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Abstract
The tissue repair movements of embryonic and adult wound healing appear to bear
significant similarities to several natural morphogenetic movements that occur
throughout embryogenesis across different phyla.

In the fruitfly, D rosophila

melenogaster, the natural tissue movement that most resembles embryonic epithelial
repair is dorsal closure, a process whereby lateral epidermal sheets sweep dorsally to
cover over the extra-embryonic amnioserosa, closing the dorsal side of the embryo.
Using laser ablation I have established a model of epithelial repair in the fly embryo and
have used this model to analyse analogies between morphogenesis and wound healing.

In this thesis I use live confocal microscopy to study the cell shape changes and
cytoskeletal rearrangements that drive these two tissue movements. I show that both
dorsal closure and epithelial repair are associated with the assembly of several actin
based structures in the leading edge epithelial cells, including a circumferential cable
and dynamic filopodia and lamellae. By modulating the activities of various members
of the Rho family of small GTPases I have been able to test the function of these actindependent elements in both dorsal closure and wound healing and have obtained results
consistent with the view that both processes use the same filopodial driven adhesion
mechanism to fuse two epithelial sheets together.
During vertebrate wound healing, a key component of the repair process is the
inflammatory response, whereby leukocytes - largely neutrophils and macrophages - are
drawn from adjacent blood capillaries and chemotax towards the wound site. In my last
experimental chapter I describe the presence of an active inflammatory response to laser
ablation in the Drosophila embryo. Within minutes of laser wounding - hemocytes (the
fly equivalent of macrophages) can be seen actively migrating towards a wound site and,
once at the wound site, these cells begin to rapidly engulf and clear cell debris. I have
characterised this response in wild type embryos and have begun to analyse the role of
the small GTPase Rac in this important cellular process.

Table of Contents
Abstract

2

Table of Contents

3

Table of Figures

8

Acknowledgements

10

Chapter 1 General Introduction

11

1.1 Introduction

12

1.2 Adult Wound Healing

14

Adult wound healing involves the formation o f a clot and the rapid
Recruitment o f inflammatory cells.

14

Reepithelialisation o f adult wounds occurs by lamellipodial crawling
o f basal kératinocytes over the wound matrix.

15

Reepithelialisation is aided by contraction o f the underlying connective
tissue

1.3 Embryonic Wound Healing

16

17

Embryonic reepithelialisation occurs via actin purse-string contraction.

17

Several 'immediate early’ genes are expressed during embryonic repair

18

Some adult tissues also close wounds by purse string contraction

18

1.4 Cell Motility Tissue Culture Studies

19

The actin cytoskeleton in migrating cells is organized into three major
structures.

20

How do actin protrusions form?

21

1.5 Rho Small GTPases

23

Rho family small GTPases regulate actin dynamics in many cell types

24

The role o f small GTPases in wound healing.

26

1.6 Cell-Cell Adhesion in vitro Studies

27

Adherens junctions are important structures fo r cell-cell adhesion

28

Calcium induced cell-cell adhesion in kératinocytes is driven by
filopodial interdigitation.

29

Rho family small GTPases also play a role in cell-cell adhesion.

29

1.7 Morphogenesis

31

Many parallels exist between tissue morphogenesis and embryonic
wound healing.

31

Ventral enclosure during C.elegans development is driven by
cytoskeletal rearrangements and cell shape changes in the embryonic
epithelium.

32

Fusion o f the epithelial fronts during ventral enclosure is achieved
through‘filopodialpriming*.

33

Drosophila dorsal closure is a paradigm fo r embryonic epithelial fusions. 34
Signalling dorsal closure through JNK.

35

Small GTPase signalling within leading edge cells.

38

Assembly and regulation o f the actin cable and cell:cell junctions during
dorsal closure.

Chapter 2: Materials and Methods

39

42

Fly maintenance

43

Fly food

43

Apple juice agar plates

43

GAL4-UAS system

44

Fly stocks

45

Collecting developmentally synchronous embryos

46

Wounding o f embryos

47

Phalloidin staining o f embryos

48

Antibody staining o f embryos

48

Transmission Electron Microscopy (TEM) and resin histology

49

Scanning Electron Microscopy (SEM)

50

Light microscopy

50

Confocal microscopy

51

Wing imaginai disc dissection and wounding.

51

RNA probe preparation

52

In situ hybridisation

52

Chapter 3; Live Analysis of Actin Dynamics During Drosophila
Dorsal Closure

54

3.1 Introduction

55

3.2 Results

57

Leading-edge epithelial cells extend dynamic filopodia and lamellipodia

57

Filopodia and lamellipodia appear to drag the opposing epithelial
fronts together

57

Filopodial interdigitation precedes, and may drive, epithelial fusion

58

Expression o f dominant-negative Cdc42 blocks filopodial extension and
epithelial adhesion

59

Leading edge filopodia resemble those o f a migrating growth cone

60

In the absence o f filopodia, cell-cell matching fails along the midline
fusion seam

61

Both rhol and zip mutants can complete dorsal closure but show some
puckering or segment misalignments along the midline seam

62

Actin cable disassembly leads to increased numbers o f filopodia and
lamellae during dorsal closure in rhol and zip embryos

62

Expression o f dominant-negative or constitutively active Rhol reveals a
dual role fo r the actin cable

63

3.3 Discussion

72

Chapter 4: Epithelial Repair in Drosophila Embryos

81

4.1 Introduction

82

4.2 Results
Laser ablation can create reproducible wounds that take two hours
to close

88

Like dorsal closure, repair o f wounds in the Drosophila embryo is
achieved by epithelial cell shape changes and rearrangements, rather
than by cell division.

88

Just as during dorsal closure wound edge epithelial cells assemble an
actin cable

89

Wound edge epithelial cells also express dynamic filopodia and
lamellipodia

90

Incisional wounds appear to close more through filopodial zippering
than purse string contraction

91

Embryos mutant fo r rhol fail to assemble an actin purse-string in
wounds, but instead extend fa r more filopodia and lamellipodia

91

Even in the absence o f an actin cable the wound hole eventually closes

92

Expression o f dominant-negative Cdc42 blocks assembly o f filopodia by
wound edge cells and permits almost complete closure, but causes a
failure to finally seal epithelial fronts together

93

Wound closure in triple r a d , rac2, mtl mutants is indistinguishable from
the wild type

94

Small wounds are able to maintain segmental alignment and cell
matching whilst closing, whereas larger wounds do not.

95

Underlying tissues may play no part in the closure o f Drosophila
embryonic wounds

95

4.3 Discussion

107

Chapter 5; Inflammation in Drosophila Embryos

114

5.1 Introduction

115

5.2 Results

123

Embryos display a rapid inflammatory response to laser wounding

123

Hemocytes migrate by lamellipodial crawling and engulf cell debris at
the wound site

123

Hemocytes appear to ‘p lug' the wound site

124

The inflammatory response fails to occur in ra d , rac2, mtl mutants

124

5.3 Discussion

132

Chapter 6: General Discussion and Future Directions

138

6.1 Introduction

139

6.2 Actin Dynamics During Drosophila Dorsal Closure and
Embryonic Wound Repair

139

Both dorsal closure and wound healing involve the assembly and
contraction o f an actin cable in the leading edge epithelial cells

139

Actin-rich filopodia extending from leading edge cells are required fo r
adhesion during both dorsal closure and wound repair

6.3 Cell Signalling During Dorsal Closure and Wound Repair

141

144

6.4 Other Epithelial Fusion Events During Embryonic
Development

145

Filopodial interdigitation may provide a universal mechanism fo r the
adhesion o f two migrating epithelial fronts

145

Epithelial fusion events in other model organisms are providing more
conserved mechanisms

146

6.5 The Drosophila Embryo as a Model System for Studying
Inflammation

149

References

151

Appendix

176

Accompanying CD attached to back cover.

Table of Figures
Figure 1.1

Phases of cell motility

20

Figure 1.2

Mechanism of filopodia formation

22

Figure 1.3

The Rho GTPase cycle

24

Figure 1.4

Morphogenetic models of wound closure

32

Figure 1.5

Dorsal closure signalling pathways

36

Figure 2.1

The Gal-4 UAS system

45

Figure 3.1

Filopodia and lamellipodia on leading edge cells during dorsal
closure.

Figure 3.2

65

Confocal timelapse images of dynamic actin protrusions during
dorsal closure revealed by GFP-actin

66

Figure 3.3

Adhesion of the zippering epithelial fronts during dorsal closure

67

Figure 3.4

Reduced filopodia and segment misalignment in embryos that
lack Cdc42 activity

Figure 3.5

Scanning Electron micrographs of wild type, zip, and rhol
embryos at the end of dorsal closure

Figure 3.6

69

Live analysis of wild type, zip, and rhol mutant embryos
expressing UAS-GFP-actin

Figure 3.7

68

70

Wild type and mutant cells from embryos expressing dominantnegative or constutively active Rhol constructs have different
morphogenetic properties

Figure 3.8

71

Filopodial zippering fails to occur during dorsal closure in hep
mutants

79

Figure 3.9

Amnioserosal cell behaviours during dorsal closure

80

Figure 4.1

Wound healing in Drosophila and vertebrate embryos

86

Figure 4.2

Cell shape changes and rearrangements during wound closure

97

Figure 4.3

The cytoskeletal machinery of wound closure

98

Figure 4.4

Transmission Electron micrographs of wound closure

99

Figure 4.5

Filopodial interactions during repair

100

Figure 4.6

Healing of mechanically created incisional wounds

101

Figure 4.7

Wound repair in rhol mutant embryos

102

Figure 4.8

Wound healing in a rhol mutant is less efficient than in a wild
type embryo

Figure 4.9

103

Analysis of repair in dominant-negative Cdc42 expressing
wounds and in wounded racl rac2 mtl triple mutants

104

Figure 4.10

Segmental patterning is always maintained during dorsal closure

105

Figure 4.11

Maintenance of segmental alignment and cell matching during
wound closure

106

Figure 5.1

Developmental migration of hemocytes

121

Figure 5.2

Drosophila embryos display a rapid inflammatory response to
laser wounding

126

Figure 5.3

Hemocytes migrate by lamellipodial crawling

127

Figure 5.4

Hemocytes engulf cell debris at the wound site

128

Figure 5.5

Hemocytes appear to ‘plug’ the wound site

129

Figure 5.6

Scanning Electron Microscopy and Transmission Electron
Microscopy showing spatial distribution of hemocytes at the
wound site

Figure 5.7

The inflammatory response fails to occur in racl, rac2, mtl
mutants.

Figure 5.8

130

131

Necrotic cell engulfment by an epithelial cell during wound
closure

135

Figure 6.1

Wound healing recapitulates morphogenesis

140

Figure 6.2

dfos is expressed in a wounded wing imaginai disc

145

Figure 6.3

Filopodial function during epithelial adhesion

146

Figure 6.4

A selection of paradigm morphogenetic in several organisms that
involve epithelial fusions

147

Acknowledgements
Four years ago I was a lowly UCL Graduate with no lab experience and a third year
research project entitled ‘a comparative study of neck proportions among primates’. It
became clear to me that I was not the most ideal Ph.D. candidate on the market. To my
amazement one of my tutors offered me a short-term contract, a chance as he called it ‘to
prove myself worthy of a place in his lab’. For that moment of madness, as well as all
his encouragement and guidance throughout my seven years at UCL and for the passion
for science that he has firmly installed in me I can never thank my supervisor, Paul
Martin, enough.

I would like to thank all members of the Martin lab past and present for their help and
friendship, and for making the lab such an enjoyable place to work. In particular
Antonio Jacinto who, for the past 3 years, has been a fantastic teacher as well as a great
friend. I am sure that if it wasn’t for his constant guidance, this project would not have
progressed past the planning stages.

Special thanks should also go to Mark Turmaine for help with Electron Microscopy and
for being the finest windsurfing instructor on Minster beach. I would also like to thank
Jon Gale for introducing me to the concept of laser ablation and therefore transforming
my whole project, Mike Redd for advice and feedback on hemocyte experiments and
Alfonso Martinez-Arias and Clive Wilson for their continued enthusiasm and advice.

Finally, I would like to thank three very important people; Firstly, Mum and Dad who
have always given me their full support and encouragement in everything I have ever
chosen to do, and most importantly Jules, for all her help, love and support. I could not
have done it without you guys!

10

Chapter 1
General Introduction

11

General Introduction

1.1 Introduction
One of the principal functions of any epithelium in the embryonic or adult organism is to
act as a self-sealing barrier. Any lesion in the epithelium must be rapidly repaired to
protect the organism from the external environment and consequently the risk of
infection. The ability to heal a wound is therefore a crucial requirement for all epithelial
tissues.

Morphogenesis in the embryo involves the bending, folding and fusing of epithelial
tissues to create the final complex shapes of the various organs and structures in the
body.

From the earliest stages of development, in all developmental systems,

morphogenetic episodes occur that require embryonic epithelia to close naturally
occurring holes and fuse wherever two free edges are brought together. This process at
the simplest level is precisely what the epidermis must achieve to repair itself wherever
it is damaged and many parallels can be drawn between the artificially triggered
epithelial movements of wound repair and the naturally occurring epithelial movements
that shape the embryo during development.

In understanding the cellular and molecular machinery that initiate, drive and then stop
these naturally occurring morphogenetic tissue movements, we can attempt to learn
which aspects are re-used by an embryo to seal an artificially-created epithelial wound.
Embryonic wound healing is significantly more efficient than the process of adult tissue
repair, with wounds closing more rapidly and without inflammation or scarring. For
these reasons it is hoped that clues from our understanding of the embryonic repair
process might suggest therapeutic strategies for modulating and enhancing adult wound
healing in the clinic.

In this thesis I describe studies in which I take advantage of the genetic tractability and
live imaging possibilities in the Drosophila embryo to analyse and compare a paradigm
morphogenetic movement - dorsal closure, with the events of wound healing. I show
that the cytoskeletal elements - an actin purse-string/cable and filopodial protrusions,
12
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are conserved between these two hole closure processes. I also report a preliminary
study of inflammation in a Drosophila embryo wound model and begin to dissect the
genetics of this process also.

13

General Introduction

1.2 Adult Wound Healing
Adult mammalian skin consists of two tissue layers: a keratinised stratified epidermis
and an underlying thick layer of collagen-rich dermal connective tissue. The healing of
an adult skin wound requires regeneration of damaged cells and tissues and the
subsequent reorganisation of these new cells into the normal dermal and epidermal cell
layers.

Adult wound healing initially involves the formation of a clot and the rapid
recruitment of inflammatory cells

Because the skin acts as a protective barrier to the external environment, any damage it
sustains must be rapidly repaired, this is initially achieved in the adult by the temporary
formation of a fibrin clot. The clot consists of platelets embedded in a mesh of crosslinked fibrin fibres derived by thrombin cleavage of fibrinogen, together with small
amounts of plasma fibronectin, vitronectin and thrombospondin (Clarke, 1996) and
plays an important role during the adult wound healing process, serving a dual function.
First, the clot provides a temporary shield protecting the exposed wound tissues and
second, acts as a provisional matrix through and over which, cells can migrate during the
healing process. Additionally, it acts as a rich source of cytokines and growth factors
that activate further wound responses. Degranulating platelets within the clot release a
cocktail of growth factors, which both recruit inflammatory cells to the wound site and
stimulate the subsequent tissue movements of repair (reviewed in (Martin, 1997)).

Inflammatory cells, such as neutrophils and macrophages are rapidly recruited to the
wound site by these chemotactic signals. Neutrophils are the first to appear, typically
arriving within minutes of injury; their role at the wound site is to clear the initial rush of
contaminating bacteria and to produce further pro-inflammatory cytokines that activate
local fibroblasts and kératinocytes to begin their wound migrations (Hubner et al., 1996).
The neutrophil invasion typically ceases after a few days but macrophages continue to
14
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accumulate at the wound site where they phagocytose expended neutrophils as well as
any remaining pathogenic organisms or other cell and matrix debris (Riches, 1996).
Like neutrophils, once activated, macrophages also release a battery of growth factors
and cytokines (Rappolee et al., 1988) amplifying the earlier wound signals released by
the degranulating platelets and neutrophils.

Reepithelialisation of adult wounds occurs by lamellipodial crawling of basal
kératinocytes over the wound matrix

In unwounded skin, the basal keratinocyte layer is attached to a basal lamina via
hemidesmosomes comprising specific integrin receptors. For reepithelialisation to occur
these sedentary kératinocytes must transform to a migratory mode. This transformation
from sedentary to migratory, involves the downregulation of existing hemidesmosomal
attachments and expression of new integrin receptors, as well as the relocalisation of
collagen receptors allowing the migrating keratinocyte to adhere to and crawl over the
wound matrix (Grinnell, 1992). Forward locomotion is achieved through the contraction
of intracellular actinomyosin cables that assemble and insert into the newly formed
adhesion complexes (Mitchison and Cramer, 1996). This rearrangement of receptors
and assembly of actin filaments is time consuming and may well account for the
significant lag phase evident before epidermal migration begins (Grinnell, 1992).

Once they become motile, migrating kératinocytes must cut a path through the fibrin clot
or along the interface between the clot and healthy dermis. Leading edge kératinocytes
dissolve the fibrin clot ahead of them by the expression of various matrix
metalloproteinases, each of which cleaves a specific subset of matrix proteins (Mignatti,
1996). Additionally, these proteins may aid in degrading components of focal adhesion
attachment to the dermal substratum, allowing the cells to disengage from their substrate
and to crawl forwards (Parks, 1999). Some hours after the onset of migration, epidermal
cells just back from the wound margin undergo a proliferative burst (Garlick and
Taichman, 1994; Matoltsy and Viziam, 1970a) providing a pool of extra cells to replace
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those lost during injury, although this is not strictly required for the reepithelialisation
movement. The proliferative capacity of these cells is potentially huge as demonstrated
by the fact that grafts of cultured kératinocytes can rescue patients who have received
full-thickness bum wounds covering up to 98% of their body surface (Compton et ah,
1989). Once reepithelialisation is complete and the wound surface has been covered by
a thin layer of kératinocytes, the growth factors and proteases which were upregulated
following wounding are now down-regulated. A basal lamina is resynthesised, new
adhesion complexes between the epithelium and the basal lamina are established and the
epidermis re-stratifies in order to return to its pre-wounded homeostatic state (Grinnell,
1992).

Reepithelialisation is aided by contraction of the underlying connective tissue

Wound closure in the adult is not achieved solely through the migration of kératinocytes,
but is accompanied and aided by contraction of the underlying connective tissue, known
as granulation tissue. Shortly after wounding, dermal fibroblasts residing around the
wound begin to proliferate and migrate into the provisional matrix of the wound clot
where they are stimulated to lay down their own collagen-rich matrix (Eckes, 1996).
Several studies suggest that the growth factors, transforming growth factor p (TOPP)
and platelet derived growth factor (PDGF) are primarily responsible for directing these
cell behaviours acting both as mitogens and chemotactic signals for wound fibroblasts
(Henrik Helden, 1996; Roberts, 1996). By about a week after wounding, the wound clot
will have been fully invaded and all but replaced by activated fibroblasts. At this stage,
a proportion of the wound fibroblasts transform into myofibroblasts, which express asmooth muscle actin and possess a strong contractile capacity. It is contraction of these
wound myofibroblasts, which provides the driving force for granulation tissue
contraction (Desmoulier, 1996).

16
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1.3 Embryonic Wound Healing
Embryonic reepithelialisation occurs via actin purse-string contraction

In stark contrast to the lamellipodial crawling of activated kératinocytes that is
responsible for closing an adult wound, embryonic reepithelialisation appears to be
driven by the rapid assembly and contraction of an actinomyosin purse-string. Staining
wounded chick embryos with flourescently labelled phalloidin to label filamentous actin
reveals a thick cable of actin that rapidly assembles in the basal layer of wound margin
cells (Martin and Lewis, 1992). When cytochalasin D is administered to these wounds,
reepithelialisation fails, suggesting that it is the contraction of this cable which drives
reepithelialisation (Martin and Lewis, 1992; McCluskey and Martin, 1995). In the chick
embryo, non-muscle myosin-11 is also seen to localise to the wound edge within 10
minutes of wounding enabling the cable to operate as a contratile purse-string (Brock et
al., 1996). Cadherins, the transmembrane adhesion component of all adherens junctions,
also localise to the leading edge of the front row wound cells indicating that the actin
cable is built from many intracellular sections linked to one another via adherens
junctions (Brock et al., 1996). Contraction of this actomyosin cable draws the wound
epithelium forwards over the exposed underlying mesenchymal tissue, as it does so it
appears to drag its own basal lamina substratum beneath it as it moves (McCluskey et
al., 1993).

As with adult wound closure, reepithelialisation does not provide the only force for
embryonic wound healing. Contraction of the underlying wound connective tissue plays
a pivotal role in embryonic repair but unlike contraction of the adult wound bed, there is
no conversion of resident fibroblasts into myofibroblasts at the wound site (McCluskey
and Martin, 1995). It is unknown why this conversion is not necessary in the embryo,
but it may simply be due to reduced levels of growth factors at the embryonic wound
site which are insufficient to trigger the conversion to the adult stage myofibroblasts, or
simply that embryonic fibroblasts are more active and contractile than their adult
17

General Introduction

counterparts and may therefore be able to exert sufficient tensile force to close the
wound without having to undergo such a conversion. A study in an organ culture model
of fetal rat skin wounds demonstrated that this connective tissue contraction, like
reepithelialisation, could be blocked by cytochalasin B and is therefore also dependent
on the actin cytoskeleton (Ihara and Motobayashi, 1992).

Several ‘immediate early’ genes are expressed during embryonic repair

Various potential ‘kick-start’ genes are upregulated during embryonic repair. For
example, TGF-Pl is upregulated at the embryonic wound site within 30 minutes to an
hour of wounding a mouse embryo, but is only transiently expressed and is cleared
before the wound is fully closed (Martin et al., 1993). This local expression of TGF-Pl
may be downstream of the even more rapid induction of the transcription factor c-fos
which is transiently upregulated within minutes by the front 4 or 5 rows of epithelial
cells at the wound (Martin and Nobes, 1992). Other members of the AP I transcription
factor family and the Egr family of genes, including krox-20 and krox-24 are also
upregulated at the wound site (Okada et al., 1996) (Grose et al., 2002). It is likely that
the induction of immediate early genes leads to transcriptional activation of downstream
genes, such as growth factors, cytokines and proteases, which are directly responsible
for triggering the tissue movements of wound closure.

Some adult tissues also close epithelial wounds by purse string contraction

It is clear that two quite different modes of reepithelialisation appear to be responsible
for closing wounds in the adult and in the embryo. Adult wounds reepithelialise by
lamellipodial crawling of kératinocytes, whereas embryonic wound closure is driven by
actin purse string contraction. There is however, probably considerable overlap between
these two types of epithelial motility, and it is already apparent that purse-string
epithelial repair is not restricted only to embryonic tissues. A study using an intestinal
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epithelial cell line - Caco-2BBe showed that small wounds in confluent tissue culture
monolayers repair holes using a multicellular actomyosin purse-string mechanism, just
as seen in embryonic skin wounds (Bement et al., 1993).

Curiously, this study

suggested that wound size may influence the subsequent mode of cell motility. When
wounds larger than ten or so cell diameters across were made to these monolayers, the
cells resorted to lamellipodial crawling to heal the defect, in a way more akin to the adult
wound healing mechanism.

How the wound edge cells are able to distinguish

differences in wound size is not known. Actin purse-strings also assemble in the leading
edge of repairing wounds made to adult mice cornea (Danjo and Gipson, 1998).
Interestingly, when the tight junctions linking intracellular segments of this cable were
disrupted using E-cadherin function blocking antibodies, cable formation was disrupted
and leading edge cells began to extend lamellipodial protrusions into the wound area,
again resembling the lamellipodial crawling mechanism observed in standard adult
epithelial wound healing.

These two contrasting modes of epithelial motility (lamellipodial crawling and actin
purse string contraction) require different actin reorganisations within the moving cells.
Much of what we know about actin dynamics and the signalling that control the actin
reorganisations necessary for cell migration comes from cell motility studies in tissue
culture.

1.4 Cell motility Tissue Culture Studies
These studies mainly investigate movement across a two dimensional substrate and use a
wide range of migratory cell types, from cells that have migratory capacity such as
kératinocytes and fibroblasts, to cells that are specialized for locomotion such as white
blood cells and free living amoebae (reviewed in (Lauffenburger and Horwitz, 1996;
Mitchison and Cramer, 1996). These cells generally use the characteristic crawling
strategy of cell motility used by migrating kératinocytes during adult wound healing.
This classic mode of crawling motility appears to involve 4 key phases: 1) protrusion of
19
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the cell m em brane at the front o f the cell, 2) adhesion o f these protrusions to the
substrate, 3) cell body translocation (also known as traction), and 4) de-adhesion and
retraction at the rear o f the cell (Figure 1.1).

It is now generally accepted that the

driving force for each of these phases, and therefore overall cell m ovem ent, is provided
by the dynamic reorganization of the actin cytoskeleton.

