP-2, and Msx-1 

expression, it would be interesting to investigate the pattern o f expression o f  Wnt- 

Sa and AP-2 during regeneration. It is particularly interesting the ftmctional 

inactivation o f Wnt-5a results in normal but shorter in size limbs (A. McMahon, 

The nature o f Biological Development, 14̂  ̂ International Nature North American 

Conference, Boston, 1995) while functional inactivation o f AP-2 appears to 

produce limbs with extra digits, a similar phenotype to that observed in the double 

Msx-1 and Msx-2 mutants (H. Schorle, Mouse molecular genetics, Heidelberg, 

1995; Schorle et al., 1996; Zhang et a l, 1996).

In adults, digit tips are not the only site where Msx-1 is expressed. High levels of 

Msx-1 transcripts are detected in uterine epithelial cells and in mammary glands of 

non-pregnant adult female mice, but transcripts decrease dramatically during 

pregnancy (Pavlova et a l, 1994; Friedmann and Daniel, 1996). It is interesting 

that both o f these sites undergo extensive morphological and functional changes 

in the adult. Thus it is possible that Msx-1 remains active in the adult uterus and 

glands to retain a degree o f developmental plasticity. Similarly, it is likely that 

digit tips retain some developmental plasticity and therefore can regenerate.

In developing embryos, Msx-1 expression is associated with outgrowth o f both 

face and limb and it is interesting that the jaw o f urodele amphibians as well as the 

hmbs can undergo regeneration. In adult animals, the original shape o f both the
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lower and upper jaws is rather faithfidly reproduced following amputation, but 

significant differences in the regenerative abihty of various skeletal elements are 

observed. In contrast, a regenerated lower jaw in the larva is indistinguishable 

firom an unanq)utated one at the same stage of development (Ghosh et al., 1994). 

As I have outlined in the introduction, the tercporal and spatial pattern of Msx-1 

expression is broadly similar in amphibians and therefore it seems reasonable to 

suggest that Msx-1 might be expressed in the face of urodele anq)hibians, as it is 

in chick embryos, during development and have an important role in regeneration. 

Based on this hypothesis it would be interesting to find out whether the face of 

chick embryos has any regenerative capabhities.

Embryonic chick limb buds retain some regeneration activity. I have shown that 

when FGF-4 (which probably mimics the natural source of FGF in the ridge) is 

applied after amputation of chick limb buds, expression of Msx-1, Shh and Hoxd- 

13 are reactivated, generating outgrowth and virtually normal skeletal patterning. 

However, proximal amputations could not be rescued by FGF-4, suggesting that 

cells retain plasticity for only a limited time, once they leave the progress zone, 

before losing their ability to be reactivated to participate in outgrowth and 

patterning. In general, the process of limb regeneration poses ftmdamental 

questions about the recapitulation of developmental mechanisms and the existence 

of a universal set of pattern regulatory signals that are used in development and 

then re-iterated during regeneration. Although there are differences between the 

regeneration and the embryonic development of a limb, particularly in the manner 

in which the initial outgrowth forms, there is evidence that some of the same 

signalling mechanisms are utihsed in the two processes to control pattern. When a 

hmb bud or blastema is rotated through 180° and replaced on its stump, 

regeneration of dupHcated mirror-image distal structures frequently results. 

Supernumerary limbs can also be evoked by the transplantation of axially reversed 

regeneration blastemas of mature limbs to undifferentiated limb buds and vice
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versa (Mimeoka and Bryant, 1982). Similar results have being obtained when the 

blastema is transplanted from right hmb to a left limb without rotation (dorsal- 

ventral interaction) (Bryant and It en, 1976). Although this result is never obtained 

when the same experiment is performed on developing limb buds, Javois and Iten

(1982) reported that dorsal-ventral tissue interactions in chick limbs do occur and 

result in the formation o f supernumerary muscles in a position dependent manner. 