Protrusion

D»-#dhoslon/
fait r#traction

Traction

F ig u r e 1.1 P h a s e s o f c e ll m o tility . T h e c la s sic im xle o f c ra w lin g m o tility often used
by a sin g le c e ll m o v in g across a tw o d im e n sio n a l substrate in v o lv e s 4 k ey ph ases: (A )
protrusion o f the c e ll m em b ran e at the front o f the c e ll. ( B ) a d h esio n o f th ese
protrusions to the substrate, (C ) c ell btxiy tran slocation (a lso k n ow n as traction), and
(D ) d e -a d h esio n imd retraction at the rear o f the c e ll. ( D iagram adapted from M itch iso n
and C ram er, 19 9 6 ).

The actin cytoskeleton in migrating cells is organized into three major structures.

Polym erised actin in migrating cells is organized into three m ajor types of filamentous
array, each linked to the underlying m atrix via integrin receptors.

The first two:

lam ellipodia and filopodia are protrusive structures found at the c e ll’s leading edge.
L am ellipodia, otherw ise know n as m em brane ruffles, are thin protrusive sheet-like
structures that dom inate the leading edges o f many motile cells and contain a crosslinked m eshw ork of actin filaments oriented at approxim ately 45° to the direction of
protrusion (Small et al., 1995).

These protrusive sheets are often ac co m p a n ie d by

filopodia, long finger-like projections of cell mem brane containing a tight bundle o f long
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actin filaments oriented in the direction of protrusion and held together by cross linking
proteins such as fimbrin (Matsudaira, 1994). In both these protrusive structures, the
actin filaments are organized with their barbed ends (fast growing ends) orientated in the
direction of protrusion (Small, 1988) and both form weak sites of attachment to the
substrate called focal complexes (Nobes and Hall, 1995). Actin polymerisation is likely
to provide the protrusive force necessary to extend lamellipodia or filopodia independent
of myosin motor activity but how they form and how actin polymerisation is regulated
within these structures is an area of intense research.

How do actin protrusions form?

It is widely believed that the assembly of new actin filament networks at the leading
edges of cells, whether they are arranged into lamellipodia or filopodia, appears to be
regulated by the Arp2/3 complex. Activated Arp2/3 is able to promote the nucléation of
new actin filaments as well as bind to the sides of existing filaments, cross linking them
to form branches (Mullins et al., 1998). Activation of the Arp2/3 complex occurs via
binding of the WASP (Wiscott-Aldrich Syndrome protein) family proteins, which
include WASP, its more widely expressed homologue N-WASP and a related protein
group, the SCARs (also known as WAVEs). These proteins bind directly to the Arp2/3
complex and regulate its behaviour in many cell types (Machesky and Insall, 1998).

In order for a cell to form protrusive structures such as filopodia or lamellipodia it has to
transduce extracellular stimuli to the actin polymerisation machinery within the cell.
Whether there is a general molecular mechanism that regulates the assembly of filopodia
and lamellipodia in all cells is not known, certainly, filopodia formation in many cell
types seems to be triggered by the binding of the active, GTP-bound form of the small
GTPase Cdc42, along with PIP 2 , to the WASP family protein, N-WASP (reviewed in
(Takenawa and Miki, 2001; Wear et al., 2000)) (Figure 1.2). N-WASP, which appears
to be ubiquitously expressed by all cells, is generally present in an inactive form where
the GTPase-binding domain (GBD) at the amino-terminus interacts with its carboxy-
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terminal VGA domain causing auto-inhibition. Upon binding with Cdc42 this inhibition
is relieved and N -W A SP , after further activation through the binding o f profilin, is able
to bind and activate the Arp2/3 com plex via its VGA dom ain. Activated Arp2/3 then
associates with actin filaments and leads to the nucléation of new filaments which can
extend through rapid polym erisation, pushing the m em brane forw ard to form a new
filopodium (Takenaw a and Miki, 2001; W ear et al., 2000).

Filopodium

Cell membrane

Cdc42

(3) A ctin
p o ly m e risa tio n

Cdc42

(2) A ctive N-WASP

Arp2/^
fr

^

A^
Monomeric ^
actin
^

^

GBD
(1) In active
N-WASP

VGA

F ig u r e 1.2 M e c h a n is m o f H io p o d ia fo r m a tio n ( 1) N -W A S P is presen t in the c e ll in an
in a c tiv e state w h ere it is fo ld e d , through an interaction b e tw e en th e G B D d om ain and the
V G A d om ain . (2 ) A fter b in d in g to G T P -b ou n d C d c4 2 (b lu e ) and P IP 2 ( y e llo w ) N -W A S P
b e c o m e s u n fo ld ed , e x p o sin g its V G A d om ain . Further a c tiv a tio n through the b in d in g o f
profilin (red) e n a b le s it to bind to and activate the A rp2/3 c o m p le x (p u rp le )v ia its V G A
d o m a in . (3 ) A c tiv e A rp 2/3 then lead s to the nu cléation o f n e w actin fila m e n ts w h ich
can e x ten d through rapid p o ly m e risa tio n , pu sh in g the m em b ran e forw ard to form a new
filo p o d iu m .

Lam ellipodia formation, like filopodia formation occurs through activation of the Arp2/3
com plex.

In this instance, A rp 2/3 is thought to initiate the form ation of new actin

filam ents on the sides o f existing filaments to form a branching actin netw ork in the
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leading edge of migrating cells. It has been well characterised that activation of the small
GTPase Rac in tissue culture fibroblasts induces the formation of lamellipodia (Ridley et
al., 1992). Recent evidence suggests that Rac induces lamellipodia in these cells
through its interaction with IRSp53, which in turn interacts through an SH3 domain with
WAVE, which then binds to and activates the Arp 2/3 complex (Miki et al., 2000).
There is currently only a limited understanding of how a filopodium or a lamellipodium
is made. The dynamic protrusion and retraction of these actin protrusions must involve
the regulation of several other molecules such as actin binding and capping proteins as
well as the WASP-related, Ena/VASP family proteins which have been shown to be
used by many cells to promote actin filament assembly and play an important role in cell
locomotion (reviewed in (Machesky, 2000)).

Positioned back from the leading edge of a migrating cell is the third class of actin
structure, these appear as actin-myosin filament bundles or stress fibres, that insert into
large focal adhesion complexes (Small et al., 1996). It is myosin based contraction of
these filaments that is thought to provide the driving force for forward movement of the
cell body (Chen, 1981; Dunn, 1980) although, again, the precise mechanism for this is
still unclear. It is possible that contraction of stress fibres within a cell generates equal
tension pulling the cell forward and backward. In such a model, forward locomotion
would occur simply by the cell possessing stronger adhesions at the front of the cell than
at the rear. An alternative model suggests that myosin motors pull the body of the cell
over an oriented track of actin filaments attached to the substratum (discussed in
(Lauffenburger and Horwitz, 1996; Mitchison and Cramer, 1996).

1.5 Rho Small GTPases
Since actin is undoubtedly the main driving force for cell locomotion the molecular
control of actin filament organisation is likely to underpin cell motility in all cell types.
Members of the Rho family of small guanosine triphosphatases (GTPases) namely Rho,
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Rac and Cdc42, have em erged as key regulators o f the actin cytoskeleton and therefore
important molecules for cell motility (reviewed in (Etienne-M anneville and Hall, 2002)).
R h o-fam ily G T P a se s have G D P /G T P -b in d in g and G T P a se activities.

T hey cycle

between a G T P-bound active state and a GD P-bound inactive state. The nucleotide state
o f R ho G T P ases is controlled by three classes o f key regulator proteins : guanine
nucleotide exchange factors (GEFs), which promote the exchange o f G D P for GTP; Rho
G D P dissociation inhibitors (RHO GDIs), which interact with G D P-bound Rho GTPases
and inhibit the exchange o f G D P for GTP: and G T P a se -a c tiv itin g proteins (GAPs),
which enhance the intrinsic GTPase activities of the Rho G T Pases (Figure 1.3). These
proteins tightly regulate the activation and inactivation o f the small GTPases to generate
specific and localized effects within a cell.

P la s m a m e m b r a n e

;

Rho-GDP

► I

Rho-GDP

Rho-GTPif

Effectors

Figure 1.3 T he Rho G TPase cycle. Rho GTPases cycle between an active (GTPbound) and an inactive (GDP-bound) state. The cycle is highly regulated by three
classes o f protein; Guanine nucleotide exchange factors (GEFs) catalyse nucleotide
exchange and mediate activation. GTPase-activating proteins (G APs) stimulate GTP
hydrolysis, leading to inactivation; and nucleotide exchange inhibitors (GDIs) extract
the inactive GTPase from membranes. (Diagram adapted from Etienne-M anneville
and Hall, 2002).

Rho family small GTPases regulate actin dynamics in many cell types

Each small GTPase has many effector proteins that can regulate many different cellular
processes from actin dynamics to gene transcription and cell-cycle progression (Etienne-
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Manneville and Hall, 2002). In Swiss 3T3 fibroblasts it has been shown that Rho
activation leads to the assembly of contractile actin-myosin filaments (stress fibres) and
of associated focal adhesion complexes (Hotchin and Hall, 1995; Ridley and Hall,
1992). Activation of Rac in the same cell type leads to the assembly of lamellipodia and
Cdc42 activation leads to filopodia formation (Kozma et al., 1995; Nobes and Hall,
1995; Ridley et al., 1992). As with Rho, the cytoskeletal changes induced by Rac and
Cdc42 are also associated with the formation of distinct integrin adhesion complexes
(Nobes and Hall, 1995). It is not just in fibroblasts that these small GTPases have these
effects on the cytoskeleton. Evidence from experiments studying axonal growth and
guidance reveal a similar role for these proteins in the growth cone of a migrating axon.
The growth cone is a highly dynamic structure consisting of filopodial and lamellipodial
protrusions that respond to external positive and negative guidance cues and steer the
axon to its target tissue (Tessier-Lavigne and Goodman, 1996). Activation of Rac and
Cdc42 in a neuroblastoma cell line, NlE-115, has been shown to promote the formation
of lamellipodia and filopodia respectively, along neurite extensions (Kozma et al.,
1997). Additionally, the formation of lamellipodia and filopodia can be blocked by
introducing dominant negative Rac or Cdc42 into these cells (Kozma et al., 1997) and a
more recent study has shown that Rac is required for nerve growth factor (NGF)-induced
axon growth (Ozdinler and Erzurumlu, 2001). Activation of Rho in neuronal cells has
been shown by a number of studies to induce neurite retraction and cell rounding
(reviewed in (Hall, 1998)). Although this appears very different from Rho’s effect on
fibroblasts, the underlying cause, i.e. the formation of contractile actin-myosin filaments,
seems to be the same. What leads to the different effects on these two cell types is that
fibroblasts, unlike neuronal cells, can maintain a flattened shape despite the contraction
of stress fibres, through the formation of strong focal adhesion attachment sites.
Similarly, activation of Cdc42 and Rac in another cell type: macrophages, induces the
formation of filopodial and lamellipodial protrusions (Allen et al., 1997) and activation
of Rho induces a contractile actin-myosin filament network but no focal adhesions
causing the macrophage to round up in a similar way to neuronal cells (Aepfelbacher et
al., 1996; Allen et al., 1997). Whilst Rho family small GTPases clearly regulate shape
and motility of individual cells, not all tissue movements involve individual cell
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migrations. The role of the small GTPases in the movement of epithelial cell sheets,
which as described previously is essential for both normal embryonic development as
well as the healing of tissue wounds, has been less well characterised than their roles in
individual cell movement. What role, if any, do these molecules play in the wound
healing response?

The role of small GTPases in wound healing.

As previously described, embryonic wounds are thought to reepthelialise through the
contraction of an actinomyosin cable that assembles in the leading edge of the wound
margin cells. Since this actin ‘purse string’ is assembled from orientated stress fibre
bundles, resembling the Rho induced stress fibres seen in tissue culture fibroblasts, it
seems likely that the formation of this contractile actin ring is also dependent on Rho
activity. This has been shown to indeed be the case (Bement et al., 1999; Brock et al.,
1996). Scrape loading of the Rho blocker, C3 transferase, into wound edge epithelial
cells at the time of wounding prevented assembly of the cable and subsequent closure of
the wound (Bement et al., 1999). Interestingly, the same study shows that scrape
loading with dominant-negative N17Rac which blocks Rac function, has no effect on the
cable or wound closure. In contrast, during situations where closure of the wound is by
lamellipodial crawling, such as in tissue-culture wounds made in monolayers of MadinDerby canine kidney (MDCK) epithelial cells, forward sweeping of the epithelium is
dependent on the activity of Rac (Fenteany et al., 2000). This recent study demonstrated
that inhibiting Rac function in epithelial MDCK cells completely abolishes wound
closure. Interestingly, blocking of Rac signalling through microinjection of a dominant
negative R a d protein (N17Racl) into only the front row wound edge cells does not
prevent repair. To halt closure, the front three rows of cells must all be prevented from
crawling by disabling their Rac activity suggesting that wound closure is dependent on
the activities of cells several rows back from the leading edge (Fenteany et al., 2000). In
these wounds, Rho, Cdc42 and actomyosin cables seem to only play a support role, since
blocking their activities has little effect on the formation of lamellipodia and the only
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effect on wound closure is to alter the coherence or evenness of the advancing epithelial
front.

Similar tissue culture studies on wounds made to monolayers of primary

embryonic fibroblasts reveal other, more subtle roles for the small GTPases in crawling
wound cells (Nobes and Hall, 1999). This study shows that, just as is the case for
MDCK cell wound closure, Rac is absolutely required for lamellipodial extension and
thus migration of the fibroblast monolayer. However, in this assay Cdc42 appears to
play a key role in establishing cell polarity during forward crawling. Wildtype wound
edge cells exhibit a typical polarized morphology with ruffling activity restricted to the
front edge. Blocking Cdc42 in front row cells leads to lamellipodial ruffling in all
directions and directed motility is consequently less efficient and slower (Nobes and
Hall, 1999). The same study suggests an equally important role for another small
GTPase, Ras, during wound healing. Inhibiting Ras activity in wound edge cells has
long been known to block cell migration (Fox et al., 1994), but in these fibroblast
monolayer ‘scratch’ wounds, co-inhibition of both Ras and Rho activity in the same cell
relieves this block on motility. This suggests a mechanism whereby Ras operates to
allow the cycling of Rho and consequently the turnover of Rho-dependent focal
adhesions that may otherwise act as brakes on the crawling cell.

1.6 Cell-Cell Adhesion in vitro Studies
As well as discovering much about cell motility and the molecules that direct the actin
rearrangements necessary for cell locomotion, tissue culture studies have provided
insights into how epithelial cells are able to form and maintain adhesions between one
another. The formation of cell-cell adhesions is key to understanding how embryos and
adults are able to heal wounds since transient adhesions are clearly a key aspect of cell
migration and at the end of repair wound edge cells must form permanent new adhesions
with opposing epithelial wound edge cells in order to seal the wound closed.
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Adherens junctions are important structures for cell-cell adhesion

Vertebrate epithelial cells utilize many types of intercellular adhesion structures. Many
tissue culture studies have concentrated on adherens junctions and the role of the actin
cytoskeleton in the formation and maintenance of these structures, since in their absence,
the formation of other cell-cell adhesion structures, and therefore epithelial integrity, is
dramatically reduced.

The transmembrane core of adherens junctions consists of

cadherins, which, in response to calcium, undergo a conformational change in their
extracellular domain allowing them to engage in homotypic, adhesive interactions with
cadherins on the surface of opposing cells. The cytoplasmic domain of cadherins binds
preferentially to P-catenin, which in turn, through its ability to bind a-catenin, links
cadherins to the actin cytoskeleton (Gumbiner, 1996).

The presence of actin is absolutely required for proper adherens junction formation.
Studies have shown that the majority of filamentous actin in epithelial cells localizes to
cell-cell junctions (Vasioukhin et al., 2000) and disruption of the actin cytoskeleton by
treatment with cytochalasin D abolishes cell-cell junction formation in primary
kératinocytes (Vasioukhin et al., 2000). Similarly, studies using MDCK cells reveal that
in the presence of cytochalasin D, cells are unable to form new cell-cell contacts, but
interestingly, mature contacts are not disrupted (Adams et al., 1998).

This study

suggests two categories of cell-cell adhesion, one termed active adhesion where the actin
cytoskeleton is required to generate the force necessary to bring opposing membranes
together, and passive adhesion, a process which may not require actin if the membranes
are already closely juxtaposted (reviewed in (Vasioukhin and Fuchs, 2001)). Active
adhesion is of course the process of importance from a wound healing perspective where
cells are naturally at a distance from each other and the wound edges have to brought
together before cell-cell adhesion can be achieved.

Studies in tissue culture

kératinocytes have revealed a mechanism by which the actin cytoskeleton is able to
direct the formation of adherens junctions in primary mouse kératinocytes.
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Calcium induced cell-cell adhesion in kératinocytes is driven by filopodial
interdigitation.

When exposed to calcium, primary kératinocytes grown on extracellular matrix extend
numerous actin rich filopodia which contact filopodia from opposing cells, slide along
one another and physically embed into the neighbouring cell, becoming encased in a
membrane pocket (Vasioukhin et al., 2000). E-cadherin-catenin complexes, identical to
the E-cadherin containing ‘puncta’ apparent in adhering MDCK cells (Adams et al.,
1998), cluster at the tips of interdigitated filopodia leading to the formation of a double
row of perfectly aligned puncta known as an ‘adhesion zipper’. A prominent bundle of
actin filaments emanates from the developing adherens junction at the base of each
filopodial pocket and pulse labelling experiments with rhodamine-actin reveal that these
puncta are active sites of polymerisation (Vasioukhin et al., 2000). Additionally, two
proteins involved in regulating actin polymerisation - VASP and its close cousin Mena
also localise to these puncta and when VASP function is perturbed, adhesions fail to
form. The authors of this study suggest a model where active polymerisation at these
sites of filopodial contact creates the directed force needed to resolve the interdigitations
and merge puncta into a single line bringing remaining regions of opposing membranes
together and sealing the kératinocytes into epithelial sheets.

Rho family small GTPases also play a role in cell-cell adhesion.

What regulates the actin dynamics that are important for cell-cell adhesion? Again,
evidence points to the Rho family of small GTPases as likely candidates. In 1997 Braga
and colleagues first reported that in vitro, kératinocytes microinjected with dominant
negative R a d or with C3 toxin to inhibit Rho function, are unable to form cadherinbased cell-cell contacts (Braga et al., 1997). Later studies showed similarly, that over
expression of a constitutively active form of R a d or Cdc42 in MDCK cells increases
junctional localization of E-cadherin-catenin complexes, whereas the dominant negative
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forms of these GTPases or C3 microinjection, have the opposite effect (Kodama et al.,
1999; Takaishi et al., 1997). These studies indicate that Rac, Rho and Cdc42 can all
regulate cadherin-mediated cell-cell adhesion, but do not distinguish whether their
effects on junction assembly are mediated via regulation of actin cytoskeletal dynamics
or by some other means.

Some evidence exists for Rac and Cdc42 promoting cell-cell adhesion without directly
affecting the actin cytoskeleton. In cells expressing dominant negative versions of these
molecules, adhesion involving a chimeric E-cadherin fused to a-catenin is considerably
less affected than that involving a wildtype E-cadherin (Fukata et al., 1999), suggesting
that these small GTPases influence adherens junction formation through promotion of
the assembly of stable E-cadherin-P-catenin-a-catenin complexes. Further studies have
identified IQGAPl as the likely effector through which R a d and Cdc42 can regulate Ecadherin activity (reviewed in(Fukata and Kaibuchi, 2001)).

IQGAPl negatively

regulates cell-cell adhesion by interacting with p-catenin causing a-catenin to dissociate
from the cadherin-catenin complex (Kuroda et al., 1998). Activated Rac and Cdc42 are
thought to inhibit this interaction preventing the breakdown of stable junctions and
leading to rigid cell-cell adhesion (Fukata et al., 1999).

It is not so clear how Rho is involved in the process of junction formation. Depending
on the cell system used, Rho can either positively or negatively affect adherens junctions
(Braga et al., 1997; Jou and Nelson, 1998; Takaishi et al., 1997). This is presumably
due to the different effector proteins that bind to Rho-GTP having different effects.
Indeed, a recent study investigating the effect of inactivating and overexpressing Rho in
tumour cells discovered that two distinct pathways function downstream of Rho, and
have opposite effects on adherens junctions (Sahai and Marshall, 2002). In these cells,
Rho can signal through ROCK to promote the disruption of cell junctions by generating
contractile force, whereas Rho signalling through Dia maintains adherens junctions and
a stable cell periphery (Sahai and Marshall, 2002). Clearly, effects of Rho on adhesions
in these cells, depends on the balance of these two counteracting pathways.
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Although such experiments demonstrate that Rho, Rac and Cdc42 are clearly important
for the formation and maintenance of adherens junctions, there are more indirect ways in
which these GTPases can influence cell-cell adhesion such as regulating cadherin
recycling or cadherin cleavage by metalloproteinases. It is still largely unclear what the
precise role of these molecular switches is in the process of epithelial adhesion
(reviewed in (Braga, 2000; Fukata and Kaibuchi, 2001)).

1.7 Morphogenesis
As outlined above tissue culture studies provide insights into how cells move and fuse in
vitro, but how do they achieve this in vivol Do cells use the same actin machinery and
the same molecular switches to direct their motility and adhesion in the embryo? Many
morphogenetic movements occur during development that require the folding and fusing
of epithelial sheets and these provide good models to investigate how cells within a
tissue are able to co-ordinate their movements and adhesions in vivo.

Many parallels exist between tissue morphogenesis and embryonic wound healing.

Interestingly, studies of morphogenetic movements have revealed many similarities
between these naturally occurring epithelial movements that shape the embryo during
development and the artificially triggered epithelial movements of embryonic wound
repair. Two movements that show striking parallels with wound closure are ventral
enclosure in the worm (Caenorhabditis elegans) and dorsal closure in the fly
(Drosophila melanogaster) embryo (Figure 1.4). Both movements, like embryonic
wound healing are driven solely by cell shape changes and that are orchestrated by
rearrangements and contractions of the actin cytoskeleton.
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Ventral enclosure

(C. elegans)

Dorsal closure

(Drosophila)

Figure 1.4 M orphogenetic m odels o f w ound closure. Ventral e n c lo su r e in
C. elegans (top ) and dorsal clo su re in Drosophila (b o tto m ) both in v o lv e the
sp read in g and fu sio n o f ep ith elial sh ee ts. B oth m o v e m e n ts, lik e em b r y o n ic
w o u n d h ea lin g are driven so le ly by c e ll sh ape c h a n g e s that are orch estrated
b y rearrangem ents and con traction s o f the actin c y to sk e le to n . (D iagram
adapted from M artin -B ian co and K nust, 2 0 0 1 ).

V entral enclosure during C.elegans developm ent is driven by cytoskeletal
rearrangem ents and cell shape changes in the embryonic epithelium.

Ventral enclosure in the Caenorhabditis elegans em bryo involves the bilateral spreading
o f a thin epithelial sheet, the hypoderm is, from the dorsal side around the em bryo to
m eet and fuse at the ventral m idline. T his m ovem ent is thought to occur in a tw o-step
process in w hich tw o functionally distinct groups o f hypoderm al (epithelial) cells m eet
and form stable adherens along the ventral m idline sealing the ventral side of the em bryo
(W illiam s-M asson et al., 1997). In the first step, the an terio r-m o st or ‘lead in g ’ cells
extend actin-rich filopodia as they elongate tow ard the m idline. The initial elongation of
these cells is essential for ventral enclosure to proceed since laser ablation of the leading
cells com pletely halts this m ovem ent (W illiam s-M asson et al., 1997). O nce these cells
begin to approach the m idline, the m ore posteriorly p o sitio n ed ventral cells becom e
w edge shaped and begin to elongate.

P halloidin staining reveals actin concentrated

along the free edges of these cells, form ing an actin ring and it has been proposed that
this se co n d phase o f en clo su re occurs by an acto m y o sin p u rse -strin g m echanism
identical to the closure o f an em bryonic w ound. F or a purse string to be contractile both
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actin and myosin must localize to the leading edges of the posterior cells. Such a
localisation and requirement for a non-muscle myosin has yet to be determined during
ventral enclosure although nmy-2, which encodes a non-muscle myosin heavy chain
(Guo and Kemphues, 1996), is a good candidate. Additionally it is necessary to further
analyse the organisation of actin at the leading edges of the posterior cells, since
although phalloidin staining reveals there is actin present at these free edges, it is
possible that this actin may be localized within short filopodia extending from the
posterior ventral hypodermal cells, in which case the second phase of closure, like the
intial phase, may well be filopodial driven. Interestingly, embryos mutant for either of
the cell adhesion molecules hmp-1 (a-catenin) or hmr-1 (cadherin) are able to undergo
the second phase of ventral enclosure. If this phase is purse-string driven, this result is
in stark contrast to purse-string wound healing in the vertebrate where E-cadherin has
been shown to be required for correctly coordinated wound closure (Danjo and Gipson,
1998).

Fusion of the epithelial fronts during ventral enclosure is achieved through
*filopodial priming’.

As described above, ventral enclosure is intiated by the elongation and fusion of
filopodia-expressing leading cells at the anterior end of the embryo. Fusion of these
migrating cells at the ventral midline occurs by a mechanism almost identical to the
previously described filopodial driven adhesion observed between calcium stimulated
kératinocytes in vitro. Using timelapse confocal microscopy and embryos expressing acatenin-GFP (HMP-I-GFP) fusion protein, Raich and colleagues (1999) observed that
the filopodia expressed by leading cells are rich in a-catenin and once they meet at the
midline a-catenin is recruited to sites of filopodial contact between the two opposing
hypodermal cells. These points of contact then develop into mature adherens junctions
through the further recruitment of a-catenin along with the recruitment and clustering of
cadherin (HMR-I) and the insertion of actin filaments from the actin rich filopodia
(Raich et al., 1999). The presence of pre-aligned bundled actin within these filopodia
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and the ability to rapidly recruit cytoplasmic reserves of a-catenin to points of contact,
allows assembly of mature adherens junctions to occur very rapidly in a mechansim
termed ‘filopodial priming’.

Both the initial filopodial extensions of the leading cells and the later purse-string like
movements towards the ventral midline are actin dependent, as shown by disruption of
actin through treatment with cytochalasin D (Williams-Masson et al., 1997), but as yet
there have been no studies to test the role of the Rho family of small GTPases in the
movement of ventral enclosure. In the worm CeRhoA, CeRacl, and CDC42Ce have
been isolated and CeRacl and CDC42Ce have been shown to localize to adherens
junctions during embryogenesis (Chen et al., 1996; Chen and Lim, 1994). Whilst this
expression data is consistent with a role for GTPases during enclosure it is difficult to
prove an essential role for these proteins due to an earlier requirement during
development. RNAi of CDC42Ce, for example, results in a loss of polarity at the 1-cell
stage, leading to a gross disorganization of the embryo. It therefore, still remains to be
seen how these proteins regulate cytoskeletal dynamics and adhesion during this
particular process.

Drosophila dorsal closure is a paradigm for embryonic epithelial fusions.

Dorsal closure in the fly embryo is perhaps the most genetically tractable of all the
morphogenetic movements that require epithelial sheet sealing and has many similarities
with ventral enclosure and with embryonic wound healing both at the cellular and
molecular level.

During dorsal closure, a gaping epithelial hole - the result of germ

band retraction - is sealed closed to cover over the extraembryonic amnioserosal sheet
and seal the dorsal side of the embryo (Martinez-Arias, 1993). Lateral epithelium from
the two sides of the embryo sweep dorsally over the exposed amnioserosa and fuse
along the midline to form a neat, and subsequently invisible seam where the two
segmented epithelial edges meet one another. This whole closure process requires the
combined efforts of both the epithelium and the underlying amnioserosa.
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With Drosophila being such a powerful model for genetic studies, many dorsal closure
studies have focused on the signalling pathways that regulate dorsal closure and most of
these have centered on the leading-edge epithelial cells that clearly play a critical role
throughout this morphogenetic episode. The location and fate of the leading-edge cells
appears to be broadly specified by the dorso-ventral patterning system in which
signalling by the transform ing growth factor P (TGF-P) family member,
Decapentaplegic (Dpp), plays a major role. A gradient of Dpp activity controls the
expression of the zinc-finger transcriptional regulators hindsight and u-shaped, which in
turn define a competency zone several cells wide that is further restricted to a single row
of cells by putative interactions between the presumptive amnioserosa and the dorsal
epithelial cells (Stronach and Perrimon, 2001). As part of this process, the c-Jun aminoterminal kinase (JNK) pathway is downregulated in the amnioserosa and upregulated in
the leading-edge cells, thereby activating the localised transcription of dpp and the gene
encoding Puckered (puc), a dual specificity phosphatase (Reed et al., 2001; Stronach and
Perrimon, 2001). Another likely player in defining the leading edge is the less well
characterised product of the raw gene, which has been shown to be expressed in the
amnioserosa but influences JNK activity in the leading edge epithelial cells (Byars et al.,
1999).

Signalling dorsal closure through JNK.

Genetic strategies have been very successful in identifying components of the JNK
signalling pathway necessary for dorsal closure (Figure 1.5). Typically, mutations in
components of this pathway exhibit a clear dorsal open phenotype and express neither
puc nor dpp in their leading edge cells (Glise et al., 1995; Glise and Noselli, 1997;
Riesgo-Escovar and Hafen, 1997b; Riesgo-Escovar et al., 1996; Sluss et al., 1996)
suggesting a central role for JNK signalling in directing this movement. In recent years
several new links in the JNK pathway have been uncovered. For example. Slipper (Slpr)
is a kinase from the mixed lineage kinase (MLK) family that acts at the level of JNK
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kinase kinase and is required for JN K activation during dorsal closure (Stronach and
Perrim on, 2002). It probably lies dow nstream o f M isshapen (M sn), a m em ber o f the
N IK group o f Ste20-related kinases, w hich in turn acts at the level o f JN K kinase kinase
kinase (Su et al., 2000; Su et al., 1998). A dditional players have been identified that
appear to feed into the JN K cascade. F or exam ple, a n um ber o f S rc-like nonreceptor
tyrosine kinases m ay also act upstream o f JN K sig n a llin g d u rin g dorosal closure.
M u tatio n s in S hark, a kinase co n tain in g SH 2 d o m ain s and an kyrin rep eats, have
phenotypes sim ilar to other JN K pathw ay lo ss-of-function alleles (F ernandez et al.,
2000). T w o further src kinases, Src42A and Tec29, successfully com plete dorsal closure
as single m utants, but in com bination show dorsal closure defects and lack expression of
puc and dpp in leading edge cells (Tateno et al., 2000).

B
RO CK b -----

Mbc

R ac
DMBS
S h ark

M sn (NIK)

S rc42A

Slpr (MLK)

Dia

Pkn

Tec29
Zip

|H ep(JN K K )|
C K a ] B sk (JN K K )|

Djun

Aop

Dfos

Dpp

Puc

A ctom yosin cable
contraction

puc, dpp

Figure 1.5 D orsal Closure Signalling Pathw ays (A ) S c h e m a tic illustration o f the
JNK s ig n a llin g e v e n ts occu rrin g in lea d in g e d g e e p ith e lia l c e lls . P o sitiv e and n eg a tiv e
regulators o f the pathw ay are sh o w n in green and red, r esp e ctiv ely . (B ) In the sam e
lead in g e d g e c e lls , sig n a llin g e v en ts are d irectin g the a sse m b ly , m a in en a n ce and
con traction o f an actin cab le. T h e b ranches not y e t su pp orted by g e n e tic data are
sh o w n in y e llo w . (D iagram adapted from Jacin to et al., 2 0 0 2 )

H em ipterous (H ep) and B asket (Bsk) are the w ell-established dow nstream com ponents
acting respectively, at the level of JN K kinase and JN K , and leading to activation o f Jun,
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which together with Fos constitutes the AP I trascriptional complex and regulates the
expression of target genes (Glise et al., 1995; Glise and Noselli, 1997; Hou et al., 1997;
Riesgo-Escovar and Hafen, 1997b; Riesgo-Escovar et al., 1996; Sluss et al., 1996;
Zeitlinger et al., 1997). Connector of kinase to AP I (Cka), a recently discovered
multidomain protein, forms a complex with Hep, Bsk, Jun, and Fos and this complex
appears to organize the kinases and facilitate the phosphorylation and activation of AP I
(Chen et al., 2002). The final targets of the JNK kinase cascade are Jun and anterior
open/yan (Aop), which act as antagonistic transcription factors. Jun, together with Fos,
constitute the AP I transcriptional complex that activates the expression of target genes
- at least dpp and puc - in the leading edge cells (Glise and Noselli, 1997; RiesgoEscovar and Hafen, 1997a; Riesgo-Escovar and Hafen, 1997b; Riesgo-Escovar et al.,
1996; Zeitlinger et al., 1997), while Aop, an ETS domain protein, acts as a
transcriptional repressor (Riesgo-Escovar and Hafen, 1997b).

It appears that the key function of the JNK pathway is to regulate Dpp signalling back
from leading-edge cells to those more laterally located cells and thus trigger them either
to stretch passively or to elongate actively. In embryos mutant for thickveins (Tkv), a
receptor for Dpp, the leading edge cells initially elongate normally but the more lateral
epithelial cells do not (Glise and Noselli, 1997; Riesgo-Escovar and Hafen, 1997a). The
simplest explanation of these data is that Dpp acts in a paracrine fashion on the more
lateral epithelial cells. However, it could also target the leading edge cells themselves or
even influence the contractility of the adjacent amnioserosa in a similar mechanism to
the paracrine TGF-Pl signalling which operates during embryonic wound closure and is
thought to direct contraction of the underlying wound mesenchyme (Martin et al., 1993).
What is clear is that overexpression of Dpp, or expression of an activated version of Tkv
during dorsal closure, is largely sufficient to rescue the defects of JNK pathway mutants,
suggesting that JNK signalling is operating through Dpp during dorsal closure (Chen et
al., 2002; Hou et al., 1997; Riesgo-Escovar and Hafen, 1997b; Sluss and Davis, 1997).
The other chief transcriptional target of JNK activity, Puc, is a dual specificity
phosphatase of the VH-1 family. It negatively regulates Bsk and thus provides a
negative feedback on the JNK signalling pathway itself. Embryos mutant for puc
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exhibit a puckered, overcontraction phenotype suggesting that puc operates as a brake on
dorsal closure either throughout the closure process or at its termination (Martin-Bianco
et al., 1998; Ring and Martinez Arias, 1993).

Besides upregulation of dpp and puc, we now know of a further battery of genes that are
upregulated as a consequence of JNK activity during dorsal closure stages. A recent
SAGE comparison of genes expressed in flies expressing dominant-negative Bsk versus
those expressing constitutively active Hep revealed large numbers of new candidate
targets - most will presumably turn out to be indirect targets - including, for example,
the actin regulatory protein Profilin (chickadee), for which there is now genetic evidence
for an essential role in dorsal closure (Jasper et al., 2001).

Other strategies for

identifying new dorsal-closure players are protein-trap screens that allow direct
screening for proteins expressed at key cell locations. One such screen has revealed an
intriguing protein that appears in evenly spaced beads along the leading edges of the
advancing epithelial fronts during dorsal closure.

Small GTPase signalling within leading edge cells.

The Rho family of small GTPases have been shown to participate in various aspects of
dorsal closure, specifically, and as expected, in regulation of the actin cytoskeleton, but
several studies using dominant-negative and constitutively active forms of these proteins
have also implicated Rac and Cdc42 as operating upstream of JNK signalling (Glise and
Noselli, 1997; Harden et al., 1996; Harden et al., 1995; Harden et al., 1999). However,
expression of dpp is not significantly altered in cdc42 mutants, and the phenotypic
consequences of expressing dominant-negative Cdc42 resemble the phenotypes of Dpp
pathway mutants more than those of the JNK pathway (Genova et al., 2000; Ricos et al.,
1999), suggesting that Cdc42 acts downstream of Dpp and may not play a role in early
firing of the JNK pathway. Rac remains the best candidate for a small GTPase activator
of JNK signalling (Ricos et al., 1999), and interestingly, mammalian tissue culture
studies reveal that homologs of Msn, Slpr and R a d all participate in a complex that
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stimulates downstream JNK pathway activity (Dan et al., 2001; Su et al., 1998). Flies
have three rac genes, racl, rac2, and mtl, and a recent study reports mutants for ail three
of these genes failing to complete dorsal closure (Hakeda-Suzuki et al., 2002). The
upstream regulators of Rac activity are largely unknown. Myoblast city (Mbc), which
encodes a fly homolog of DOCK180/CED-5, is a possible candidate since mbc mutants
exhibit a dorsal open phenotype and Mbc interacts genetically and physically with Racl
(Erickson et al., 1997; Nolan et al., 1998). However, mbc mutants do not show a
reduction in Dpp expression, suggesting that either Mbc modulates aspects of Rac
signalling other than dorsal closure, or that its function is redundant.

As illustrated above, much is known about the signalling that orchestrates the movement
of dorsal closure and many similarities are apparent between this morphogenetic
movement and embryonic wound healing at the molecular level. Both movements
involve the activation of AP I signalling and the transcriptional upregulation of a TGPP
family member (Dpp in dorsal closure and TGPP-I in wound healing) and both
movements require the activation of several members of the Rho family of small
GTPases. As well as these molecular parallels, the similarities extend to a cellular level.

Assembly and regulation of the actin cable and cellicell junctions during dorsal
closure.

Just as seen during embryonic wound healing, as the epithelial edges advance forward
during dorsal closure, leading edge cells assemble an actomyosin cable that has the
potential to operate like a purse-string to drive closure of the hole (Young et al., 1993).
Zipper (Zip), the nonmuscle myosin heavy chain, is a key component of this actomyosin
cable.

Assembly and maintenance of the cable in leading edge epithelial cells is

dependent on the small GTPase Rho. Mutants in rhol and zip have been shown to
interact genetically in Drosophila (Halsell et al., 2000), and vertebrate cell culture
studies suggest that this functional link acts via Rho-associated kinase (ROCK). Myosin
function is controlled by the phosphorylation and dephosphorylation of the regulatory
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light chain of non-muscle myosin (MRLC). ROCK regulates myosin function by
repression of myosin light chain phosphotase and direct activation of the myosin light
chain (Amano et al., 1996; Kimura et al., 1996), which in flies is encoded by the gene
spaghetti squash (sqh) (Karess et al., 1991). In Drosophila, mutants of the myosinbinding subunit of myosin phosphatase (DMBS), there is excessive accumulation of
phosphorylated MRLC and aberrant cable assembly, leading to a failure in dorsal
closure. The same is true for embryos overexpressing ROCK, confirming that Rho
primarily regulates cable contractility via myosin activity (Mizuno et al., 2002). Further
evidence that regulation of myosin is conserved between mammals and flies comes from
the observations that DMBS can be phosphorylated by Drosophila ROCK, and that
DMBS mutations suppress phenotypes cause by mutations in zip or rhol (Mizuno et al.,

2002).

To complicate matters further, Rhol is able to regulate the cytoskeleton via different
effectors. The kinase Pkn has been shown to function downstream of Rhol during
dorsal closure (Lu and Settleman, 1999), and mDia, the murine homologue of
Drosophila Diaphanous, has been shown to bind active Rhol and contribute to the
formation of stress fibres in mammalian cells by promoting actin polymerisation
(Watanabe et al., 1999). Several earlier studies suggest that small GTPases may also
have further subtle effects on actin cable assembly and maintenance that reflect
differences at the level of each segment. Expression of dominant-negative Rac and
Cdc42 throughout the epithelium appears to cause variable disassembly of cable within
each segment. There is evidence that DPak, a downstream effector of Racl that is
enriched at the leading edge, may be implicated in the regulation of such differences
(Harden et al., 1996; Harden et al., 1995; Harden et al., 1999; Ricos et al., 1999).
Interestingly, in Drosophila, Rhol has been shown recently to interact with pl20‘^‘“ and
thereby regulate cadherin based adherens junctions, suggesting that the Rhol mutant
phenotype may be not only a consequence of actin cable misregulation but also a result
of defective adherens junctions (Magie et al., 2002).
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Although the actin cable present at the leading edge during dorsal closure has contractile
capacity it is unclear whether or not it operates like a purse-string to draw the epithelial
hole closed as appears to happen during embryonic repair. Surprisingly, rhol mutant
embryos, in which cable assembly is somewhat disrupted are still able to close the dorsal
hole (Magie et al., 1999), and laser cutting experiments that disrupt the cable fail to halt
the forward movement of the epithelium (Kiehart et al., 2000). These results suggest
that the cable does not provide the main driving force for this movement. So what is
supplying this force?

In this thesis, I have used the powerful genetics available in Drosophila to express GFPfusion proteins allowing me to study the cell biology of dorsal closure live. This
approach has revealed new cytoskeletal machineries that are pivotal to this movement as
well as a more subtle role for the previously described actin cable.

I have also

established a wounding assay and have begun to characterise the process of epithelial
repair in the Drosophila embryo, focusing on the cytoskeletal reorganisations and cell
rearrangements that drive the reepithelialisation of a wound. My observations reveal
that the mechanism of embryonic repair in Drosophila is remarkably similar to the
morphogenetic movement of dorsal closure. It appears that at least, at a cytoskeletal
level, embryonic wound healing really does recapitulate morphogenesis. In my last
experimental chapter I report the presence of an active inflammatory response to laser
ablation in the Drosophila embryo. I have characterised this response in wild type
embryos and have begun to analyse the role of the small GTPase Rac in this important
cellular process.

41

Chapter 2
Materials and Methods

42

Chapter 2: Materials and Methods

Chemicals were obtained from Sigma or BDH unless otherwise stated. Deionised and
purified water was used to make all solutions.

Fly maintenance

Adult flies used in experiments were bred in plastic vials (Sarstedt) or bottles and kept at
25°C and 60% relative humidity. CO 2 diffuser pads were used to anaesthetise flies for
virgin collection and for examination of phenotypes. Fly stocks were kept at 18 °C and
60% relative humidity in a cooled incubator.

Embryos for experimentation were

collected from egg laying plates, made with apple juice and agar (see below), placed in
egg laying cages.

Fly food

To make 2 litres of fly food; 160 g of baker’s dried yeast, 100 g of commeal, 140 g of
sucrose, 18 g of agar and 10 g of flour were mixed with 2 litres of water, heated and
stirred for 10 minutes without boiling. When all the lumps were removed, the liquid was
removed from the heat and left to stand at room temperature for 5 minutes. After
cooling the liquid was supplemented with 40 ml of a 20% solution of Nipagin in Ethanol
and 16 ml of proprionic acid.

After thorough mixing the food was dispensed

(approximately 10 ml per vial and 60 ml per bottle) dried and stored at 4°C.

Apple juice agar plates

To prepare 1000 ml of apple juice suspension, 20 g of agar was mixed with 500 ml of
distilled water in a conical flask. The suspension was heated in a standard microwave at
maximum power for approximately 3 minutes until boiling. The suspension was then
swirled and heated for about 1 minute until completely dissolved, and finally let to rest
until the small bubbles formed during the process had cleared. In a different conical
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flask 12 g of sucrose was mixed with 250 ml of distilled water and microwaved until the
sucrose dissolved. This solution was then mixed with 250 ml of apple juice. When the
agar suspension and the sucrose solution had cooled to approximately 60°C they were
mixed together, and 2 g of Nipagin dissolved in 10 ml of 95% ethanol was added. After
swirling, the suspension was poured into small petri dishes, left until cool and stored at
4 ° C . Before use, the plates were supplemented with a smear of yeast paste (dry baker’s
yeast mixed with water until of medium consistency).

GAL4-UAS system

The GAL4-UAS misexpression system (Figure 2.1; (Brand and Perrimon, 1993)) allows
ectopic expression of any gene in a wide variety of tissue patterns or subset of cells.
This is achieved by using two different Drosophila transgenic lines: one containing the
gene of interest under the control of Upstream Activating Sequences (UAS), binding
sites for the yeast transcriptional activator GAL4; the other containing the GAL4
encoding gene under the control of genomic promoter or enhancer elements regulating a
specific spatial and temporal pattern of gene activity. Crossing these two lines to
generate flies carrying both constructs results in the gene of interest being expressed
only in the cells in which GAL4 is activated.

In this thesis the GAL4-UAS system was used to drive expression of GFP-fusion
proteins, namely GFP-actin (Verkhusha et al., 1999) and GFP-a-catenin (Oda and
Tsukita, 1999) in embryos, allowing live analysis of actin dynamics and cell shape
changes as they occur during both dorsal closure and wound healing. This system was
also used to drive expression of various dominant negative mutant versions of small
GTPases.

Three Gal-4 lines have been used in this study to drive ectopic expression of the genes
of interest: e22cGAL4, expressed ubiquitously in the embryonic ectoderm (Brand and
Perrimon, 1993); enGAL4, expressed in segmentally repeated stripes across the
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em bryonic epiderm is (from Phil Ingham ’s lab); and pxnGAL4, expressed exclusively in
em bryonic and larval hem ocytes (from M ark K rasnow ’s lab).

X

IP| GAL4

epithelial enhancer

UAS

GFP

gene of interest

Figure 2.1 The GAL4-IJAS system
C r o ssin g a fe m a le G A L 4 en h an cer trap lin e to a m ale carryin g a tran sgen e in w h ich the
g e n e o f interest is c lo n ed d ow n stream o f U A S prom oter e le m e n ts, brings togeth er the
tw o e le m e n ts o f th is m ise x p r essio n sy stem , in the p rogen y o f this c r o ss the G A L 4
transcription fa c to r binds to the U A S e le m e n ts and a c tiv a te s e c to p ic e x p r essio n o f the
g e n e o f interest. In this diagram G A L 4 is b ein g driven by an ep ith elia l sp e c ific
en h a n cer (su ch as e 2 2 c -G A L 4 ) and is d riv in g e x p r e ssio n o f a G P P fu s io n protein (su ch
a s G F P -actin ) under the control o f the U A S prom oter. In the p ro g en y o f this c ro ss all
the e m b ry o n ic ep ith elial c e lls w ill ex p r ess G F P -actin . (D iagram adap ted from Brand
and P errim on, 1993).

Fly stocks

For both the dorsal closure studies and the w ound healing studies, G F P-actin, G F P -a caten in and d o m in a n t-n e g a tiv e form s o f C dc42 w ere e x p re sse d in the em bryonic
epiderm is using the G A L 4-U A S system (B rand and P errim on, 1993);
actin (V erkhusha et al., 1999) o r

UAS-GFP-

UAS-a-catenin-GFP (O da and T sukita, 1999)

stocks w ere crossed to y w'"^; e22c-G al-4 (B rand and P errim on, 1993) to express the
G F P -tagged proteins throughout the epiderm is, and
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to y

en-Gal-4 (Brand and Perrimon, 1993) to express GFP-actin in stripes. Co

expression of Cdc42 dominant negatives and GFP-actin was achieved by crossing
UAS-cdc42^^^ (Eaton et al., 1995) or

UAS-cdc42^^^ (Luo et al., 1994) flies to a

stock carrying both en-Gal-4 and UAS-GFP-actin on a recombined chromosome.
Similarly for the dorsal closure studies in Chapter 3, co-expression of dominant negative
Rhol constructs and GFP-actin was achieved by crossing UAS-rhol^^^ (Strutt et al.,
1997) or UAS-rhol^^'* (Fanto et al., 2000) lines to the same recombinant stock described
above.

To generate the necessary lines to analyse the actin dynamics during dorsal closure and
wound healing live in rho mutants, and to analyse dorsal closure live in zip mutants, the
alleles zip^ and rhof^^ (Strutt et al., 1997), and rhof^^ (Strutt et al., 1997) were
recombined to e22c-Gal4 and UAS-actin-GFP. For each combination of alleles studied,
the mutant embryos were obtained by crossing recombined lines that carried e22c-Gal4
and UAS-GFP-actin. This strategy allows for the analysis of mutant embryos carrying
UAS-Rhol^*^or U A S-Rhol^'\ which can be identified positively as their heterozygous
siblings do not express GFP. The sqh-GFP transgenic stock was obtained from Roger
Karess (Mizuno et al., 2002), and OrR stocks were used as wild type controls for the
Rho antibody staining experiment in Chapter 3 as well as for wild type TEM, SEM,
hemocyte studies and the imaginai disc in situ hybridisation experiment. The pxn-Gal4,
UAS cyt-GFP stock used for the hemocyte-specific GFP expression was a gift from
Mike Gaiko and Mark Krasnow, Stanford University.

Collecting developmentally synchronous embryos

Adult Drosophila were transferred from a stock bottle to an egg-laying cage, with a base
comprising a 60 mm petri dish filled with apple juice agar and supplemented with a
smear of yeast paste. Laying cages were kept at 25 °C and 60% relative humidity and
egg lays were collected over 1-2 hour periods. Unstressed flies lay soon after mating, so
the time of laying can be taken as roughly equivalent to time of fertilisation. Stressed
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females may retain their eggs for several hours, so not all eggs collected are necessarily
at the same developmental stage. For this reason the first egg lay of the day was always
discarded as it yielded the most developmentally asynchronous embryos.

After

collection, laying cages were transferred to 18°C in order to slow down embryonic
development and incubated for 20 hours in order for the embryos to reach the correct
developmental stage (stage 15).

A soft-bristled paintbrush was used to collect embryos from the surface of the agar, and
the embryos were then dechorionated by washing in bleach for 1 minute. Stage 15
embryos were transferred from the bleach and washed in distilled water before being
stuck to double sided sticky tape stuck to a slide. Embryos for dorsal closure studies
were orientated with their dorsal surface uppermost whereas those for wounding were
orientated with their ventral surface uppermost. Embryos were then covered with a thin
layer of lOS Voltalef oil and mounted under a coverslip. Specimens for live dorsal
closure studies were then analysed using a laser scanning confocal microscope (see later
section).

Wounding of embryos

Embryos were wounded using one of two different methods.