A number o f groups have attempted to interpret these data according to the two 

current views o f limb patterning, the ZPA model and the PC model (Chapter 1.3).

The regeneration o f the chick limb can be interpreted in terms o f the postulated 

ZPA model. A zone o f polarising activity is re-estabhshed and the antero

posterior and dorsal-ventral axes are obviously maintained or re-established 

during chick limb bud regeneration. It seems that mesodermal cells are being 

assigned with a>,«vi.ucW)f their position within the limb, a^ ^  ^K.^hich they retain 

during amputation and regeneration. Tlierefore, the potential to form a ZPA 

would have to exist all along the limb, but it needs only to become active at the 

end o f the amputated stump to polarise the structures that form. In this respect, it 

will be very important to establish whether there is a discrete ZPA centre on the 

posterior side o f the blastema o f regenerating amphibian limbs. In regenerating 

amphibian limbs, no boundary regions could be defrned as the result o f grafting 

experiments and therefore the circumference was treated as a clock face.

It seems hkely that additional studies o f the urodele blastema and o f the chick 

limb will continue to provide important information on patterning mechanisms in 

vertebrate tissues. Moreover, any parallels that emerge from these two systems 

may contribute to a particularly deep understanding o f how the tetrapod limb is 

formed.
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5.3-Prospects for stimulating regeneration
From the foregoing discussion, it is clear that mammahan limbs are not 

corq)letely devoid of regenerative abihty. The tips of mouse digits (Borgens, 

1982) and children's jSngers (Illingworth, 1974) can regenerate after amputation if 

the plane of amputation passes distal to the last interphalangeal joint, including 

the nail. The nail organ has indeed been shown to have inductive abihty on bone 

re-growth (Zhao and Neufeld, 1995). In addition, fibroblast growth factors 

stimulate regeneration in embryonic chick hmb buds and may also be efiective in 

mammalian hmbs. This regeneration is not exactly the same as the adult 

regeneration of the amphibian hmb besides the fact that almost perfect 

replacement part is produced in both instances. It would be extremely interesting 

to uncover the critical difference between chick hmb bud tissues which regenerate 

and the same type of tissues just 100-200|u,m more proximal that do not 

regenerate. Within the hmb there must be some special difference between distal 

tissues and proximal tissues in their responsiveness to signals induced by trauma 

(and FGF-4 apphcation). Perhaps one of these features is the abihty to re-express 

Msx-1.

Regeneration of the mammahan hmb is the goal towards ftiture research must be 

directed. However, the principles of hmb regeneration can probably be directly 

apphed to consideration of abnormal development and devise more informed and 

adequate strategies to repair congenital hmb defects in humans.

Most congenital hmb defects, be they true malformations (i.e., intrinsic 

abnormahties in fetal development), disruptions (i.e., when some external agent or 

process acts on a normaUy developing fetus), or deformations (i.e., a physical 

restraint on hmb development which occur after ah the anatomical structures have 

been formed) can probably be now explained as an error m the mechanisms that 

control the correct arrangement of hmb structures. Terminal transverse types of 

hmb deficiency, for instance, are probably associated with failure in apical ridge
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signalling or response to apical ridge signals. In this respect, it would be 

interesting to investigate whether FGF might be used to stimulate these truncated 

limbs in utero and correct the pattern. There are good reasons to be optimistic 

about this, given that recent research has demonstrated that application of 

exogenous FGF to limb buds of the chicken limbless mutant permits further 

growth and determination of recognisable skeletal elements (Ros et al., 1996). 

Moreover, it would be very interesting to see whether implanted FGF beads could 

rescue limb development in the legless mouse mutant in a similar way to that in 

the chick mutants. It may be also well worth inquiring into the effects of FGF 

apphcation on retinoic acid teratogenesis. In general, systemic retinoid treatment 

is a very effective inducer of limb abnormahties including digit defects and 

apphcation of FGF-4 may reverse these abnormahties.
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