In the first method

embryos were mounted as described above before being subjected to laser ablation from
a nitrogen laser-pumped dye laser (model number VSL-337ND-S; Laser Science Inc,
USA) connected to a Zeiss Axioplan 2 microscope using the Micropoint system
(Photonic Science, USA).

After wounding, embryos were either transferred to a

confocal laser scanning microscope for live imaging, imaged on the Axioplan 2
microscope using DIG (Differential interference contrast) optics to create a timelapse
movie, or left to heal before being fixed for staining or electron microscopy (see later
section).
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In the second more invasive approach, embryos were mounted as described above
except that no coverslip was added. The slide was then placed on a Leitz Diaplan
microscope and the embryos wounded using a microinjection pipette pulled from
borosilicate glass capillaries (World Precision Instruments IB 100-4), loaded onto a
pipette holder (World Precision Instruments 5430-10) and held by a 3-axis
micromanipulator (Narishige, MN-153). Following wounding, a coverslip was placed
on top and live analysis was carried out on a confocal laser scanning microscope.

Phalloidin staining of embryos

Dorsal closure stage embryos for phalloidin staining were dechorionated in bleach for 1
minute before being washed in dHzO and fixed for 30 minutes at room temperature in a
1:1 mix of heptane and 8% paraformaldehyde.

Wounded embryos for phalloidin

staining were mounted and wounded in the usual way before being transferred to the
same fixative. After fixation, embryos were hand-devitellinized in PBS and blocked in
I%BSA/0.1% Triton in PBS for 30 minutes. Embryos were then incubated in 1 p-g/ml
Alexa594-phalloidin in PBS/0.1% Triton for 30 minutes before given 3 x 15 minute
washes in 0.1% Triton in PBS. Specimens were mounted in citiflour (UKC, Kent, UK.)
and analysed on the confocal laser scanning microscope.

Antibody staining of embryos

Embryos for antibody staining were dechorionated before being fixed for 20 minutes in
a 1:1 mix of heptane and 4% paraformaldehyde in PBS. Specimens were then handdevitellinised before being incubated at room temperature for 4 hours in PAT and then
transferred to fresh PAT containing anti-Rhol P1D9 monoclonal antiserum (gift from C.
Magie and S. Parkhurst, Fred Hutchinson Cancer Research Centre, Seattle) at a 1:50
concentration and rolled overnight at 4 °C. Samples were then rinsed in PBT before
being given 4 x 30 minute washes in PBT and incubated for 3 hours at room temperature
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in fresh PAT containing rhodamine-conjugated anti-mouse IgG secondary antibody
(Jackson Labs, USA.) at a dilution of 1:200. After a further 4 x 30 minute washes in
PBT, embryos were mounted on slides using Citiflour and visualised by laser scanning
confocal microscopy.

Transmission Electron Microscopy (TEM) and resin histology

Dorsal closure stage embryos for TEM were fixed in a 1:1 mix of heptane and half
strength Kamovsky (see Appendix) containing Ipg/ml of phalloidin, for 15 minutes at
room temperature on a gently shaking platform. Wounded embryos for TEM were first
mounted and wounded in the usual way before being transferred to the same fixative.
After this initial fixation embryos were hand devitellinised in PBS before being
incubated in half strength Kamovsky overnight at 4°C. Embryos were then washed in
O.IM sodium cacodylate buffer for 30 minutes, post fixed in a solution of 1% osmium
tetroxide/ O.IM sodium cacodylate at 4°C for 1 hour, and rinsed twice in O.IM sodium
cacodylate for 15 minutes each. After 2 x 10 minute washes in dHzO embryos were
incubated in 2% Uranyl Acetate in dHjO for 20 minutes at 4 °C in the dark, before being
washed in dH20 again for 10 minutes. Specimens were then dehydrated through a
graded series of ethanols - 5 minute washes in 25%, 50%, and 70% followed by a 10
minute wash in 90%, and 4 x 10 minute washes in 100% ethanol. After 2 x 5 minute
washes and a 10 minute wash in Propylene oxide, embryos were incubated in a 1:1 mix
of propylene and Araldite resin for 45 minutes, before being transferred to 100%
Araldite resin and left overnight at room temperature gently agitating. The embryos
were then put into fresh araldite and each embryo was transferred to individual plastic
moulds that were already half full of hardened resin to prevent the embryo from sinking
to the bottom. Each mould was then filled with resin and left for 2 hours at room
temperature before being transferred to a 60 °C oven and cured overnight.

The plastic moulds containing embedded embryos were cut away using a razor blade
leaving an Araldite stub containing 1 embryo each. For resin histology, thick, 10 pm
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sections were cut on a microtome (Reichert, OmU3), dried onto Tespa-coated slides, and
stained with Toluidine Blue for 2 minutes at 65 °C. For TEM, ultra-thin sections (6070nm) were cut on an ultra-microtome (Reichert ultra-cut E) using a diamond knife, and
floated off into distilled water, prior to mounting on copper grids. Sections were stained
with lead citrate and viewed on a Jeol Transmission Electron Microscope - 1010.

Scanning Electron Microscopy (SEM)

Dorsal closure stage embryos for SEM were de-chorionated in bleach for 1 minute,
washed in dHzO, before being fixed overnight at room temperature in a 1:1 mix of
heptane and fixative A (1.6% formaldehyde and 2.5% glutaraldehyde in PBS containing
1 pg/ml of phalloidin). As was the case for the TEM studies, wounded embryos for
SEM were mounted and wounded in the usual way before being transferred to the same
fixative. After fixation embryos were hand-devitellinised in PBS, and post-fixed in 1%
osmium tetroxide in PBS for 1 hour before being washed in PBS for 30 minutes.
Specimens were then dehydrated through a graded series of ethanols - 5 minute washes
in 25%, 50%, and 70% followed by a 10 minute wash in 90%, and 4 x 1 0 minute washes
in 100% ethanol. Embryos were then given 2 x 10 minute washes in 1:1 solution of
ethanol:acetone and two further 10 minute washes in 100% acetone before being
critical-point dried in CO 2 . Once dry, embryos were mounted on carbon adhesive discs
on SEM stubs (Agar Scientific) and coated with approximately 30 nm of gold before
finally being viewed using a JEOL 5410LV Scanning Electron Microscope.

Light microscopy

Photographs of resin sections were taken using a Leitz Diaplan microscope with a Nikon
coolpix 990 digital camera. The RNA in situ hybridisation of a wounded wing imaginai
disc (Figure 6.2) was photographed using the same microscope but with a Leica MPS 48
attached camera system. The picture was taken using bright field illumination and
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Kodak Ektachrome 64T film. The timelapse DIC hemocyte movies were obtained using
a Zeiss Axioplan 2 microscope with a Hamamatsu Orca-BR digital camera and
assembled and analysed using Improvision OpenLab software.

Confocal microscopy

Confocal images of phalloidin or immunoflourescence stained embryos were obtained
using a Leica TCS SP confocal system. The specimens were excited with an Argon or a
Krypton laser with filters that provide peaks of excitation at 488nm and 568 nm
respectively. The emitted fluorescence was detected using emission filters for green
(504-538 nm) or red (589-621 nm) regions of the spectrum. Embryos expressing GFPfusion proteins for live analysis were imaged using the same confocal system. Images
were compiled from four confocal optical sections (each averaged two times) and
collected at one of three time intervals (30 seconds, I minute or 2 minutes). The
timelapse series were assembled and analysed using NIK ImageJ software.

Wing imaginai disc dissection and wounding.

Wandering third instar larvae were collected, washed in PBS to remove food debris, and
transferred in groups of 6-10 to a dissecting dish with PBS. The larvae were cut in the
middle with micro-scissors and the heads (anterior halves) were inverted with forceps.
The exposed internal organs were dissected away and the imaginai discs were left in
place, attached to the trachea. Discs were then wounded using an electrolytically
sharpened tungsten needle and cultured in disc medium at room temperature. The in situ
hybridisation protocol was carried out using larvae inverted heads and the dissection of
imaginai discs was completed with forceps before microscopic examination and
photography.
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RNA probe preparation

The Drosophila fos RNA probe was prepared using Boehringer Mannheim reagents and
a pBluescript plasmid containing dfos cDNA as a template (gift from Clive Wilson).
The reaction mix (3 pg of linearised template DNA; Ix NTP/DIG labelling mix; Ix
transcription buffer; RNAse inhibitor; 40 units of RNA polymerase in 20 pi final
volume) was incubated for 2 hours at 37 °C.

Template DNA was degraded by

incubating the reaction mix with 1 unit of Dnasel for 15 minutes at 37°C. The newly
synthesised RNA was precipitated using 50 pg tRNA as a carrier with 2.5 pi 4M LiCL
and 75 pi ethanol at -20 °C. The RNA was recovered by centrifugation at 13 000 rpm
for 20 minutes and washed with 70% ethanol, before being dried and resuspended in 50
pi dHzO.

In situ hybridisation

Wounded imaginai discs were fixed for 15 minutes at room temperature in 4%
paraformaldehyde in PBS before being washed in PBS.

The fixed samples were

prehybridised for 1 hour at 70°C in hybridisation buffer (5 ml deionised formamide; 2.5
ml 20xSSC; 20 pi 50 mg/ml tRNA; 5 pi lOOmg/ml heparin; 10 pi Tween 20; and
dHjO up to 10 ml).

Hybridisation was carried out overnight at 70°C in 500 pi of hybridisation buffer (in 1.5
ml microtubes) containing heat denatured probe diluted to 1:1000. The hybridisation
mixture was removed and the samples were washed in hybridisation buffer (1:1) for 20
minutes at 70°C followed by 5 x 20 minute washes in PTW at room temperature.
Hybridised samples were incubated with anti-DIG antibody (dilution 1:2000 in Ix PTW)
for 1 hour at room temperature. The samples were then given 4 x 2 0 minute washes in
PTW before being rinsed twice in freshly prepared staining buffer (1.25 ml 4M NaCl;
2.5 ml IM MgClz; 5 ml IM Tris-HCl pH 9.5; 50 pi Tween 20, and dHzO up to 50 ml).

52

Chapter 2: Materials and Methods

The discs were then resuspended in 1 ml of staining buffer containing 3 fil[NBT]
(Boehringer Mannheim - 1383213) and 3 |xl[BCIP](Boehringer Mannheim - 1383221).
The reaction was carried out in the dark for several minutes. When the staining had
developed, the reaction was stopped with several rinses in PTW. The wing discs were
dissected and mounted on slides using 50% glycerol in PBS.
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3.1 Introduction
Dorsal Closure is the last major morphogenetic movement of Drosophila embryogenesis
occurring around 11 hours after egg laying (ael). During this process, a gaping dorsal
epithelial hole - the result of germ band retraction - is sealed closed to cover over the
extraembryonic amnioserosal sheet.

This hole closure is achieved by two lateral

segmented epidermal sheets sweeping dorsally over the exposed amnioserosa towards
one another and fusing along the midline to form a neat, and subsequently invisible seam
where the two epithelial edges meet one another.
Previous studies have indicated that the actin cytoskeleton plays a critical role in dorsal
closure (Edwards et al., 1997; Young et al., 1993). The best clues as to the cytoskeletal
machinery driving this movement came from studies using fixed embryos which
identified a cable of actin and associated myosin running around the circumference of
the leading epithelial margin (Edwards et al., 1997; Young et al., 1993), analogous to the
actomyosin cable found during purse-string re-epithelialisation of vertebrate embryonic
skin and tissue-culture wounds (Bement et al., 1993; Brock et al., 1996; Martin and
Lewis, 1992). This cable was believed to be the major driving force for the epithelial
sweepings observed during dorsal closure. In support of this hypothesis, zipper (zip)
embryos, null for the motor protein non-muscle myosin II, often fail to complete dorsal
closure (Young et al., 1993). However, a study in 2000 (Kiehart et al., 2000) revealed
that the cable cannot be the only provider of motive force for dorsal closure, because
cutting it with a laser does not stop, or even slow, down epithelial forward movement.

Further support for the belief that more actin machineries than just a cable might be
necessary for this epithelial migration came from genetic analysis of small GTPase
function during dorsal closure (Genova et al., 2000; Harden et al., 1995; Harden et al.,
1999; Magie et al., 1999; Ricos et al., 1999). These studies showed that not only Rho,
which is known to mediate assembly of cable-like stress fibres in tissue culture
fibroblasts (Ridley and Hall, 1992), but also Cdc42 and Rac, which are required for
filopodia and lamellipodia extension in fibroblasts (Nobes and Hall, 1995; Ridley et al.,
1992) all play a role in dorsal closure. Another indication comes from the fact that while
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embryos mutant for rhol or expressing a dominant-negative rhol transgene, exhibit
significant reductions in levels, and disrupted organization, of actin and myosin in front
row cells, they ultimately can achieve full dorsal epithelial continuity.

To elucidate the full extent of actin dynamics occurring during dorsal closure and to
attempt to discover the full repertoire of actin machineries that play a role during this
important movement, time-lapse confocal analysis was performed on living Drosophila
embryos expressing a green fluorescent protein (GFP)-actin fusion protein (Verkhusha
et al., 1999) under the control of the Gal4-UAS system (Brand and Perrimon, 1993).
These studies revealed not only an actin cable but exhuberant actin-rich filopodia and
lamellipodia projecting from leading edge cells. To investigate further the function of
the actin cable during dorsal closure, both rh o l and zip mutant embryos expressing
GFP-actin were analysed using live timelapse confocal microscopy. In both these
mutants the actomyosin cable disassembles during the dorsal closure process but the
overall movement typically does not fail. These flies therefore offered the opportunity
to analyse the effects of cable loss at the cellular level without the complete disruption of
tissue architecture. Similarly, I have tested the function of filopodia by examining
embryos expressing dominant negative Cdc42 in engrailed stripes, which blocked the
capacity for these lead edge cells to assemble filopodia. This work was carried out in
collaboration with Antonio Jacinto.
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3.2 Results
Leading-edge epithelial cells extend dynamic filopodia and lamellipodia

When dorsal closure stage embryos are fixed and stained with phalloidin, a clear actin
cable can be seen in the leading edge epithelial cells extending the full circumference of
the dorsal hole, in phalloidin stained embryos this appears to be the only significant actin
structure in these cells (Young et a l, 1993). However, expression of GFP-actin in the
epidermis using the epithelial specific driver e22c-Gal4 reveals not only the presence of
an actin cable but also dynamic actin-rich protrusions extending from front-row cells as
they sweep forward towards the embryonic midline (Figure 3.1 and 3.2 and Movie lA).
Most of these protrusions are filopodia and almost certainly correspond to the small
microspikes that had occasionally been observed by others in fixed, preparations
(Harden et a l, 1996). These filopodia extend up to 10pm in length and those that were
captured in the process of protrusion extended at about 1pm/minute which is comparable
to the rate of filopodial extension in Cdc42-activated, tissue culture fibroblasts (Nobes
and Hall, 1995). The filopodia are expressed all along the leading epithelial faces and
exhibit random waving movements, sweeping up and down and from side to side as the
epithelial fronts migrate toward one another (Figure 3.2A). The fact that these highly
dynamic structures were not visible in phalloidin stained embryos suggested that these
filopodia are very delicate and do not survive fixation well. However, by adding
phalloidin to the standard fixative (see Chapter 2) it was possible to preserve most if not
all of the filopodia allowing them to be seen by Scanning Electron Microscopy (Figure
3.1). Electron Micrographs of such embryos during dorsal closure show that filopodia
are first apparent at stage 14 and persist for the duration of dorsal closure (Figure 3.1).

Filopodia and lamellipodia appear to drag the opposing epithelial fronts together

From the early stage of dorsal closure onwards, these actin-rich protrusions appear to
play a key role in drawing together the two epithelial edges. They operate at the anterior
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and posterior extremes of the hole where the two epithelial sheets become close enough
to one another for their leading edge filopodia to contact one another. Hole closure is
then driven by filopodia from opposing epithelial fronts contacting, engaging and then
tugging the epithelial sheets together, zippering the hole closed (Figure 3.2B and Movie
IB). During the early stages of dorsal closure, along the areas of the leading edge away
from the zippering fronts, only very occasional small membrane ruffles or lamellipodia
were seen spreading between two adjacent filopodia. However, in areas where the two
epithelial faces became close enough for the opposing filopodia to contact one another
highly motile lamellipodia were frequently visible extending from leading edge
epithelial cells (Figure 3.2C).
To show that these actin protrusions were indeed playing a role in pulling the migrating
epithelial fronts together, the rate of epithelial movement was measured before and after
filopodial contact. These measurements showed that prior to engagement, at the end of
stage 14, the fronts move towards one another at a rate of 0.11 ± 0.02 pm/minute (mean
± SD, n = 40) but this forward movement accelerates up to 0.24 ± 0.07 pm/minute (n
=40) after lamellipodial engagement. At such sites of tugging the actin cable was kinked
towards the opposite epithelial leading edge confirming that it was traction of the
lamellae, rather than contraction of the cable that was driving this final forward
movement of the epithelium (Figure 3.2C).

Filopodial interdigitation precedes, and may drive, epithelial fusion

The process of seam formation at the zipper front may be analogous to cell-cell adhesion
between primary mouse kératinocytes stimulated by exposure to Ca^^ and during ventral
enclosure in Caenorhabditis elegans embryos. A recent in vitro study showed how
adhesions between confluent kératinocytes develop from, and are dependent on,
filopodia projecting into pockets in a neighbouring cell’s plasma membrane, resulting in
a tram-line pairing of a-catenin staining where keratinocyes contact one another
(Vasioukhin et al., 2000). Filopodial priming seems to also play a key role in the
formation of adherens junctions and the seaming together of epithelial sheets during

58

Chapter 3: Results

ventral enclosure in the C. elegans embryo (Raich et al., 1999). To see whether the
filopodia present during dorsal closure were playing a similar role at sites of cell-cell
adhesion as the dorsal epithelium zippers up, dorsal closure was imaged in living flies
expressing a GFP-a-catenin fusion protein. In these embryos, large a-catenin-rich
junctions could be seen linking intracellular segments of the actin cable in the free
epithelial margin (Figure 3.3A), but where the epithelial fronts made contact opposing
pairs of junctions, 2-4pm apart from one another, were observed, in a tram-track pattern
resembling that seen when kératinocytes first engage, suggesting that plasma membrane
protrusion into an opposing cell may also be important here (Figure 3.3A). Four or five
cell diameters into the zipper seam, these junction pairs appear to merge into a single
cell-cell junction seam linking the two fused epithelial fronts. To see more clearly how
interactions between filopodia from opposing cells may interact in order to bring about
fusion, TEM sections were cut at different points along the zipper front (Figure 3.3). At
the free epithelial edge, before cell-cell contact, filopodia tips generally terminate above
the amnioserosa but do occasionally make contacts with the amnioserosa ahead of them
(Figure 3.3B). Where opposite cells first confront one another, filopodia are seen
interweaving at the cell-cell interface (Figure 3.3C). Subsequently, filopodia from
opposing cells appear to interdigitate with one another as if penetrating the plasma
membrane pockets of the opposite cell (Figure 3.3D). Further back from the zipper front
these interdigitations resolve and become shorter, as opposite cells form mature
adherens junctions with one another (Figure 3.3E).

Expression of dominant-negative Cdc42 blocks filopodial extension and epithelial
adhesion

Studies in tissue culture fibroblasts have revealed that the actin-based assembly of
filopodia and lamellipodia is triggered by activation of the small GTPase Cdc42, which
in turn activates Rac (Nobes and Hall, 1995). Since genetic studies in Drosophila have
shown that both Cdc42 and Rac play a role in dorsal closure (Genova et al., 2000;
Harden et al., 1995; Harden et al., 1999; Ricos et al., 1999)
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assume that the actin-based protrusions that were observed during dorsal closure might
be triggered by, and dependent on, Cdc42 activation. The expression of dominantnegative Cdc42 throughout the embryonic epithelium using the e22c-Gal4 driver causes
developmental arrest during germ-band retraction at a stage well before initiation of
dorsal closure, just as occurs in Cdc42 mutants (Genova et al., 2000). However, using
the gn-Gal4 driver to give four-cell-wide on/off epithelial stripes of expression of both
GFP-actin and dominant negative Cdc42 (Eaton et al., 1995; Luo et al., 1994), Cdc42
function can be tested beyond the germ-band retraction stage (Figure 3.4). In these
embryos, the expressing cells extend only the most rudimentary filopodia and
lamellipodia (Figure 3.4C and D), which may reflect residual activity of endogenous
Cdc42. Subcellular localisation of GFP-actin in these cells suggested that actin cable
assembly was maintained as in the wild type.

Where opposing faces expressing the dominant-negative Cdc42 meet, they fail to engage
and are not actively drawn towards one another. Subsequently, these opposing cells do
not fuse properly, and gaps between cells are seen that in a wild type situation would
have formed a tight adhesion seam (Figure 3.4C and E). Even given that half of the
epithelial leading-edge cells - those that were en-negative - were not expressing the
mutant Cdc42 transgene, and consequently were able to extend filopodia, these embryos
generally fail to complete dorsal closure. Embryos expressing the weaker dominant
-negative Cdc42^*’ occasionally did close completely to give a wild type dorsal cuticle
(6 of 33 embryos analysed), but expression of Cdc42^^^, a stronger dominant negative
form of Cdc42, always resulted in dorsal-closure defects.

Leading edge filopodia resemble those of a migrating growth cone

When GFP-actin was expressed in en-positive stripes across an otherwise wild type
embryo the dynamics of individual filopodia became easier to see (Figure 3.4B).
Frequently, it was observed that cell protrusions from opposite epithelial fronts did not
always first engage with their nearest opposing cell. Instead, long thin filopodia were
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seen apparently ignoring the closest opposite cell and extending up to four or more cell
diameters anteriorly or posteriorly to make contact with another cell or filopodial
protrusion, as though searching out a ‘correct’ partner. In these instances the filopodia
expressed by leading edge epithelial cells closely resemble the actin-filled filopodia that
can be seen extending and retracting from the leading edge of migrating growth cones of
developing axons as they navigate their way to their target. It was therefore assumed
that like the actin protrusions of a growth cone, the dorsal closure filopodia may also
have a sensory function and could play a role in the correct matching of opposite
epithelial cells along the zippering seam.

In the absence of filopodia, cell-cell matching fails along the midline fusion seam

To test whether filopodia play a sensory role, celhcell matching, revealed by alignment
of en-Gal4/UAS-GFP-actin stripes in wild-type embryos, was compared with epithelial
alignment of embryos in which alternate (g»-positive) stripes of leading edge cells were
expressing UAS-Cdc42^^^ or UAS-Cdc42^^^ and therefore unable to produce filopodia.
As expected, GFP-actin expressing stripes in otherwise wild-type embryos showed
perfect stripe alignment along the seam where opposing epithelial fronts had met (Figure
3.4A and B). By contrast, those embryos that also expressed dominant negative Cdc42
frequently (18 of 33 en-Gal4/UAS-Cdc42^^^ embryos, and all of the en-Gal4/UASCdc42^^^ embryos) revealed a clear misalignment of one or two cells during the closure
process such that some ^«-positive cells now confronted ew-negative cells across the
midline seam (Figure 3.4D and E). This alignment defect was most striking in some of
the en-Gal4/UAS-Cdc42^^^ embryos that successfully progressed all the way through
dorsal closure. In such embryos (9 of 33), the dorsal hole was closed but some of the
dominant-negative expressing GFP-actin stripes matched entirely with en-negative
tissue or with more anterior or posterior segments rather than the correct opposing
segment (Figure 3.4F).

61

Chapter 3: Results

Both rhol and zip mutants can complete dorsal closure but show some puckering or
segment misalignments along the midline seam

In order to analyse the function of the other major actin assembly - the actin cable- in
leading edge cells during dorsal closure, rhol and zip embryos were analysed.

Scanning electrons micrographs of rhol and zip embryos that complete dorsal closure
reveal significant similarities (Figure 3.5B and C). In both cases, combinations of
amorphic or strong mutations were used, zip^/zip"^^^ or zip^/zip^ in the case of zip, and
rhof^^/rhof^^ in the case of rhol. Both zip and rhol mutant embryos had the same
dramatic defects in head involution, a tissue movement distinct from dorsal closure.
However, a posterior dorsal hole was not observed in any of the rhol mutants, and only
seen in 59% of the zip^/zip"^^^ or 8% of the zip’/zip^ embryos (Figure 3.5D). The
remaining zip mutants appeared to complete dorsal closure successfully, although like
their rhol counterparts, these embryos showed puckering or segment misalignments
along the closed midline seam. It was presumed that the phenotypic variation in zip
mutant embryos was due to differences in the maternal contribution to the myosin II
RNA and protein pool, which must become exhausted around the stage of dorsal closure
(Young et al., 1993). Further similarities between rhol and zip embryos were revealed
when the leading-edge epithelial cells of these mutants were observed using higherresolution SEM during the final stages of dorsal closure. In both mutants, the normally
straight, and apparently taut, epithelial leading edge appeared to be relatively
disorganized and to have lost tension, with front row cells extending increased levels of
filopodia and lamellae compared to their wild type counterparts (Figure 3.5G and H)

Actin cable disassembly leads to Increased numbers of filopodia and lamellae
during dorsal closure in rhol and zip embryos

To analyse more carefully the behaviour of these leading edge epithelial cells during the
final stages of dorsal closure in rhol and zip embryos, timelapse confocal images were
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taken of mutant embryos expressing GFP-actin throughout the epithelium. In both rhol
and zip mutants that closed the dorsal hole, as expected from the SEM observations, the
cytoskeletal architecture of the leading edge that normally characterized wild-type dorsal
closure was lost. The actin cable, which is clearly apparent in the wild-type leading
edge from stage 13 onward (Figure 3.6B and C) either failed to assemble or
disassembled during the dorsal closure process in both mutants (Figure 3.6D and F).
The disassembly of the actin cable was temporally coincident with a transition from an
organized leading edge to one that appeared disorganized (Figure 3.6D-G).
In both mutants loss of cable also coincided with more exhuberent filopodial extensions
than in wildtype leading edge cells, and these filopodia frequently coalesce to form
lamellipodia (Figures 3.6E and G), which as previously mentioned, are generally not
seen until the final stages of dorsal closure in wild type embryos when opposing
epithelial fronts first make contact with one another.

Expression of dominant-negative or constitutively active R hol reveals a dual role
for Rho and the actin cable

In order to test further how a failure to activate Rhol and therefore assemble an actin
cable might influence a leading edge epithelial cell’s capacity to participate in dorsal
closure the enGdXA driver was used to express both GFP-actin and either dominantnegative Rhol (Rho*^*^) or constitutively active Rhol (Rho^^'^) in 4 to 5 cell wide
epithelial stripes.

These embryos were then fixed and co-stained with Alexa594

phalloidin to reveal the actin machinery of all the cells, including the intervening wild
type stripes that did not express GFP-actin.
Rho 1^*^ expressing cells failed to assemble an actin cable but did express broad filopodia
and lamellipodia (Figure 3.7D and E). Without a cable, they do not constrict at their
leading edge in the way that their wild type neighbours do. Consequently, these mutant
Rho

cells migrated forward, apparently released from their usual constraints,

overspilling and displacing their wild type neighbours (Figure 3.7E). Frequently, the
leading edges of intervening wild type stripes were enveloped by adjacent Rhol^^^

63

Chapter 3: Results

expressing stripes, such that by the time that the dorsal hole was closed, most of the
midline seam epithelium was populated by Rho 1^^^ expressing cells (Figure 3.7F) that
clearly possessed a migration advantage over their wild type, cable assembling
neighbours.
In the opposite experiment both GFP-actin and a constitutively active Rhol construct
(Rho^^"^) were expressed using the enG al4 driver.

Here, the opposite effect was

observed where Rho^^'^ expressing cells were more constricted than their wild type
neighbours at early stages (Figure 3.70) and were subsequently out-competed during
dorsal closure. This lead to wild type stripes tending to dominate the leading edge
during epithelial migration (Figure 3.7H) such that when dorsal closure was complete,
the midline seam epithelium was largely made up of wild type cells (Figure 3.71).
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Figure 3.1 Filopodia and lam ellipodia on leading edge cells during dorsal closure.
(A ,B ,G ,H ) S c a n n in g electron m icrograp hs (S E M s) o f em b ry o s (A ) ju st b e fo r e the o n set o f dorsal closu re;
(B ) at ea rly d orsal clo su re; (G ) du rin g the zip p erin g stage; and (H ) at the fin a l sta g e o f dorsal clo su re.
(C ,E ,I,K ) H ig h m a g n ifica tio n S E M s o f the corresp on d in g b o x e d r eg io n s in d ica ted in (A ,B ,G and H ): (C )
sm ooth lead in g e d g e w ithou t filop od ia; (E) filo p o d ia l e x ten sio n s up to 1 0p m in length; (I) filo p o d ia
a c co m p a n ied by la m ella e at the zip per front w h ere o p p o sin g e p ith e lia l e d g e s m eet; and (K ) final lam ellar
r u fflin g as the dorsal h o le is abou t to c lo s e .

(D ,F ,J ,L )

S till im a g e s from G F P -actin m o v ie s p ara llellin g

S E M o b ser v a tio n s; (D ) at this early sta g e , the lead in g e d g e app ears sc a llo p e d , w ith e lo n g a te d front-row
c e lls that d o not y e t e x p r ess a stron g actin c a b le or filo p o d ia ; (F ) a p p ro x im a te ly 1 hour later, there is a
c lea r actin c a b le and n o w e a ch c e ll has sev era l filo p o d ia l p rotru sion s; (J) the z ip p e rin g fron t e x p r e sse s
la m ella e that reach ou t across the e x p o se d am n io sero sa ; (L ) as the fron ts m e et, the o p p o sin g e p ith e lia l
fa c e s fu se togeth er. S ca le bars represent 100p,m in (A ,B ,G ,H ) and 5p.m in all other im a g es.
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Figure 3.2 C onfocal tim elapse im ages of dynam ic actin protrusions during dorsal closure revealed
by G FP-actin.
(A ) S e q u e n c e o f im a g e s sh o w in g (i- ii) e x te n s io n , ( ii- iii) w a v in g m o v e m e n t, and ( iii- iv ) su b seq u e n t
retraction o f a filo p o d iu m (arrow s) e x p r essed by a lea d in g -ed g e c e ll during early dorsal c lo su r e. (B ) S tills
from a G F P -actin m o v ie sh o w in g filo p o d ia d y n a m ics at a zip p erin g fron t du rin g d orsal clo su re. F ilo p o d ia
from o p p o sin g e p ith e lia l fronts con tact, and appear to tug the e p ith e lia l sh ee ts to g eth er (arrow h ead s). (C )
S e q u e n c e o f h ig h m a g n ific a tio n im a g e s at late dorsal c lo su r e sta g e s h o w in g (i-ii) in itia l r u fflin g o f a
la m e llip o d ia , ( ii- iii) c o n ta c t and fu s io n w ith the o p p o s in g fro n t, and ( iii- iv ) su b se q u e n t tu g g in g o f
e p ith e lia l fron ts tow ard s o n e anoth er at the z o n e o f co n ta ct.
o p p o sin g lea d in g e d g e (asterisk ).
left co m er .

N o te the actin c a b le is draw n tow ards the

F or all se q u e n c e s, e la p se d tim e is d isp la y e d in m in u tes in the bottom
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Figure 3.3 Adhesion o f the zippering epithelial fronts during dorsal closure.
(A ) C o n fo ca l im a g e o f the fu sin g ep ith elia l fronts o f a zip p erin g sta g e e m b ry o e x p r e ssin g G FP -ot-catenin.
A lo n g the free m argin are su bstantial adh erens ju n c tio n s (arrow h ead s) lin k in g le a d in g -e d g e c e lls to their
n eigh b ou rs.

F or sev era l c e ll d iam eters back from w h ere the tw o e p ith e lia l fa c e s m e et, paired ju n ctio n s

p ersist (arrow s), but further back the ju n ctio n s r e s o lv e into a sin g le se a m lin e o f ju n c tio n s w h ere the tw o
fro n ts h ave fu s e d . (B ) T E M se c tio n at the le v e l in d ic a ted in (A ), s h o w in g filo p o d ia (a rrow h ead s)
e x te n d in g from a lea d in g e d g e e p ith e lia l c e ll (a ste risk ). N o te a lso the m em b ran e protru sion s (arrow s)
from the a m n io se r o sa . (C ) T E M se c tio n at the z ip p e r fron t as in d ic a ted in (A ), s h o w in g in teraction
b e tw e en filo p o d ia and la m ella e o f o p p o sin g ep ith e lia l fronts (a sterisk s). (D ) T E M se c tio n from the fu sed
seam at the le v e l ind icated in (A ) to sh o w the near-fin al resolu tion o f filo p o d ia l in terd igitation s (arrow s) as
lea d in g e d g e c e lls (asterisk s) form m ature adherens ju n ctio n s. S c a le bars rep resent 10p m in A and 1pm in
B -E ).
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Figure 3.4 Reduced Filopodia and segm ent m isalignm ent in em bryos that lack Cdc42 activity.
(A ) C o n fo c a l im a g e o f an em b ryo at the end o f d orsal clo su r e e x p r e s sin g U AS-G FP-actin driven by en-

G al4, s h o w in g strip es o f G F P -p o sitiv e c e lls (g reen ) ad jacen t to strip es o f w ild ty p e tissu e (b la ck ). A ll
strip es are a lig n e d p e r fec tly across the m id lin e seam .
in en-Gal4 strip es as in (A ).

(B ) Z ip p er in g -sta g e e m b ry o e x p r e s sin g G F P -actin

L e a d in g e d g e c e lls protrude e x te n s iv e filo p o d ia and la m ella e.

N o te h ow

G F P -actin b ou n d aries are in e x a c t alig n m en t (arrow h ead ) w h ere o p p o sin g c e lls h a v e m ad e con tact. T h e
w h ite d otted lin e in d ic a tes the lea d in g e p ith e lia l e d g e .

(C ) E m b ryo at a sta g e e q u iv a le n t to that in (B ),

e x p r e ssin g d o m in a n t-n e g a tiv e Cdc42^*^ as w e ll as G F P -actin in en-G al4 strip es.

E x p r e ssin g c e lls h ave

o n ly rudim entary protrusions (arrow s) and, w h ere the fronts m eet they d o not form a fu sed seam (asterisk ).
(D ) A n oth er en-G al4/ C d c 4 2 ^ em b ryo sh o w in g h o w seg m en ta l strip es ty p ic a lly m isa lig n by o n e or m ore
c e lls (arrow h ead ). (E ) A m ore sev e re failu re to seam togeth er (a ste risk s) and m isa lig n m en t o f segm en tal
stripes (arrow h ead s) is r ev ea led in an em b ryo e x p r e ssin g Cdc42'^‘^ as w e ll as G F P -actin in en stripes. (E)
E m bryo e x p r e ssin g C d c 4 2 ^ . In this e x a m p le o f a m ild er p h en otyp e, w h ere dorsal c lo su r e has co m p leted ,
several G F P -actin stripes align w ith inappropriate se g m en ts on the o p p o sin g ep ith elial front.
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F ig u r e 3 .5 S c a n n in g E le c tr o n m ic r o g r a p h s o f w ild ty p e , z ip , a n d rh o l e m b r y o s a t th e e n d o f d o r s a l
c lo s u r e .
(A ) A d orsal v ie w o f a w ild type em b ryo ju st after the c o m p letio n o f dorsal c lo su r e. T h e anterior part o f
the em b ryo is to the left. N o te that the head tissu e has in v o lu te d (arrow ) and the dorsal h o le has c lo se d ,
le a v in g p e r fe c t se g m e n t a lig n m e n t a c ro ss the m id lin e se a m . (B ) A ll o f th e rh o l e m b r y o s a n a ly se d
{rhof^^/rhof^'^) sh o w a d e fe c t in head in v o lu tio n (arrow ). T h e dorsal h o le a lw a y s c lo s e s c o m p le te ly , but,
o ften , the m id lin e seam is pu ck ered w ith so m e seg m en ta l m isa lig n m en t. (C ) T h e m ajority o f zip m utants
a n a ly se d (41% in the c a se o f zip'/zip"^^^, and 92% fo r zip'/zip') c o m p le te d orsal c lo su r e , but all fail in
head in v o lu tio n (arrow ). N o te the sim ila rities to the rh o l m utant in (B ). (D ) A n em b ry o m utant for zip,
sh o w in g a c o m p le te failu re o f h ead in v o lu tio n (arrow ) and a lso d orsal c lo su r e (arrow h ead s); 59% o f the

zip'/zip""^^, and 8% o f th e zip'/zip' w ere in th is p h en o ty p ic c la s s. (E ) A diagram o f an em b ry o during
dorsal clo su r e zip p erin g at m id -sta g e 14. T h e g rey square in d icates th e region that is m a g n ified in (F )-(H ).
(F ) H ig h -m a g n ific a tio n S F M , fo c u ss in g on the zip p erin g front o f a w ild ty p e em b ry o b efore co m p letio n o f
d orsal c lo s u r e (s e e [F ] ). F ilo p o d ia (a rro w h ea d s) can be c le a r ly se e n e x te n d in g from the lea d in g e d g e
(d otted lin e) and reach in g across the a m n io sero sa to m ake co n ta c t w ith the o p p o sin g e p ith e lia l front, and
zip p er the tw o sid e s togeth er. (G ) In rh ol m utant e m b ry o s (rhof^^/rhof^"), the lea d in g e d g e filo p o d ia l
and la m e llip o d ia l p ro tru sio n s (a rro w h ea d s and a ste r isk s, r e s p e c t iv e ly ) are m ore ab u n d an t, and the
e p ith e lia l front (d o tted lin e ) is n o w m ore d iso r g a n is e d thatn the w ild -ty p e le a d in g e d g e . (H ) T h e zip

{zip'/zip""^^) e p ith e lia l e d g e in a d o r sa lly c lo s in g e m b ry o is a lso very d iso r g a n is e d , and c e lls e x ten d a
broader ex ten t o f filo p o d ia l and lam ellip od ial protrusions (asterisk s) than in the w ild typ e c e lls. S c a le bars
represent lOO^m in (A )-(D ) and 5p.m in (F )-(H ).
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Figure 3.6 Live analysis o f wild type, zipt and rh ol m utant em bryos expressing UAS-GFP-actin.
(A )

A diagram o f an e m b ry o du rin g dorsal clo su r e zip p erin g at m id -sta g e 14. T h e b lu e square in d icates

the region that is sh ow n in (B ), (D ) and (F ), and the y e llo w rectan gle in d ica tes the region that is m agn ified
in (C ), (E ), and (G ). (B ) In e22cGAL4/UAS-GFP-actin w ild typ e em b r y o s, the lea d in g e d g e c e lls sh o w a
thick G F P -actin c a b le and d yn am ic actin-rich filo p o d ia that ex ten d from the front row c e lls and play a role
in z ip p erin g the m igrating ep ith elia l sh eets togeth er. (C ) H igh m a g n ifica tio n detail o f w ild type c a b le and
filo p o d ia . (D ) zip em b r y o s that c lo s e the dorsal h o le {zip', e22cG A L 4/ zip', UAS-GFP-actin) exh ib it
d is a s s e m b ly o f the actin c a b le and c o in c id e n t lo s s o f o r g a n iz a tio n in the le a d in g e d g e . (E ) H igh
m a g n ifica tio n o f a se c tio n o f lead in g e d g e ep ith elia l c e lls from a zip em b ry o {zip', e22cG AL4/ zip', UASGFP-actin). In the region s w h ere the cab le is lost, the front row c e lls e x p r ess an e x c e s s o f filo p o d ia that
form thick er p r o c e sse s and large la m e llip o d ia (a ste risk s). (F ) In rh ol m utant e m b ry o s
{rhof^", e22cG A L4/ rhol^^", UAS-GFP-actin) the actin c a b le is a lso d isru p ted , and c o in c id e n ta lly , the

o ften m erg e to

lea d in g e d g e c e a s e s to rem ain straight and under apparent ten sio n as in the w ild typ e em b ry o s. T h e actin
p rotrusions are m ore d ifficu lt to v isu a lize in the r /io /m u ta n ts b e c a u se the actin G FP is le ss bright in these
(G ) A s in the c a se o f zip, h ig h -m a g n ific a tio n v ie w s o f the rh o l m utants {rhof^", e22cG AL4/
rhof^", UAS-GFP-actin) reveal that lead in g e d g e c e lls w ith ou t an actin c a b le n o w ex ten d e x te n siv e actin-

e m b r y o s.

rich la m ellip o d ia l protrusions (asterisk s). S c a le bars represent 5 p m .
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rhOl^'^

_

Figure 3.7 W ild type and m utant cells from em bryos expressing dom inant-negative or constutively
active R h o l constructs have different m orphogenetic properties
(A -I) G F P -a ctin (g r ee n ) in e n g r a ile d strip es h ig h lig h ts the r e g io n s o f tr a n sg e n e e x p r e s sio n , and th ose
e m b ry o s im a g ed at the h ig h est reso lu tio n ( A ,B ,D ,E ,G and H ) h a v e b een co u n te r sta in e d w ith A le x a 5 9 4 p h a llo id in (red ) to reveal F -actin in all c e lls . E m b ryos are o th e r w ise w ild ty p e (A -C ) or a lso e x p r essin g
rho'^'^ (D -F ) or
(G -I) under the control o f en-GALA. T h e em b r y o s are sh o w n at three stages: (A ,D
and G ) ea rly d orsal c lo su r e; (B ,E and H ) z ip p e rin g p h ase; and (C ,F and I) c o m p le te c lo su r e.

(A ) A n

em b ry o e x p r e s sin g o n ly U AS-GFP-actin in e n g ra iled stripes sh o w in g a th ick , taut c a b le in lead in g e d g e
c e lls . T h e ap ical e d g e o f e a ch lead in g e d g e c e ll is c le a rly con stricted . (B ) D u rin g the zip p erin g ph ase, the
a ctin c a b le is m ain tain ed and the front row c e lls are b rough t to g e th er in p e r fec t a lig n m en t. (C ) A fter
c lo su re, the enGALA/UAS-GFP-actin stripes m atch p erfectly . (D ) E v e n at th e se early sta g e s, em b ryos c o 
e x p r e s sin g UAS-GFP-actin and UAS-Rhol^'^ in en strip es reveal d iffe r e n c e s b e tw e e n the w ild ty p e and
m utant. T h e o v era ll tautn ess o f the c a b le is disrup ted , rho'^'^ c e lls are not c o n str icte d at their apical e d g e
(arrow s) and are already m ore ad van ced in their forw ard s w e e p in g o v e r the a m n io se r o sa than their w ild
ty p e n eigh b ou rs. (E ) T h e e ffe c ts o f rho^'^ e x p r essio n b e c o m e m ore dram atic du rin g the zip p erin g phase.
T h e un restrain ed m utant c e lls take o v e r the lea d in g e d g e , d is p la c in g w ild -ty p e tissu e as th ey m igrate
(arrow h ead s). (F ) B y the tim e dorsal clo su r e is c o m p le te , rho^'^ e x p r e s sin g c e lls h ave la rg ely taken over
the c lo s e d m id lin e seam . (G ) C e lls e x p r e ssin g Rhol''*'* h ave the o p p o site b e h a v io u r to Rhol*^*^cells.

At

this early sta g e , lea d in g e d g e c e lls e x p r e ssin g UAS- rho^‘‘* , appear m ore co n tra cted than their w ild type
n eigh b ou rs (arrow s) and are already lo sin g their p lace in the lea d in g e d g e . (H ) D u rin g the zip p erin g phase,
the w ild ty p e c e lls take o v e r m o st o f the front row and p rogress o f the Rhol'^*'* c e lls is restricted.

T he

m utant c e lls take on irregular sh ap es and h ave very little p r e se n c e at the le a d in g e d g e . (I) A fter c lo su r e,
the m id lin e sea m o f em b ryos e x p r essin g UAS-

and UAS-GFP-actin in en stripes is largely populated

by w ild ty p e c e lls . S c a le bars rep resent 1 0p m in (A ),(B ),(D ),(E ),(G ) and (H ) and 1 0 0 p m in (C ),(F ), and
(I).
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3.3 Discussion
This chapter investigates the dynamic nature of the actin machinery of leading edge
epithelial cells and its function during the process of dorsal closure in Drosophila.
These studies utilised the complementary approaches of live confocal imaging of
embryos expressing GFP-tagged actin and ultrastructural analysis by Transmission
Electron Microscopy.

The experiments presented in this chapter show that as well as the previously reported
actin cable that assembles in the front row epithelial cells during dorsal closure, actin
rich protrusions extend from these leading edge cells as the epithelial fronts migrate
toward one another. Dorsal closure relies on the activity of these dynamic filopodia and
lamellipodia to actively zipper the epithelial sheets together ensuring tight adhesion
between confronting epithelial cells. As the epithelial fronts approach one another,
filopodia are seen apparently ‘sampling’ cells on the opposing face in a way that closely
resembles the sensory filopodia that extend from the leading edge of a migrating axonal
growth cone. When the assembly of these actin-based protrusions is blocked in the
leading edge (by interfering with the activités of Cdc42), the adhesion and fusion of
opposing epithelial cells is prevented and their ability to ‘sense’ correct partners is also
blocked, leading to segment misalignment along the midline seam.

These data show that filopodia play an important role in the adhesion of the opposing
epithelial fronts along the midline. Just as for the celhcell adhesion events occurring
between primary mouse kératinocytes stimulated by exposure to Ca^^ and the seaming
together of epithelial sheets during ventral enclosure in the C. elegans embryo (Raich et
ah, 1999; Vasioukhin et ah, 2000), it appears that Drosophila dorsal closure zippering is
“primed” by interdigitation and adhesion between opposing filopodia from the two
fusing epithelial fronts. The data presented in this chapter also suggest that these actin
protrusions are required to facilitate correctj segmental alignment during dorsal closure
and that the filopodia seen extending from the leading edge cells may therefore function
as sense organs identifying correct cell contacts in a way analogous to how filopodia
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Operate when an axonal growth cone searches for navigational target cues in the
developing nervous system (Tessier-Lavigne and Goodman, 1996).

If filopodia are indeed key players in the celhcell matching apparatus, then it becomes
important to determine what cell-cell adhesion molecules or receptors are being
presented on the filopodia and used to identify matching cells on the opposite epithelial
front. The molecular nature of this matching machinery is entirely unknown, and there
are a number of possible mechanisms that might explain how correct matching occurs.
Axonal guidance molecules, such as semaphorins or netrins may operate during this
process to guide opposing epithelial fronts to one another. Alternatively, a range of
adhesion molecules, which could be read by the filopodia, may be used to specify
particular segments in a similar mechanism to that used by the embryo, and later
imaginai disc cells to sort and maintain compartment boundaries (Dahmann and Easier,
1999; Martinez-Arias, 1993).

There could well be a membrane bound adhesion

molecule expressed, for example, by the filopodia of anterior compartment cells but not
by cells in the adjacent posterior compartment of each segment.

A number of possible strategies exist that could be used to identify these ‘matching
molecules’. An over expression (EP) screen using an amnioserosa specific Gal4 driver
to misexpress genes, for example, could provide some candidate molecules. In such a
screen, overexpression of any gene that encodes a molecule involved in guiding
epithelial fronts toward one another will cause a failure in dorsal closure since epithelial
cells will prematurely encounter these signals from the amnioserosa, causing them to
stop migrating, resulting in an easily detectable dorsal hole. Any EP lines that gave a
dorsal open phenotype could then be put through a secondary screen crossing them to an
enGAL4 UAS-GFP-actin stock to produce embryos with engrailed stripes of GFP-actin
in which the gene of interest is misexpressed. If the gene in question is involved in
epithelial cell alignment, segment mismatches would be detected. A Microarray study
in which gene expression within separate domains of each segment could be compared
would also provide candidate ‘matching molecules’. At a dorsal closure stage, within
the embryo, engrailed expression is found in the anterior 4 epithelial cells of each
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segment, whilst expression of another gene-patched defines the remaining cells up to the
posterior boundary of each segment. By driving expression of GFP-actin using en and
ptcGaM expressing lines, two complementary populations of fluorescently striped
embryos could be created. These populations could then be isolated by FACS sorting
and their cDNA prepared and applied to a microarray DNA chip. Such experiments will
be necessary to further characterise the function of filopodia and lamellipodia during
Drosophila dorsal closure. For ventral enclosure in C. elegans development, where
filopodia appear to play a similar role to their dorsal closure counterparts, forming
immature junctions that prime the assembly of mature adherens junctions across the
ventral midline fusion seam (Raich et al., 1999), there is some evidence that
semaphorins, key molecules in axonal navigation, might form part of this celhcell
matching machinery, as mutants in semaphorin-2a exhibit incorrect cell contacts
between cells of the midline seam (Roy et ah, 2000).

What is the function of leading edge filopodia during the early stages of dorsal closure
and how is the epithelium drawn forwards before the stage when filopodial-dependent
zippering begins? Filopodia are first seen protruding from the leading edge cells
coincident with, or shortly after, assembly of the actin cable and as the leading edge
transforms from a scalloped, into a taut, neat row of cells. During this period of
development the epithelial cells actively elongate and the two epithelial sheets begin to
sweep dorsally towards the midline. During this ‘epithelial sweeping’ stage the majority
of filopodia are not obviously being used to tug the epithelium forward. A guidance or
crawling role for the filopodia at this early stage cannot be ruled out but, in the absence
of filopodia, for example, as is seen in hemipterous {hep) mutants, the epithelium still
sweeps forwards and migration only fails at the onset of zippering (Figure 3.8). It seems
more likely that this early epithelial movement is driven by a combination of epithelial
cell elongation and contraction of extra-embryonic amnioserosal cells.

Until recently, the role of the amnioserosa during dorsal closure was somewhat ignored
and this tissue was considered to be simply a passive substratum over which the
epithelial fronts advanced. Recent studies, however, have shown that it almost certainly
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plays a more active role during the process. Embryos null for the transcriptional
regulator hindsight, which represses JNK activity in the amnioserosa, exhibit an early
failure of epithelial migration (Reed et al., 2001), suggesting that the amnioserosa has
the capacity to directly influence epithelial sweeping. Live imaging of a-catenin GFP
expressing embryos reveals that individual amnioserosal cells reduce their apical surface
during dorsal closure, with a contraction bias in the dorsoventral axis (S. Woolner
personal communication). Transmission Electron Microscopy sections through a dorsal
closure stage embryos confirm this (Figure 3.8C) and clearly show that all amnioserosal
cells are highly polarised, showing massive apical constriction. This change in cell
shape is coincident with another change in the amnioserosal cells. Scanning Electron
Micrographs reveal that, although at early stages the amnioserosal cells have a smooth
apical surface (Figure 3.1C), as dorsal closure proceeds they begin to express large
apical lamellipodia, which first appear adjacent to the zippering epithelial fronts and
then spread to cover all the exposed amnioserosa (Figure 3.9D).

This wave of

membrane ruffling could just be a passive consequence of either the amnioserosal cells
actively constricting or being squeezed by the advancing epithelial fronts. Alternatively,
these amnioserosal lamellipodia may have a more active role and express molecular
guidance cues that tell the advancing epithelial front that it is still in contact with
amnioserosa and should keep migrating dorsally.

These descriptive data do not rule out the possibility that the amnioserosa is being
passively squeezed by the advancing epithelial sheets. The best evidence that the
amnioserosa is exerting some tension that might aid in drawing the epithelial fronts
together comes from experiments in which small holes are created in either the
amnioserosa or the adjacent lateral epithelium by laser ablation (Kiehart et al., 2000). In
this study focal laser ablation of patches of amnioserosa showed that releasing tension
within this tissue results in short term gaping of the advancing epithelium, which is very
suggestive that the amnioserosa is actively drawing the epithelium forward.
Experiments in which amnioserosa-specific expression of dominant-negative Rac or of
constitutively active Rac leads to a failure of dorsal closure or over contraction of the
amnioserosa and puckering of the leading epithelial edge, repectively (Harden et al..
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2002) also provide strong support for amnioserosa contractility as a major driving force
during dorsal closure and argue that Racs, rather than other Rho-family small GTPases,
appear to mediate the signals leading to this amnioserosal behaviour. It seems likely
that, just as in repair of a skin wound (Martin, 1997), several tissue movements in
sequence and in concert may be responsible for closure of the dorsal hole. It is now
crucial to find out how the epithelium and amnioserosa coordinate their efforts with one
another during this important morphogenetic movement.

With epithelial cell elongation and amnioserosal contraction appearing to drive the
initial part of dorsal closure and filopodial ‘zippering’ providing the force to drive the
later stages of the movement, when and how does the actin cable operate? The
actomyosin cable which assembles in the leading edge epithelial cells is the most
prominent actin machinery at the advancing epithelial front and clearly has the potential
to operate like a purse-string to aid closure of the hole but is there any evidence for actin
purse-string contraction during dorsal closure?

In this chapter the function of the actin cable was analysed by live analysis of GFPactin-expressing embryos in which the cable was disrupted by modulating Rhol
signalling or by loss of Zipper function. In both rhol and zip mutant embryos the actin
cable disassembles during the dorsal closure process leading to an apparant loss of
tension in the epithelial leading edge with front row cells extending increased levels of
filopodial and lamellipodial protrusions compared to their wild type counterparts. The
fact that disassembly of the actin cable in rhol and zip mutants leads to a loss of tension
in the leading edge, together with the observation that the overall length of the actin
cable decreases throughout dorsal closure, despite the fact that no epithelial cell is lost
from the leading edge, suggests that the cable is indeed contractile during this
movement. Recent studies have shown that actin cable contractility during dorsal
closure is regulated by Rho via myosin activity. Indeed, mutants in rho and zip have
been shown to interact genetically in Drosophila (Halsell et al., 2000), and vertebrate
cell culture studies suggest that this functional link acts via Rho-associated kinase
(ROCK). ROCK regulates myosin function by repression of myosin light chain

76

Chapter 3; Discussion

phosphotase and direct activation of the myosin light chain (Amano et al., 1996; Kimura
et al., 1996), which in Drosophila is encoded by the gene, spaghetti squash (sqh)
(Karess et al., 1991). In mutants of the myosin binding subunit of myosin phosphatase
(DMBS), there is excessive accumulation of phosphorylated myosin regulatory light
chain (MRLC) and aberrant cable assembly, which leads to a failure of dorsal closure.
The same phenotype is seen in embryos overexpressing ROCK, confirming that Rho
regulates cable contractility via myosin activity. Interestingly, Rhol has recently been
shown to regulate cadherin-based adherens junctions in the Drosophila embryo via
interactions with pl20‘"‘° suggesting that the rhol mutant phenotype may not only be a
consequence of actin cable misreulation but also a result of defective adherens junctions
(Magie et al., 2002).

These cell junctions are probably the anchoring sites for

intracellular segments of the actomyosin cable and, just as in the case of ‘purse-string’
driven wound closure (Danjo and Gipson, 1998; Young et al., 1993), their integrity must
be crucial for the mechanics of cable contraction.

Experiments described in this chapter show that as well as being contractile, the actin
cable serves a second role during dorsal closure. When dominant negative Rho was
expressed in engrailed stripes within the epithelium, these engrailed positive leading
edge cells were unable to maintain a cable and consequently gained a migration
advantage over their wild type neighbours such that when the dorsal hole was closed the
majority of midline epithelium was made up of dominant negative Rho-expressing cells.
The converse experiment, where constitutively active Rho was expressed in engrailed
stripes, lead to the over-constriction of engrailed positive leading edge cells and
consequently, wild type cells tended to dominate the leading edge during epithelial
migration.

The results presented here show that the cable serves a dual role during dorsal closure.
It is contractile and thus can operate as a ‘purse string’ ensuring that the leading edge
remains taut throughout epithelial migration and zippering. It also appears to restrict
forward movement of the leading edge since the loss of a cable accelerates the dorsal
migration of epithelial cells. By performing these roles, the actin cable functions to
maintain epithelial coherence during coordinated epithelial movements, particularly at
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free epithelial edges where a taut front enables efficient zippering together and
alignment of cells at the zipper seam.
In a sense, the restraining function of the cable during dorsal closure is analogous to that
which operates for the band of actin at the periphery of a tissue culture clone of
epithelial cells. In this case, the growth factor scatter-factor, can trigger disruption of the
restraining actin band leading to cells now being able to break free of their neighbours
(Ridley et al., 1995).

The data presented demonstrates that multiple cytoskeletal events drive dorsal closure
and these events must be finely balanced to ultimately produce the precisely organized
zippering required for perfect midline fusion of the two epithelial faces.
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F ig u r e 3 .8 F ilo p o d ia l z ip p e r in g fa ils to o c c u r d u r in g d o r sa l c lo s u r e in hep m u ta n ts .
(A ) S can n in g electron m icrograph o f an em bryo m utant for hep r ev ea ls the sta g e at w h ich dorsal closu re
aborts. T h e se m utant em b ryos sh o w no sign o f actin -b ased protrusions from le a d in g -ed g e ep ith elial c e lls
at any sta g e during dorsal clo su re (Jacinto et al 2 0 0 0 ). T h e ep ith elial lea d in g e d g e s (arrow h ead s) sw ee p
forw ard in itia lly but m igration fa ils at the o n set o f z ip p erin g. A fter fa ilin g to zip per, the ep ith elial sh eets
then b egin to tear aw ay from the am n ioserosal c e lls (arrow s) ev en tu a lly lea d in g to a sev e re dorsal h ole
(B ). S c a le bars represent 5 0 p m .
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Figure 3.9 Am nioserosal cell behaviours during dorsal closure.
(A ) D iagram o f an em b ryo during dorsal closu re zip p erin g. T h e broken lin e in d ica tes the approxim ate
p osition a lo n g the antero-posterior em b ryon ic a x is at w h ich the resin se c tio n in (B ) w as cut. (B ) R esin
se c tio n through a dorsal clo su re zip p erin g em b ryo, dorsal is to the top and ventral is to the bottom . T he
m id lin e se a m form ed w h ere ep ith elial fronts m eet can be seen as an ind en tation on the dorsal surface o f
the em b ryo (b o x e d region ) (C ) T E M sectio n through the sam e em b ryo sh o w in g the corresp on d in g b oxed
region h igh ligh ted in (B ). T h e lead in g e d g e ep ith elial c e lls (w h ite asterisk s) h ave m et and fu sed at the
dorsal m id lin e to form a neat clo su re seam (arrow ). U n d erly in g a m n ioserosal c e lls (b lack asterisks) are
h ig h ly p olarised sh o w in g m a ssiv e apical con striction . (D ) A S ca n n in g E lectron M icrograph o f dorsal
clo su re rev ea ls that as the ep ith elial sh eets (e) zip per together, am n ioserosal c e lls (a) ex p ress large apical
lam ellip od ia. T he w h ite dotted lin es ind icate the lead in g ep ith elial e d g e s. S c a le bars represent 5 0 p m in
(B ), 5 p m in (C ) and 1 0 p m in (D ).
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4.1 Introduction
Embryonic wounds close by a combination of reepithelialisation and contraction of the
underlying wound mesenchyme. The process of reepithelialisation is thought to be
driven by the rapid assembly and contraction of an actin cable which forms in the
leading edge of basal epidermal wound edge cells and acts like a purse string to pull the
wound epithelium forward over the exposed mesenchymal tissue. This wound induced
actin cable was first observed in studies using chick embryos (Martin and Lewis, 1992)
but later was discovered to exist in wounds made to mouse embryos (McCluskey and
Martin, 1995). In these embryonic repair models the wounds reepithelialise rapidly and
the connective tissue repairs perfectly without fibrosis. Immediately after repair the
wound closure site is sometimes apparent as a small ‘wound pimple’ of cell debris. This
is in contrast to the process of adult skin healing where a lengthy lag phase is evident at
the outset, and wound closure always results in the formation of a connective-tissue scar.

In wounds made to the chick embryo the actin cable begins to assemble in the leading
edge epithelial cells within minutes of wounding, reaching it’s full thickness after 30
minutes and persisting throughout the period of wound closure. When the wound has
fully closed the cable disassembles, transiently leaving disorganised actin in the
epithelial cells, which have just made contact (Brock et al., 1996). Evidence for the
actin cable being responsible for driving embryonic reepithelialisation comes from
experiments where cytochalasin D, which blocks actin polymerisation, was administered
to wounds. In these treated wounds the actin cable failed to assemble and the wounds
subsequently failed to reepithelialise. In order for this cable to close the wound through
‘purse-string’ contraction it must operate as a coordinated ring, constricting each leading
edge cell in concert. Immunohistochemical staining in wounded chick embryos reveals
large cadherin clusters, localised to the leading edge of basal wound edge cells, co
incident with actin cable formation. This staining probably reflects where the cable is
linked from cell to cell by adherens junctions enabling the cable to operate in a
coordinated fashion. These junctions are assembled within 5 minutes of wounding, and
persist throughout wound closure.
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Although the actin purse string is thought to be the main driving force for embryonic
reepithelialisation, purse-string epithelial repair is not restricted only to embryonic
tissues. Some epithelial cell lines have also been shown to use contractile actin pursestring machinery to close a wound. A study using an intestinal epithelial cell line Caco-ZgBg showed that small wounds in confluent monolayers repair using a
multicellular actomyosin purse-string mechanism, just as seen in embryonic skin
wounds (Bement et al., 1993). However, curiously, the same study suggests that wound
size appears to influence the mechanism used for reepithelialisation. When wounds
larger than ten or so cell diameters across were made to these monolayers, the cells
resort to lamellipodial crawling to repair, in a mode of motility more akin to the adult
wound healing mechanism. Actin purse-strings also assemble in the leading edge of
repairing wounds made to the adult mouse cornea (Danjo and Gipson, 1998). When the
junctions linking intracellular segments of this cable were disrupted using E-cadherin
function blocking antibodies, cable formation was disrupted and consequently leading
edge cells began to extend lamellipodial protrusions into the wound area, again
resembling the lamellipodial crawling mechanism observed in adult epithelial wound
healing suggesting a fine balance between the actin machineries responsible for these
two rather different modes of motility.

The contrasting actin re-organizations required for these two modes of epithelial
migration are mediated by different members of the Rho family of small GTPase
molecular switches. Studies in 3T3 fibroblasts have demonstrated that the small GTPase
Rho mediates the assembly of actin cable-like stress fibres in response to extracellular
cues (Ridley and Hall, 1992), whilst Cdc42 and Rac, mediate assembly of filopodia and
lamellae respectively (Nobes and Hall, 1995; Ridley et al., 1992). Similarly, studies in
embryonic wound healing models reveal that when wound edge cells are loaded with C3
transferase to block endogenous Rho the actin cable either fails to assemble or
dissasembles and reepithelialisation consequently fails. Interestingly, blocking Rac from
firing does not inhibit wound closure (Brock et al., 1996). This study demonstrates that.
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just as with the stress fibres of tissue culture fibroblasts the assembly and subsequent
contraction of wound actin cables appears to be dependent on the activity of Rho.
In situations where closure of the wound is by lamellipodial crawling, such as in tissueculture wounds made in monolayers of MDCK epithelial cells, forward sweeping of the
epithelium seems to be dependent on the activity of Rac (Fenteany et al., 2000). In such
a wound, Rho, Cdc42 and actomyosin purse-strings seem to only play a support role. If
their activités are blocked in crawling cells, the only effect on the wound healing process
is to alter the coherence or evenness of the advancing epithelial front.

It is clearly important to understand precisely what dictates the mode of motility adopted
by an epithelial cell at a free wound edge. Is the decision to close through purse-string
contraction or lamellipodial crawling determined by the size of the wound or is the
shape of the wound more important? Does the actin purse string really provide the only
driving force for embryonic reepithelialisation or do embryonic wounds sometimes
resort to a more lamellipodial crawling method of wound closure?
The previously mentioned in vivo embryonic studies use chick and mouse as their
wound model. However, in both these systems live analysis of the actin dynamics of
wound closure is not possible and neither is a genetic approach to dissect the precise
functions of each element of the actin machinery. To really address these problems it
was necessary to turn to the powerful genetics and possibilities for live imaging
available in Drosophila.

A major part of this project was to develop a reliable wounding assay that could be used
to reproducibly create wounds of an appropriate size in the epithelium of the developing
Drosophila embryo. The small size and relative fragility of the embryo make invasive
experimental manipulation extremely difficult. However, in previous studies, several
groups have used wounding as a means of removing specific groups of cells early in
Drosophila development to allow fate-mapping of the embryo. This technique was first
used in insects by Hegner in 1910 (Hegner, 1910) and first used in Drosophila by Geigy
in 1931, who destroyed germ cells by irradiation at the blastoderm stage (Geigy, 1931).
Later fate mapping studies used many different methods to eliminate cells ranging from
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microcauterizing (Bownes and Sang, 1974b) to ‘pricking’ (Bownes and Sang, 1974a;
Howland, 1935) and UV laser irradiation (Lohs-Schardin et al., 1979a; Lohs-Schardin et
al., 1979b). The fate maps determined from these studies correlated with one another to
a reasonable degree, but in all the studies there were problems of reproducibility, high
mortality rates and high frequency of abnormal larvae. These problems highlight the
difficulties involved in wounding the early embryo. However, since some embryos did
survive it is evident that the Drosophila embryo does possess the capacity to repair
epithelial wounds.

A further study in 1980 by Underwood and colleagues (Underwood et al., 1980)
determined an embryonic fate map in Drosophila by withdrawing cells at the early
blastoderm stage (3 hours AEL) with a micropipette and looking for segmental defects
later in development at early segmentation stage (9 hours AEL). This method of cell
removal created a wound in the epithelium of around 15pm across. Scanning electron
micrographs from this study show 9 hour old embryos that have fully healed wounds but
have missing segmental structures where progenitor cells were removed. Where these
wounds had healed a small amount of cell debris could be seen where the epithelial
edges had met and closed, reminiscent of the ‘wound pimple’ left at the site of a closed
mammalian embryonic wound (Martin and Lewis, 1992) (Figure 4.1).

Although

Underwood was not studying the mechanism of wound healing, his paper demonstrates
nicely that embryos can heal micropipette stab wounds within 6 hours.

In this chapter I describe wounds created in 3 different ways, the first of these utilised
the same method that Underwood used in his fate mapping study in 1980, here the
embryo was stuck to double sided sticky tape and covered with Voltalef oil. An incision
was then made in the embryo by piercing the embryo with a microinjection pipette
mounted on a micromanipulator. Once inserted into the embryo, the pipette was then
drawn sideways to create a wound. Although it was possible to make wounds using this
method it was impossible to ensure that each wound was of the same size and in the
same place in the embryo since the embryo was free to move inside the vitteline
membrane during the wounding process. This lack of reproducibility meant that these
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m an u ally -created w ounds w ere not appropriate for co m p arin g m utant and w ild type
w ound phenotypes.

Som e data presented in this ch apter, how ever, does com e from

w ounds m ade using this m ethod and w here appropriate these w ounds are referred to as
‘m echanically-created w ounds’.

Figure 4.1 W ound healing in Drosophila and vertebrate em bryos
(A ) S c a n n in g electron m icrograph o f a w o u n d ed Drosophila em b r y o sh o w in g that
the w o u n d has h ea led lea v in g a 'pim ple' o f c ell d eb ris (arrow ) (p ictu re from
U n d erw o o d et al., 1 980). (B ) A c lo s e d w ou n d in a c h ic k e m b ry o rev e a ls a sim ilar
w o u n d 'pim ple' (arrow ) (picture co u r tesy o f P. M artin).

A second m ore invasive approach utilised a strategy devised by a study in 1992 w hich
described a technique w hereby it was possible to culture w hole D rosophila em bryos that
w ere already dissected from their vitteline m em branes (B roadie et al., 1992).

H ere

em bryos w ere stuck to sticky tape, covered in saline and rem oved from th eir vitteline
m em branes by m aking a sm all incision in the m em brane with a glass m icropipette and
‘blo w in g ’ the em bryos free w ith a gentle stream o f saline from a m outh pipette. O nce
em bryos have been dissected in this way it is possible to culture them for m any hours in
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a modified M3 medium. In an attempt to discover a wounding assay I adopted this
method, hand-dissecting embryos from their vitelline membranes before wounding using
a tungsten needle and culturing. Again, although it was possible to make wounds using
this method, it was difficult to make wounds reproducible and the processing of large
numbers of embryos would have been impossible, so again this procedure was
abandoned.
The third wounding strategy and the one used for the majority of the studies described
here involved laser ablating circular patches of epithelium using a nitrogen laser-pumped
dye laser, a technique that had previously been used to analyse tissue tensions during
dorsal closure (Kiehart et al., 2000). This technique allowed me to create reproducible
wounds and allows the wound closure process to be easily visualised on a confocal
microscope. Because of the reproducibility of these wounds they provide an ideal assay
for comparing repair in wild type versus mutant embryos. For these reasons this method
was adopted as the wounding assay of choice and the majority of the data presented in
this thesis comes from wounds created by laser ablation.

The laser ablation wounding assay allows, for the first time, live imaging of the
cytoskeletal machinery as well as the cell shape changes and rearragements that draw
closed an in vivo epithelial wound. As in the experiments described in the previous
chapter, time-lapse confocal analysis was performed on wounded Drosophila embryos
expressing GFP-actin (Verkhusha et al., 1999) under the control of the Gal4-UAS
system (Brand and Perrimon, 1993) to reveal all the actin machineries present in an
embryonic wound. Through modulating the activities of the small GTPases Rho, Cdc42
and Rac it was possible to address the role played by each of the different actin
machineries during the wound healing process.
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4.2 Results
Laser ablation can create reproducible wounds that take two hours to close

By laser ablating patches of epithelium it was possible to create reproducible wounds of
approximately 5 cell diameters across. Wounds this size, take on average just over two
hours to seal (136 minutes ± 11.5; n=6), closing at a rate of 9pmVminute (± 2.6; n=5).
The wounding process appears to cause little or no quenching of GFP allowing live
analysis of wound closure in embryos expressing GFP-fusion proteins.

Like dorsal closure, repair of wounds in the Drosophila embryo is achieved by
epithelial cell shape changes and rearrangements, rather than by cell division.

In order to study the cell shape changes that occur in the wound edge epithelium during
the healing process, live confocal analysis was performed on wounded embryos
expressing a GFP-a-catenin fusion protein under the control of the epithelial driver
e22c-Gal4. Confocal timelapse movies of such a wound reveal that the cells around the
wound margin dramatically alter their shape as the wound closes (Figure 4.2A-D). The
front row cells all constrict their leading edges and elongate as the wound draws closed.
Throughout the closure process occasional cells could be seen withdrawing from the
front row and becoming accommodated in rows back from the leading edge so that the
number of cells with an edge forming part of the wound circumference decreased as the
hole closed (Figure 4.2A-D). Similarly, during dorsal closure, leading edge cells exhibit
polarised constriction and dramatic elongation (Figure 4.2E and F). Epithelial cells are
also progressively lost from the leading edge during dorsal closure, however, this
happens in a different way from that seen in the wound healing process. During dorsal
closure epithelial cells are only lost from the leading epithelial edge at the most anterior
and posterior ends of the dorsal hole as opposing epithelial cells are brought together
and the epithelial faces are zippered up (Figure 4.2E and F). During wound healing,
front row cells drop out of the wound edge as their leading edge becomes infinitesimally
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small through apical constriction. This appears to be a stochastic event, occurring
randomly around the wound circumference and is not restricted to specific zones as in
dorsal closure. Dorsal closure proceeds during a period when cell division is not
naturally occurring in the embryonic epithelium (Foe, 1989). Live studies of wounded
embryos expressing a-catenin-GFP (which clearly marks cell margins and can reveal
cells undergoing cytokinesis) show that there is no activation of cell proliferation at the
epithelial margin throughout the closure period, and so, just as is the case during dorsal
closure, the movement of wound closure must be achieved entirely by the cell shape
changes and rearrangements described here.

Just as during dorsal closure wound edge epithelial cells assemble an actin cable

What cytoskeletal rearrangements drive the cell shape changes seen in wound edge
epithelial cells? As previously described, during dorsal closure, the leading edge cells
assemble an actin cable, which extends the full circumference of the epithelial margin
(Young et al., 1993). Previous wound healing studies in higher model systems have
demonstrated that an actin cable also rapidly assembles in epithelial wound edge cells
(Brock et al., 1996; Martin and Lewis, 1992). To test whether Drosophila wound edge
epithelial cells utilise similar actin machineries to those of the dorsal closure leading
edge, laser generated epithelial wounds were stained with fluorescently-tagged
phalloidin to visualise filamentous actin (Figure 4.3A).

Such phalloidin staining

revealed a thick actin cable running around the wound margin, just as can be seen during
dorsal closure. This wound cable assembles rapidly, within minutes of wounding, and
timelapse confocal movies of wound closure in a GFP-spaghetti-squash expressing
embryo (sqh encodes non-muscle myosin light chain) reveal non-muscle myosin colocalizing with the actin within leading edge cells suggesting that this cable has the
potential to be contractile and therefore act as a purse-string to draw the wound
epithelium forward and close the hole. (Figure 4.3B).
In order for this cable to act as an efficient purse string, intercellular segments of the
cable have to be connected to one another so that all the wound edge epithelial cells can
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constrict in a concerted fashion. Wounded a-catenin-GFP expressing embryos reveal
bright spots of a-catenin staining where neighbouring cells abut one another (Figure
4.3C). This staining may well represent adherens junctions that could serve as anchor
points for intercellular segments of the cable.

Wound edge epithelial cells also express dynamic filopodia and lamellipodia

As previously described, for a long time the actin cable was considered to be the only
driving force for epithelial migration during dorsal closure.

It is only when this

movement is visualised in live embryos expressing GFP-actin that filopodia and
lamellipodia can be seen extending from leading edge epithelial cells. Since previous
studies that described actin cable formation during embryonic reepithelialisation were
carried out on model systems where live analysis of actin dynamics was not possible,
it was important to discover whether filopodia are present during D rosophila
reepithelialisation or whether they are just a peculiarity of the movement of dorsal
closure.
As was the case for the dorsal closure studies, the e22c-Gal4 driver was used to express
GFP-actin in all epithelial cells. The resulting timelapse confocal movies revealed that
just as in dorsal closure, leading edge wound cells assemble not only an actin cable, but
also dynamic filopodia that extend up to 5 pm in length (Figure 4.3D and Movie 2).
Assembly of these actin protrusions, like the cable, occurs within minutes of laser
wounding.
The wound filopodia appear to have similar dynamic properties to their dorsal closure
counterparts, extending and retracting at up to 1pm/minute as well as sweeping from
side to side as if sampling the substratum ahead of them. Transmission electron
microscopy reveals how some filopodia clearly make contacts with the underlying
wound substratum or wound debris ahead of them, while others are apparantly waving
freely above the underlying substrate (Figure 4.4A and B). As described in the previous
chapter during the final zippering phase of dorsal closure lamellipodia and filopodia
from leading edge cells make contact and draw the epithelial edges together. The same
mechanism appears to operate during wound closure. TEM sections through wounds
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that have just closed reveal the same filopodial interdigitations as seen in sections
through a dorsal closure zippering front (Figure 4.4C and D).

In some mechanically

created wounds areas of the free epithelial edges become close enough to confront one
another before the final sealing of the wound, in such areas filopodia from opposing
epithelial cells make contact and subsequently draw these cells towards one another
tugging the wound closed (Figure 4.5).

Incisional wounds appear to close more through filopodial zippering than purse
string contraction

Throughout the repair process, in the majority of wounds, filopodia predominate and
few lamellipodial protrusions were seen until the final phase when the epithelial fronts
made contact with one another. This is very similar to the actin dynamics during dorsal
closure where lamellipodia are only seen where the epithelial faces become very close at
the anterior and posterior zippering fronts. However, wound topology seems to be
important in determining the mode of re-epithelialisation.

Whereas laser ablation

always resulted in the creation of circular wounds, mechanical puncture wounds formed
using a micropipette sometimes created incisional wounds in the embryonic epithelium.
In these occasional incisional wounds (4 of 17 mechanical wounds observed) opposing
epithelial fronts were within filopodial reach of one another almost immediately after
wounding and in these cases lamellipodia formation and zippering together of wound
edges was observed from the outset (Figure 4.6 and Movie 3).

Embryos mutant for rh o l fail to assemble an actin purse-string in wounds, but
instead extend far more filopodia and lamellipodia

In order to test the function of the actin cable throughout the wound closure process, and
to visualise the cellular effects of cable loss, wounds were made to Drosophila embryos
mutant for rh o l (Strutt et al., 1997), since Rhol has been shown to mediate the
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formation of both cable-like stress fibres in tissue culture fibroblasts (Ridley and Hall,
1992) and the actin cable present during dorsal closure (See Chapter 3 and (Bloor and
Kiehart, 2002).
Wounds were made in the ventral epithelium at a stage when dorsal closure had nearly
completed in order to minimise maternal Rho contributions. In order to be sure that
maternal Rho protein stores were fully depleted at this developmental stage, embryos
were stained with an anti-DRhol monoclonal antibody. No Rho protein was detected
from mid-dorsal closure stages onwards (Figure 4.7D and personal communication C.
Magie and S. Parkhurst). rhol mutant embryos failed to assemble a continuous actin
cable in wound edge cells but did however extend filopodia (Figure 4.7B). Moreover,
both the numbers of filopodia and their individual lengths were increased in the mutant
embryos when compared to the wild type situation - approximately three times the
number of filopodia, extending up to 12 p,ms in length in the mutant wounds. In many
instances, several filopodia would coalesce to form a lamellipodium or membrane ruffle
well before the final closure stage (Movie 4), whereas in wild type wounds lamellae are
generally not seen until the very latest stages of repair when opposing epithelia fronts
make contact with one another.

Even in the absence of an actin cable the wound bole eventually closes

Surprisingly, despite being unable to assemble an actin cable, rhol mutant embryos are
able to close their wounds suggesting that purse-string contraction is not the only means
by which these embryonic wounds can close. Laser wounds made to rhol mutant
embryos took on average almost twice as long to repair as their wild type counterparts
(247 minutes ± 29.7; n=5) (Figure 4.7A-C). Quantifiable video analysis of such wounds
reveals a lag phase of nearly two hours (the time in which an equivalent wild type
wound can fully close) before the disorganised mutant leading edge begins to move
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forward significantly (Movie 5). During this initial period, no obvious cell shape
changes occur in the leading edge epithelial cells. However, once forward movement
begins, the wound is able to close at a rate not significantly different to that of a wild
type wound (7|xm^/min ± 1.9; n=6 in the mutant compared to 9p,mVmin ± 2.6; n=5 in the
wildtype) (Figure 4.8C).

In the absence of an actin cable, how is the epithelium drawn forwards? At various
points around the rhol mutant wound margin, during the closure period, interactions
between filopodia and lamellipodia of neighbouring cells were apparent. Live confocal
analysis revealed lamellipodia from adjacent leading edge cells apparently tugging on
one another (Figure 4.8D), essentially leading to the formation of several local zippering
fronts around the wound margin, reminiscent of the zippering fronts during dorsal
closure.

Staining with Alexa594 phalloidin reveals these local zippers where

lamellipodial interactions are causing leading edge constriction in wound edge cells
(Figure 4.8E). Acting together, these local zippers appear to exert sufficient driving
forces to close the wound. In wild type wound healing, such interactions are only seen
in the last moments of wound closure when opposing epithelial fronts are driven close
enough together (through purse-string contraction) to allow their actin protrusions to
make contact.

Expression of dominant-negative Cdc42 blocks assembly of filopodia by wound
edge cells and permits almost complete closure, but causes a failure to finally seal
epithelial fronts together

It seems then that actin cable assembly and contraction are not essential for embryonic
wound closure but in the absence of a cable, wound closure is less efficient (taking
almost twice as long as wild type purse-string driven closure) and more heavily reliant
on filopodial and lamellipodial interactions to draw the epithelium forward. What then
is the role of filopodia in wild type wounds where an efficient contractile cable is present
from the outset of wound healing?
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In order to test the function of filopodia, Cdc42 function was disrupted since this small
GTPase has been shown to regulate filopodial assembly in fibroblasts (Nobes and Hall,
1995) and during dorsal closure (see Chapter 3). However, as previously described,
Cdc42 mutant embryos or those expressing dominant negative Cdc42 throughout the
epithelium undergo developmental arrest well before the completion of dorsal closure
(Genova et al., 2000), making wounding these embryos impossible. Instead wound
healing was studied in embryos expressing dominant negative Cdc42^^^ and GFP-actin
under the control of the engrailed-Gal4 driver. Such embryos complete dorsal closure
but fail to survive to larval stages.

Small laser wounds of approximately 2 cell

diameters in width were made to patches of dominant negative Cdc42 expressing
epidermis in actin-GFP-labelled stripes of tissue and the subsequent repair process was
visualised on the confocal microscope. These wounds assembled an actin cable in
leading edge cells with a similar timecourse to their wild type counterparts. However,
there were no filopodial or lamellipodial protrusions extending from any of the leading
edge cells throughout the wound closure period (Movie 6).

At 30 minutes after

wounding the hole was almost closed (Figure 4.9B) but unlike wild type epithelium,
which undergoes this final closure phase in less than 15 minutes, the mutants were
consistently unable to finally seal closed the remaining tiny hole (Figure 4.9B). Even
two hours post wounding they had still not fully repaired (Movie 6).

Wound closure in triple r a d , rac2, mil mutants is indistinguishable from the wild
type

To address the potential role of Rac, the third of the paradigm actin regulatory small
GTPases during the wound healing process, wounds were made to recently constructed
embryos mutant for all three of the Drosophila Rac genes, D racl, Drac2 and mtl
(Hakeda-Suzuki et al., 2002). Although there are no antibodies available to test whether
maternal levels of these proteins have diminished at the time of wounding, wounds were
made to embryos at a developmental stage well after protein levels of the related small
GTPase Rho have diminished to an undetectable degree in rhol mutants. Laser wounds
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to these zygotic triple Rac mutant embryos in which dorsal closure is clearly perturbed
by lack of Rac activity, show no significant retardation in wound closure (Figure 4.9D).

Small wounds are able to maintain segmental alignment and cell matching whilst
closing, whereas larger wounds do not.

Segmental patterning is always maintained across the embryo during dorsal closure as
precise patterning is crucial for normal development to proceed (Figure 4.10). To test
w hether or not epithelial cells can m aintain segmental patterning

during

reepithelialisation, wounds were made to enGal4/UAS GFP-actin embryos that were
large enough to sever an engrailed expressing stripe. Wounds of approximately 20pm
in width, always healed and maintained segmental alignment such that g/z-positive cells
on either side of the wound confronted each other at the final sealing stage of wound
closure (Figure 4.11 A). However, this was not always the case with larger wounds.
During the closure of some wounds with a diameter of 50pm or greater, the en-positive
cells in the wound margin drop out of the leading edge as part of the normal cell
rearrangements observed during wild type wound healing, described earlier.
Consequently, en-positive cells that were initially at opposing sides of the wound margin
never confront one another and the closed wound is made up entirely of en-negative
cells (Figure 4.1 IB), leaving an gzz-negative gap in the otherwise en-positive stripe.

Underlying tissues may play no part in the closure of Drosophila em bryonic
wounds

Vertebrate embryonic wounds close partly through reepithelialisation and partly through
the contraction of the underlying mesenchymal cell layer. Similarly, as described in the
previous chapter, the epithelial hole present during Drosophila dorsal closure is sealed
closed not only by epithelial cell elongation and zippering but also contraction of the
underlying amnioserosal cells. TEM sections through an embryo undergoing dorsal
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closure show that the epithelial cells are adherent to the underlying amnioserosa cells
which themselves exhibit massive apical constriction and probably aid in drawing the
two epithelial faces together during dorsal closure (Figure 3.8C).

In contrast, an

equivalent section through a wound shows clearly that the wound edge epithelial cells
are not adherent to the underlying tissue layer (Figure 4.4A). Therefore, it is hard to
imagine that any contraction of the underlying cells would have an effect on the speed of
wound closure. Additionally, the cells of this layer show no obvious shape changes that
would suggest that they are contracting. These embryonic wounds unlike vertebrate
wounds appear to be closing through réépithelisation alone, rather than by a combination
of reepithelialisation and wound bed contraction.
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Figure 4.2 Cell shape changes and rearrangem ents during wound closure.
(A -D ).

Im a g e s at ap p ro x im a tely 3 0 m in u te intervals from a m o v ie o f a laser w o u n d m ad e to the ventral

e p ith e lia l su rfa c e o f an a -c a te n in -G F P e x p r e ssin g Drosophila e m b ry o .

A s re e p ith e lia lisa tio n p ro ceed s,

the free m argin s o f all w ou n d e d g e c e lls shrink (e .g . c e ll in d ica ted in red) and o c c a s io n a l c e lls w ithdraw
c o m p le te ly from the w ou n d m argin (e .g . b lu e c e ll), so that fe w e r and fe w e r c e lls con trib u te to the w ou nd
c ir cu m feren ce (broken w h ite lin e). T here are no c e lls lo st or ga in ed in the w o u n d e p ith e liu m in d icatin g no
c e ll d iv isio n s or d eath s du rin g the repair p ro cess. (E -F ). S tills from a m o v ie o f th e "zippering" ph ase o f
dorsal c lo su r e sh o w in g that here a lso , c e lls le a v e the free ep ith elia l m argin (e .g . b lu e c e ll), as h ole clo su re
p ro ceed s.

A rro w s in d icate a -c a te n in -r ic h adh erens ju n c tio n s lin k in g in tercellu la r se g m e n ts o f the actin

cab le. S c a le bars represent lO pm (A -D ), and 2 0 p m (E ,F ).
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Figure 4.3 The cytoskeletal m achinery of wound closure.
(A )

A fix e d A le x a 5 9 4 -p h a llo id in sta in ed w o u n d r e v e a lin g a d e n s e c a b le o f actin runn ing th e fu ll

circu m feren ce o f the w ou nd . (B ) N o n -m u sc le m y o sin sim ilarly lo c a lise s to the lea d in g e d g e o f ep ith elial
c e lls at the w ou n d m argin as seen in sp agh etti-sq u ash -G F P e x p r e ssin g em b ry o s. (C ) W ou n d ed a -c a te n in G FP e x p r e ssin g e m b ry o s sh o w bright sp ots o f p o sitiv e stain in g w h ere n eig h b o u rin g c e lls abut o n e another
around the w o u n d c ir cu m fer en ce (arrow h ead s). T h e se site s probab ly rep resent adh erens ju n ctio n s w h ere
in tercellu lar se g m e n ts o f the actin c a b le insert.

(D )

A n im a g e from a liv e G F P -a ctin w ou n d r ev e a lin g

both the actin c a b le and filo p o d ia l p rotru sion s (arrow s) e x te n d in g from le a d in g e d g e c e lls . S c a le bars
represent 5 p.m.
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Figure 4.4 Transm ission Electron m icrographs o f wound closure
(A ) A T r a n sm issio n E lectron M ic ro sco p y (T E M ) se c tio n through a rep airing em b ry o w ou n d . T h e region
sh o w n is m a g n ifie d from the b o x e d region in the in set. T h e tw o e p ith e lia l fro n ts (arrow s) push the
in te rv e n in g w o u n d d ebris (bracket) ahead o f them as they a d v a n ce tow ard o n e anoth er o v e r the w ou n d
su b stratu m (W S ).

(B ) H ig h er m a g n ific a tio n T E M to sh o w filo p o d ia l p ro tru sio n s (a rro w s) from the

lea d in g e d g e e p ith e lia l c e ll (w h ite asterisk). A d jacen t w ou n d d ebris is in d icated w ith black asterisk s. (C )
A T E M s e c tio n through a w o u n d that has ju st c lo s e d . T h e tw o e p ith e lia l fron ts (b lack a sterisk s) h ave
fu sed p in ch in g o f f so m e w ou n d debris (w h ite asterisk ) a b o v e them . (D ) H ig h m a g n ifica tio n o f the b o x e d
region in C r ev ea ls filo p o d ia from w ou n d e d g e e p ith e lia l c e lls (a ste risk s) in terd igitatin g w ith o n e another
(arrow s) ju s t as o ccu rs du rin g the fin al a d h esio n o f e p ith e lia l fron ts d u rin g d orsal c lo su r e. S c a le bars
represent 5p,m in (A ) and (C ) and 1pm in (B ) and (D ).
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Figure 4.5 Filopodial interactions during repair.
Im a g e s captured at ap p ro x im a tely 2 0 m in u te in tervals from a rep airing w o u n d created m e ch a n ica lly in a
G F P -actin e x p r e ssin g em b ryo. N o te h o w filo p o d ia l p rojection s reach across from o p p o sin g ep ith elia l fa c es
(arrow ) and preced e the tu g g in g togeth er o f the tw o fa c es at th ese poin ts. S c a le bar represents 10pm .
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Figure 4.6 Healing o f m echanically created incisional wounds.
(A -D ) S tills taken from a m o v ie sh o w in g c lo su r e o f a m e ch a n ica lly created , in c is io n a l w o u n d in a G F P actin e x p r e s s in g e m b ry o .

Im a g e s w ere captured at a p p ro x im a te ly 10 m in u te in te rv a ls. In this w o u n d ,

o p p o sin g e p ith e lia l fronts are w ith in filo p o d ia l reach o f o n e anoth er a lm o st im m e d ia te ly after w ou n d in g .
A c tin p rotru sion s from lea d in g e d g e c e lls m ake co n ta ct and tu g the w o u n d e d g e s to g eth er (arrow h ead s)
from the o u tse t o f clo su re. (E ) S ca n n in g electro n m icrograph o f a m e ch a n ic a lly created in c isio n a l w ou n d
m ad e to th e lateral e p id e rm is o f an em b ry o .
c lo se d . S c a le bars rep resent 10p,m

(F ) A fter 3 hours a sim ila r w o u n d appears to h ave a lm o st
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wt

R

rho1 1 D

F ig u r e 4.7 W ound repair in

rho1 1 E

rhol m utant e m b r y o s .

(A ) H igh m a g n ifica tio n c o n fo c a l im a g e o f a w ild typ e w ou n d r ev e a lin g ty p ica l actin c a b le and filo p o d ia l
protrusions (arrow s).

(B ) A n eq u iv a len t w ou n d e d g e to that sh o w n in (A ) in a rh o l m utant e m b ry o has

little or n o c a b le but in stead n u m erou s filo p o d ia that app ear to h a v e c o a le s c e d to form la m e llip o d ia
(arrow s). (C ) rh ol m utant em b ryos {rhof^°, e22cG AL4/ rhof^^, UAS-GFP-actin) sh o w strong G F P -actin
e x p r e s sio n but w h en stain ed w ith a n ti-D R h o I a n tib od y sh o w no p o s itiv e sta in in g (D ) c o n firm in g that
there is no m aternal R h o l protein in the m utant em b ry o at the tim e o f w o u n d in g .

(E ) In contrast anti-

D R h o l a n tib o d y sta in in g o n w ild ty p e e m b r y o s r e v e a l h ig h le v e ls o f R h o p r o te in th ro u g h o u t the
e p ith e liu m at the d e v e lo p m e n ta l sta g e w h en w o u n d s are m ad e (co m p a re w ith D ).
5 p m in (A ) and (B ) and 2 0 p m in (C -D ).
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Figure 4.8 W ound healing in a rhol m utant is less efficient than in a wild type em bryo
Im a g e s from m o v ie s o f e q u iv a le n t w o u n d s as th ey repair in w ild ty p e (A ) v e rsu s r h o l m utant (B )
e m b r y o s, both e x p r e s sin g actin -G F P . E la p sed tim e in m in u tes is d isp la y e d in the top right corn er. C.
G raph o f w ou n d area again st tim e plotted at 4 m inute intervals from sa m e m o v ie data as in A and B . N o te
the 2 hour lag p h a se prior to c o m m e n c e m e n t o f sig n ifica n t c lo su r e in the m utant em b ryo. (D )(i-iv ) B r ie f
fo o ta g e (stills at 2 m inute in tervals) from a rh ol m utant actin -G F P w ou n d sh o w in g h o w lam ellip o d ia from
n eig h b o u r in g c e lls (arrow s) interact and appear to aid in z ip p e rin g to g eth er o f th e se c e lls .

(E )

A fix e d

A le x a 5 9 4 -p h a llo id in stain ed r h o l m utant w o u n d sh o w in g la ck o f both c a b le , and lea d in g e d g e

c e ll

c o n str ic tio n s, but sev e ra l r eg io n s o f in te n se actin sta in in g w h ere local e p ith e lia l zip p ers appear to b e in
operation (arrow s). S c a le bars represent 10 p m in (A and B ); 5 p m in (D ) and 1 0 p m in (E ).
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r a d rac2 mtl
Figure 4.9 A nalysis o f repair in dom inant-negative Cdc42 expressing w ounds and in wounded ra ci

rac2 mtl triple m utants.
(A )i-v

T h e last 12 m in u tes o f w ou n d c lo su r e in an em b ry o e x p r e ssin g actin -G F P in en g ra iled stripes but

o th e r w ise w ild typ e. E la p sed tim e in m in u tes is d isp la y ed in the top righ t corn er.

(B )i-v

A n eq u iv a len t

w o u n d in an em b r y o e x p r e s sin g C d c 4 2 ^ ‘’ in e n g ra iled stripes. L e a d in g e d g e c e lls in th e se stripes d o not
ex p r ess filo p o d ia .

S u ch a w ou n d c lo s e s to this near fin al sta g e but n o further. E v e n after a further tw o

h ou rs the w o u n d e d g e s fa il to knit to g e th er (S e e M o v ie 6 ).
e x p r e s sin g , but o th e r w ise w ild ty p e em b ry o .

(D ) i- v

(C )i-v

W o u n d c lo s u r e in a G F P -a ctin

W ou n d c lo su r e in a r a c l rac2 mtl trip le m utan t

em b ry o p r o c ee d s at a rate in d istin g u ish a b le from the w ild ty p e (com p are w ith C ) and is fu lly se a le d by
tw o hours. S c a le bars = 10p m .
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Figure 4.10 Segm ental patterning is always m aintained during dorsal closure

(i- v i) C o n fo c a l im a g e s o f dorsal c lo su r e in an e m b ry o e x p r e s sin g G F P -a ctin under the con trol o f the

ptcGAL-4 driver. T h rou gh ou t w ild typ e dorsal c lo su r e, se g m en ta l pattern ing is a lw a y s m aintained across
the em b ryon ic ep ith eliu m . A s dorsal clo su r e p ro ceed s ptc e x p r essin g stripes o f tissu e from o n e sid e o f the
em b ryo a lw a y s alig n and fu se w ith their co rresp o n d in g p tc e x p r e ssin g stripe fro m the o p p o site ep ith elia l
front. S c a le bar represents 5 0 p m .
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90 mm

0 min

180 min

Figure 4.11 M aintenance o f segm ental alignm ent and cell m atching during wound closure.

(A )i-iv

Im a g es w ere taken at app roxim ately 10 m inute intervals from a m o v ie sh o w in g w ou n d clo su r e in

an enGal4/UAS GFP-actin em b ryo. A sm all w ou n d has b een m ade that c o m p le te ly se v e rs the engrailed
e x p r e s sin g stripe (g r ee n ).

O ver a period o f 3 0 m in u tes the w o u n d repairs w h ilst m a in ta in in g seg m en ta l

a lig n m en t, su ch that engrailed e x p r e ssin g c e lls o n eith er sid e o f the w o u n d c o n fro n t o n e another at the
fin al se a lin g sta g e o f w ou n d clo su r e (arrow ). (B )i-iii In a larger w ou n d o f ap p ro x im a tely 50p,m in w idth,
the engrailed e x p r e s sin g c e lls in the w o u n d m argin c o n str ict their le a d in g e d g e s and drop ou t o f the
le a d in g e d g e as part o f the norm al c e ll rea rra n g em en ts o b s e r v e d d u rin g w ild ty p e w o u n d h e a lin g .
C o n se q u en tly at 3 hours p ost w o u n d in g, w h en the w ou n d has already been c lo s e d for o n e hour, engrailedp o s itiv e c e lls (g r e e n ) that w ere in itia lly at o p p o sin g sid e s o f the w o u n d m argin d o not c o n fro n t o n e
anoth er and the c lo s e d w o u n d is m ade up e n tire ly o f engrailed-ne.gaX\\Q c e lls (a sterisk ). E lap sed tim e is
in d icated in the bottom right c o m er . T h e w h ite broken lin e in d ica tes ap p roxim ate w o u n d e d g e . S c a le bars
represent lO ^m in (A ) and 2 0 [Am in (B ).
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4.3 Discussion
This chapter describes the cell shape changes and rearrangements and the cytoskeletal
machinery that draws closed an embryonic wound. Using a laser ablation assay and live
imaging of embryos expressing GFP-fusion proteins, the experiments in this chapter
show that just as is the case with leading edge epithelial cells during dorsal closure, two
cytoskeletal-dependent elements, an actin cable and dynamic filopodial/lamellipodial
protrusions, are expressed by wound edge epithelial cells throughout the closure period.
Modulating the activities of the small GTPases Rho and Cdc42 reveals that these actindependent elements play differing cellular roles, but either alone can drive wound
closure. The actin cable appears to operate as a purse-string to draw the hole closed,
while filopodia are essential for the final knitting together of epithelial cells at the end of
repair.

Timelapse confocal movies made of wound closure in GFP-a-catenin expressing
embryos reveal that just as is the case during dorsal closure, no cell proliferation occurs
in the wound epithelium and therefore hole closure is achieved entirely by cell shape
changes and rearrangements. It is perhaps, not surprising that cell proliferation does not
occur at the wound site since cells use the same actin-based machinery to move as they
use to divide. It is therefore vitally important that signals that stimulate cell proliferation
must be coordinated with motility signals to avoid potentially dangerous clashes. Clues
as to how the embryo is able to coordinate these two cell behaviours during epithelial
movements come from studies of morphogenesis in the fly.

One of the earliest

morphogenetic movements to occur during Drosophila development is ventral furrow
formation. This movement is part of the process of gastrulation in the fly embryo
whereby the mesodermal and endodermal promordia, which at the blastula stage are
located on the ventral side of the embryo, are internalized by infoldings of the
blastoderm epithelium. These cells then spread out by cell migration and rearrangement
to form the germ layers of the embryo. The invagination of the mesoderm is achieved
through changes in the shapes of the most ventrally located blastoderm cell. These cells
progressively constrict their apical sides until they are wedge shaped, resulting in the
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formation of an indentation along the ventral midline which is then completely
internalised (reviewed in (Leptin, 1999)). Studies have shown that the ventral midline
cells which undergo these actin-driven changes in cell shape during gastrulation are
actively prevented from also proliferating in this zone by expression of a gene, tribbles,
that promotes proteolytic inactivation of the cell-cycle regulator String/Cdc25
(Grosshans and Wieschaus, 2000; Mata et al., 2000; Seher and Leptin, 2000). It is
possible that similar machinery may be operating in the epidermal wound front to
prevent the cells that are actively migrating from also attempting to divide. Clearly in
larger wounds this cannot be the case and studies in tissue culture and in adult skin
wounds show that cell division is subsequently activated back from the wound edge in
order to replace those cells that have been lost (Matoltsy and Viziam, 1970b; Werner et
al., 1994).
suggest that as is the case in vertebrate embryonic wound healing, wound repair is
driven by contraction of an actinomyosin cable operating like a ‘purse-string’ to draw
the wound hole closed. Indeed, experiments described in this chapter show that an actin
cable does rapidly form in the leading edge of Drosophila wounds and that non-muscle
myosin localises to this cable giving it contractile capacity. However, just as is the case
with dorsal closure, the cable is not the only actin structure present at the wound margin.
Live analysis reveals that wound edge cells, like their dorsal closure counterparts also
extend actin rich filopodia and lamellipodia.

I have demonstrated that the actin cable present in Drosophila wounds is, as expected,
Rho-dependent.

Surprisingly, rhol mutant embryos are able to achieve epithelial

closure in the absence of cable assembly by utilising a filopodia/lamellipodial zippering
strategy, in a mechanism identical to the zippering together of epithelial fronts during
dorsal closure. Although these mutant wounds are able to close, the healing process is
much less efficient, with a lag phase of 2 hrs (by which time an equivalent wild type
wound would have closed) before the wound fronts begin to advance. This lag phase
suggests that although the cable is not absolutely required for wound healing it does
seem to provide the major driving force for wound closure in a wild type embryo. What
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is occurring during the two hour lag phase in the mutant embryos? It could simply be
the case that this delay is due to the cells taking longer to organize themselves into a
functional leading edge in the absence of a cable. Alternatively, the delay could be due
to a requirement for a new protein to be synthesised before compensatory zippering
mechanisms can begin, certainly two hours is long enough for gene transcription to
occur. Wounding a rhol mutant embryo in the presence of a transcription blocking drug
would be an interesting experiment to test the requirement for gene transcription in these
mutant wounds. Another important question is that why, in the absence of a cable, is an
increase in filopodia and lamellipodia observed? One explanation could be simply that
with less actin being used to form a cable there is more available actin within a rhol
mutant cell to form actin protrusions such as filopodia and lamelliopodia. An alternative
could be that Rho GEFs that are activated at a wound site and normally activate Rho
become promiscuous and in the absence of their normal target begin to activate other
GTPases such as Cdc42 for example leading to the formation of many more filopodia.
A further possibility is that the cable maintains a membrane tension at the leading face
of cells that is inhibitory to protrusion.

Filopodia are able to compensate for a loss of cable in rhol mutant wounds but how
much of a role do they play in wild type wound healing when a cable is present to draw
the wound closed? In this chapter I describe an experiment that tested the function of
these filopodia in the wound healing process by genetically removing them through the
expression of dominant-negative Cdc42. Wound edge epithelial cells that express
Cdc42^*^ are not able to form filopodia but can assemble an actin cable. These mutant
wounds are able to draw themselves closed through purse-string contraction but fail to
achieve the final knitting together of the epithelial wound edges. Wound edge filopodia
are therefore essential for the final adhesion stage of wound closure and just as the two
epithelial fronts adhere to one another through filopodial interdigitation during dorsal
closure, the final sealing closed of a wound appears to be achieved by the same
mechanism. However, the fact that these dominant negative Cdc42 expressing wounds
behave just as wild type wounds until the very end of wound closure, suggests that
filopodia play very little part in the majority of the wound healing process (when most of
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the driving force for wound closure is coming from the contractile cable) and are only
important in the final adhesion between the wound edges. This does indeed appear to be
the case with circular laser induced wounds but however, filopodia do not always ‘wait’
until the final stages of wound closure before becoming functionally active. Manually
created wounds with irregular shapes often have epithelial margins that are close enough
for filopodia to make contact at the earliest stages of the wound healing process and in
such wounds, filopodial interactions and zipperings are present from the outset. How
much of a role the filopodia play in the closure process therefore seems to be dictated by
wound shape.

It seems then that embryonic reepithelialisation is driven by the combined actions of two
actin structures; an actin cable and filopodial/lamellipodial protrusions. The actin cable
acts by purse string contraction drawing the hole closed and this is facilitated by
filopodia which extend from the leading edge and pull the wound closed wherever
wound faces are close enough to allow filopodial interaction to occur. At the final stage
of wound closure, the wound fronts are then knitted together through filopodial
interdigitation. If the combined actions of these two actin structures are the main driving
force for wound closure then blocking the assembly of both should cause a complete
failure in wound healing. One key experiment therefore is to wound rhol mutant
embryos that are also expressing dominant negative Cdc42 in engrailed stripes in order
to test whether repair is now totally aborted with no opportunities for compensatory
mechanisms, as my single GTPase studies would predict.

At the final stage of wound healing, when filopodia begin to interact with one another,
lamellipodia as well as filopodia can be seen extending out from the wound leading
edge. The formation of lamellipodia in tissue culture fibroblasts had been shown to be
dependent on activation of the third of the paradigm actin regulatory small GTPases Rac. To test the requirement for Rac during the wound healing process, embryos mutant
for all three Drosophila Rac genes - Racl, Rac2 and mtl were wounded. Surprisingly,
laser wounds to these zygotic triple Rac mutant embryos in which dorsal closure is
clearly perturbed by lack of Rac activity, show no significant retardation in wound
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closure (Figure 4.9D). This correlates with the previously described study in chick
embryos where despite blocking Rac activity by loading wound edge cells with a
dominant negative Rac no alteration to the rate of reepithelialisation or sealing
efficiency was observed (Brock et al., 1996), Further analysis of the racl, rac2, mtl
mutant phenotype is required to see if there are any more subtle effects on the healing
process. For example, it is not clear whether lamellipodial formation is completely
blocked or reduced in these mutants, and although the wounds were made to embryos at
a stage when maternal levels of the related GTPase Rho have disappeared, the lack of
available antibodies to test maternal Rac protein levels means the possibility that
maternal Rac protein may compensate for the loss of zygotic Rac and therefore mask
any wound healing phenotype cannot be completely ruled out.
How does the role of each of the actin structures in wound healing compare to their role
during dorsal closure? From the data described in this chapter we can come up with the
following working model; The actin cable apparent in wound healing acts as a
contractile purse-string pulling the wound front forward. The dorsal closure actin cable
although continually contractile, only seems to act in a similar manner during the earliest
stages of this morphogenetic movement when the scalloped shaped leading edge must be
transformed into a taut epithelial margin. Here the actin cable could operate like a purse
string, apically constricting all the leading edge epithelial cells. However, once the
leading edge has undergone this transformation, the cable may assume a more subtle
role, acting as a barrier preventing cells from migrating too quickly and limiting
filopodial activity. At this stage the cable is still contractile but only constricts enough
to keep the leading edges of the epithelial fronts taut throughout the movement. The
filopodia present in wounds appear to play exactly the same adhesive role that their
dorsal closure counterparts do. They act wherever they come into contact with one
another pulling epithelial fronts together and priming adhesion between them through
interdigitation.
Experiments described in this chapter imply that unlike during dorsal closure, segmental
patterning is not maintained during wound closure.

Large wounds made to

enGAL4UASGFP-actin embryos heal such that the engrailed stripe fails to match up
across the wound and is consequently left incomplete. This would seem to suggest that
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wound edge filopodia do not appear to play a similar sensory role as their dorsal closure
counterparts and are unlikely to express similar matching molecules on their surface.
However, the interpretation of these results may not be that simple. As previously
described during wound healing some front row cells in the wound edge drop back from
the front row to become accomodated in rows further back. The cells of unwounded
epithelium in the embryo are rectangular in shape when viewed ventrally such that cells
are narrow across their antero-posterior axis. Any wound edge cell that has its leading
edge across this axis will therefore begin constricting with a narrow leading edge and be
more likely to drop out of the front row. When a wound is made that severs an engrailed
stripe in an enGAL4UASGFP-actin embryo all the engrailed positive cells fall into this
category and will therefore be the first to leave a wound edge. The fact that large
wounds fail to match engrailed stripes could therefore simply be due to the engrailed
expressing cells all leaving the front row during wound closure so that by the final
sealing stage only engrailed negative cells are present in the wound edge. Although it is
true that overall segmental patterning is not maintained in such an embryo, all the cells
at the wound face match correctly since at the final closure stage of wound healing all
the cells were engrailed negative cells. Smaller wounds do not show this phenotype
since wound closure occurs more rapidly allowing less time for engrailed expressing
cells to leave the wound edge.

A better way to test if segmental alignment is maintained during healing would be to
make a large incisional wound that severs two engrailed positive stripes. Such a wound,
would show whether adhesion between engrailed positive and negative stripes can occur
across a wound, since filopodia from these two different populations of cells would be
able to interact from the outset of closure. If it is the case that engrailed stripes always
aligned across the wound front then it would be possible to test whether or not the
filopodia are responsible for this matching as they are in dorsal closure by making a
similar wound to an embryo expressing dominant negative Cdc42 as well as actin-GFP
in engrailed stripes.
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The data presented in this chapter suggests a more complex model for epithelial repair
then previously envisaged and reveal remarkable similarities with the movement of
Drosophila dorsal closure, demonstrating dorsal closure to be an excellent model for
epithelial repair. In this chapter I show that the filopodial-based adhesion machinery
that is used both in vitro and during Drosophila and C.elegans development for the
fusion of two migrating epithelia is also used to knit the epithelial edges together in an
embryonic wound. However, not all the cellular mechanisms and molecular machinery
used during dorsal closure will be conserved and re-used to close a wound. An actin
cable, for example, assembles during both these epithelial movements, but its role during
dorsal closure is a more subtle one than in the wound situation where it is functioning
purely as a purse-string to draw the wound closed. Wound healing is a basic survival
mechanism and at the simplest level, requires only the closure of an epithelial hole and
does not necessarily involve elegant patterning mechanisms that dorsal closure and other
morphogenetic movements undoubtedly do. Embryonic morphogenetic tissue
movements demand coordinated global controls to ensure maintenance of pattern, but
tissue repair does not need to be so perfect. Using model morphogenetic movements
such as dorsal closure in Drosophila and ventral enclosure in C. elegans it will be
possible to test which components of the signalling machinery required for these
movements are re-used to close a wound, and which are simply extras for matching cells
and ensuring the correct registration of segmental pattern across a fusion seam.
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5.1 Introduction
During normal life mammals are exposed to millions of potential pathogens daily
through contact, ingestion and inhalation. Upon wounding the risk of infection is
dramatically increased as one of the primary barriers against bacterial invasion - the skin
- is broken. Vertebrates defend themselves against infection by potentially harmful
invaders using a sophisticated immune system made up of innate immune responses
acting as a first-line of defence and an adaptive immune system which remembers
previous encounters with specific pathogens and destroys them when they attack again.

Innate immune responses rely on a group of proteins and phagocytic cells that recognize
conserved features of pathogens and become quickly activated to help destroy invaders.
One of the most impressive examples of the innate immune system in action is the
inflammatory response - a process whereby leukocytes - largely neutrophils and
macrophages - are drawn from adjacent blood capillaries and chemotax towards a
wound site. Once at the wound these cells not only engulf invading bacteria to contain
any pathogenic invasion but also clear cell and matrix debris as well as releasing
chemical signals that are presumed to play an important role in orchestrating the healing
process. The inflammatory response is therefore a key component of the repair process.

Neutrophils and macrophages are attracted to wound sites by a variety of chemotactic
signals. In vertebrates these include not only growth factors released by degranulating
platelets, but also pathogen-associated molecules such as formyl methionyl peptides
cleaved from bacterial proteins as well as cleavage fragments of complement
components (Riches, 1996). Neutrophils normally begin to arrive at a wound site within
minutes of injury. The role of these cells is to clear the initial rush of contaminating
bacteria and to act as a source of pro-inflammatory cytokines that activate local
fibroblasts and kératinocytes (Hubner et al., 1996). The neutrophil infiltration typically
ceases after a few days and expended neutrophils are themselves phagocytosed by
macrophages which continue to accumulate at the wound site through recruitment of
monocytes from the blood. Macrophages are thought to be essential for efficient wound
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healing since preventing macrophage infiltration results in impaired wound repair
(Leibovich and Ross, 1975).

These professional phagocytes clear any remaining

pathogenic organisms and other cell and matrix debris as well as release a battery of
growth factors and cytokines, thus amplifying the earlier wound signals released by
degranulating platelets and neutrophils.

Both neutrophils and monocytes are recruited from the circulating blood in response to
molecular changes in the surface of endothelial cells lining capillaries at the wound site.
It is not clear precisely what wound signals initially activated these changes in vivo but
in vitro studies have shown that a variety of factors can stimulate endothelial cells
including the pro-inflammatory cytokines; tumour necrosis factor-a and interleukin-1;
these signals induce the expression of adhesion receptors (including E-selectin, ICAM-1
and VCAM-1) and chemokines on the apical surface of endothelial cells (Luscinskas
and Gimbrone, 1996).
E-selectin mediates rapid and weak adhesion of leukocytes to endothelial cells, allowing
circulating leukocytes to slow down and ‘roll’ on the endothelial surface. Chemokines
then activate leukocyte integrins, which in turn adhere to ICAM-1 and VC AM-1,
leading to firm adhesion of leukocytes to the endothelial surface. Recent data indicate
that endothelial cells are themselves activated through engagement of monocyte binding
receptors, including E-selectin, ICAM-1 and VCAM-1. Clustering of any of these
receptors can induce Rho-mediated stress fibre formation in endothelial cells (Adamson
et al., 1999; Etienne et al., 1998; Wojciak-Stothard et al., 1999), this Rho activation in
turn is important for stabilising the interaction between leukocytes and endothelial cells
(Wojciak-Stothard et al., 1999). After activated leukocytes become firmly adherent to
the endothelial cells, they crawl out of the blood vessel between endothelial cells and
into the extravascular space, in a process known as diapedesis.

Once monocytes have crossed the endothelial barrier, they differentiate into
macrophages and migrate from the blood vessels to the wound site ,drawn by a variety
of chemotactic signals. This migration, as is the case with all cell migrations, requires
dynamic and spatially regulated changes to the cytoskeleton and cell adhesions (see
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Chapter 1). As described in Chapter 1, the Rho GTPases play key roles in coordinating
the cellular responses required for cell migration. In vitro studies have investigated the
role of these proteins in macrophage chemotaxis induced by the cytokine colony
stimulating factor-1 (CSF-1), which acts as both a survival factor and a chemoattractant
for macrophages. In CSF-1 induced migration, both Rho and Rac are required for
migration, but play distinct roles (Allen et al., 1997; Allen et al., 1998). Rac is required
for lamellipodium extension and formation of new adhesions to the extracellular matrix
whereas Rho stimulates actomyosin-mediated contractility (Ridley, 1999). Inactivation
of Rho reduces intracellular tension so that macrophages extend very long processes
with lamellipodia at their tips, the cell body remains stationary and is unable to follow
the leading lamella, preventing cell migration. In contrast to Rac and Rho, Cdc42 is not
required for cell migration but is required for sensing the chemotactic gradient of CSF-1.
When Cdc42 is inhibited, cells migrate randomly despite the presence of a chemotactic
gradient within the tissue culture dish (Allen et al., 1998). Other studies have further
implicated the requirement for small GTPases in chemokine-induced leukocyte
chemotaxis. Studies in T cells have shown that Rho, Rac, Cdc42 and the Cdc42 target,
WASP, are required for chemotaxis of T cells towards the chemokine SDF-1 (del Pozo
et al., 1999; Haddad et al., 2001), and recent analysis of cells derived from Rac2-null
mice supports a central role for Rac in leukocyte migration.

Rac2 is specifically

expressed only in haematopoietic cells, and neutrophils derived from mice lacking Rac2
show reduced F-actin polymerisation in response to chemoattractants (Roberts et al.,
1999). In addition, recruitment of neutrophils to inflammatory sites is severly reduced in
vivo (Roberts et al., 1999).

Once at a wound site, one of the primary goals of macrophages is to phagocytose
invading micro-organisms, dying cells, including spent neutrophils, and other cell and
matrix debris. Both macrophages and neutrophils generally phagocytose through the
recognition of molecules on the surface of objects. Receptors for phosphotidylserine
expressed by macrophages for example, allow them to detect and bind to apoptotic
corpses. Macrophages and neutrophils also display a variety of cell-surface receptors
that enable them to recognize and engulf pathogens. These include pattern recognition
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receptors such as Toll-like receptors (TLRs), as well as receptors for immunoglobulins
and the complement component C3b. Ligand binding to any of these receptors induces
phagocytosis at the site of pathogen attachment, leading to engulfment of the invader in
a large membrane-enclosed phagosome. Phagocytosis, like cell migration, is dependent
on actin polymerisation, and so not surprisingly, Rho small GTPases are required for
phagocytosis although different Rho proteins are implicated in the uptake of different
types of particles. Phagocytosis of immunoglobulin-coated particles and apoptotic cells
requires Rac and Cdc42 but not Rho (Caron and Hall, 1998; Leverrier and Ridley, 2001;
May and Machesky, 2001), whereas uptake of C3b-coated particles requires Rho but not
Rac or Cdc42 (Caron and Hall, 1998).
Macrophages and neutrophils clearly play an important part in the wound healing
process but the full repertoire of functions for these inflammatory cells at the wound site
has yet to be uncovered. The chemotactic signals that draw them to the wound, the
means by which they crawl to the wound, and how they subsequently disperse after their
job is done, are all currently poorly understood at the genetic level, but are of major
clinical relevance (reviewed in (Martin, 1997)). Can the Drosophila embryo offer a
genetic approach to studying this important aspect of the repair process?

Drosophila, being invertebrates, lack an acquired immune system but have a welldeveloped innate response (reviewed in (Lavine and Strand, 2002)). Initial defenses in
the adult include the physical barriers of the integument or gut, clotting responses by
hemolymph, and the production of various cytotoxic molecules at the site of wounding.
Any foreign invaders that avoid these barriers are confronted with a wide array of
different blood cells, which in insects are known as hemocytes.

Like vertebrate

leukocytes, some hemocytes patrol tissues recognizing and engulfing pathogens. They,
like their vertebrate counterparts, recognize foreign invaders either by direct interaction
of surface receptors with molecules on the invading organism, or indirectly by
recognition of receptors that bind to and opsonize the surface of the invader (reviewed in
(Lavine and Strand, 2002)). Insects produce several types of hemocytes and there exists
a confusingly diverse nomenclature for these cell types. The most common insect
hemocytes are plamatocytes and granular cells. These are the only hemocyte types
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capable of adhering to foreign surfaces, and together usually comprise more than 50% of
the hemocytes in circulation (Lackie, 1988; Strand and Pech, 1995). Oenocytoids are
another important hemocyte type which contain cytoplasmic phenoloxidase precursors
that likely play a role in melanization of hemolymph (Iwama, 1986; Jiang et al., 1997).
Other hemocytes include prohemocytes, assumed to be stem cells that differentiate into
one or more of the mature hemocyte types, and non-adhesive spherule cells which have
been suggested to transport cuticular components (Sass, 1994). In Drosophila the
hemocytes are named slightly differently from those of other insects.

The adult

Drosophila like other insects has plasmatocytes and also two other cell types called
lamellocytes and crystal cells. Lamellocytes, like plasmatocytes, are able to attach to
foreign surfaces and appear to be the Drosophila equivalent of granular cells, while
crystal cells appear morphologically similar to what are called oenocytoids in other
insects and are therefore important in hemolymph melanization.

In mammals all blood cells derive from hematopoetic stem cells that differentiate into
different lineages under control of transcription factors like those of the GATA family.
GATA-1 is required for primitive and definitive erythropoiesis (Pevny et al., 1995),
GATA-2 for early hematopoiesis (Tsai et al., 1994), while GATA-3 is implicated in the
differentiation of T-lymphcytes (Ko et al., 1991). Other members of the family, GATA4, 5, and 6, are expressed during development in various organs of endodermal origin
(Arceci et al., 1993; Laverriere et al., 1994) and are implicated in endodermal
differentiation (Soudais et al., 1995; Tamura et al., 1994). In Drosophila, the GATA
homolog. Serpent (srp), is expressed in hematopoietic stem cells and is required for
hematopoiesis since srp mutant embryos lack any mature hemocytes (Rehom et al.,
1996). srp appears to be functionally homologous to several members of the vertebrate
GATA family as it is also required for the differentiation and morphogenesis of the
endodermal gut in Drosophila (Rehom et al., 1996). Two additional transcription
factors, glial cell missing (Gem) and the AML-1-like protein. Lozenge (Lz), function
downstream of Srp and are required for plasmatocyte and crystal cell development
respectively in Drosophila (Lebestky et al., 2000).

Insects continue to produce

hemocytes during larval and adult stages via division of stem cells in mesodermally
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derived hematopoietic tissues associated with the aorta and heart, as well as via
continued division of hemoctyes already in circulation (Hoffman, 1979). It is thought
that stem cells (prohemocytes) in hematopoietic organs differentiate primarily into
plasmatocytes, whereas other hemocyte types differentiate from these plasmatocytes
after their release into circulation! (Hoffman et al., 1979).
I

During Drosophila embryogenesis the only hemocytes present are the plasmatocytes.
The two other cell types - lamellocytes and crystal cells, do not begin to appear until
larval stages of development. Plasmatocytes are large, variably shaped cells which show
phagocytic activity; they are the fly equivalent of the vertebrate monocyte and since they
are the only blood cell type present during development they will be referred to from
now on simply as ‘hemocytes’.

In the developing Drosophila embryo hemocytes derive exclusively from the mesoderm
of the head. They can be first identified in the head approximately 2 hours after
gastrulation (late stage 10) and by the beginning of germ band retraction (early stage 12)
they have begun to migrate throughout the embryo (Figure 5.1) (Tepass et al., 1994).
Initially, a population of hemocytes migrate posteriorly and enter the tail end of the germ
band. A significant portion however, remain in the dorsal head region. Germ band
retraction carries the group that previously entered the tail end posteriorly and in the
following stages (13-14), hemocytes migrate from both ends of the embryo towards its
middle following four different routes:
1. mid-ventrally between the ventral epidermis and the ventral nerve cord;
2. between the dorsal surface of the ventral nerve cord and the mesoderm;
3. along the dorsal boundary of the epidermal primordium;
4. along the gut primordium.
By late stage 14 most parts of the embryo are evenly populated with hemocytes,
although dense clusters are present in the head, as well as around the foregut and hindgut
(Tepass et al., 1994). A recent study has demonstrated that the developmental migration
of these cells is dependent on, and directed by, dVEGF (vascular endothelial growth
factor) expression (Cho et al., 2002). The VEGF receptor is expressed in hemocytes
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(H eino et al., 2001) and three V E G F hom ologs are expressed along hem ocyte m igration
routes (C ho et al., 2002). C ho and collègues d em onstrated that Drosophila em bryos
m utant fo r V E G F r (stasis) fail to ex hibit norm al hem ocyte m ig ratio n s and have an
accum ulation o f these cells at their head end. The sam e study show ed that sim ultaneous
in ac tiv a tio n o f all three V E G F genes by R N A in te rfe re n c e re su lte d in the sam e
m igration defect as the stasis m utant. A dditionally, ectopic expression o f one o f the
V E G F genes - Vegf27Cb, is able to redirect hem ocyte m igration (C ho et al., 2002).

Figure 5.1 Developmental migration
of hemocytes.
H em ocytes derive e x c lu siv e ly from the
head m esoderm , th ese early hem ocytes
d o not sh ow ph agocytic activity and are
know n as prohem ocytes (green dots).
At stage 11 (A ), these prohem ocytes
begin to m igrate, som e migrate
posteriorly and enter the tail o f the
germ band (arrow ), w hereas others
remain in the dorsal head region. (B )
During stage 13 hem ocytes spread out
through the em bryo m igrating from
posterior and anterior ends (arrow s).
T he h em ocytes contactin g the C N S
(grey) and the ep iderm is as w ell as
those in the head begin to actively
p h agocytose (red dots). (C ) B y stage 15
h em ocytes are e v en ly distributed
throughout the em bryo although dense
clusters are present in the head, as w ell
as around the foregut (fg ) and hindgut
(hg). (D iagram adapted from T epass et
al., 1994).

H em ocytes appear to be the prim ary phagocytic cell in the D rosophila em bryo. From
stage 12 o f em bryogenesis onw ard, m any hem ocytes, in particular those w ithin areas of
dense apoptosis such as the brain and ventral nerve cord, show phagocytic activity.
Such hem ocytes that contain ingested cells can be operationally defined as m acrophages.
D uring late stage 13, approxim ately half o f the hem ocytes show phagocytic activity and
by the end o f em bryogenesis 90% o f the total hem ocytes have becom e m acrophages
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(Tepass et al., 1994). This hemocyte-macrophage conversion appears to be dependent
on the activation of programmed cell death in the embryo. Mutations that increase the
amount of cell death such as knirps, stardust and fork head increase the number of
activated macrophages to a full 100% of total hemocytes. In such mutations however,
the absolute number of hemocytes does not differ from that in wild type, indicating that
the additional cell death does not ‘induce’ the formation of more hemocytes (Tepass et
al., 1994).

Nor are hemocytes required to induce cell death, unlike vertebrate

macrophages in the developing mouse eye (Lang and Bishop, 1993), since three
mutations that lack macrophages - BicD, to /^ ^ \ twi sna double mutants - all show
abundant programmed cell death.

A sophisticated innate immune system and the presence of a professional phagocyte/
macrophage equivalent enables the fly embryo to potentially provide a genetic model of
inflammation.

In this final chapter I present experiments that reveal a rapid

inflammatory response to laser wounding in fly embryos. I have quantified the scale of
this response in wild type embryos and begun to investigate how these hemocytes might
be migrating to the wound.
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5.2 Results
Embryos display a rapid inflammatory response to laser wounding

Wounds were made to the lateral epithelium of stage 14.5 embryos (mid dorsal closure)
using the same method described in Chapter 2. This developmental stage and site of
wounding were chosen to ensure that the ablation was made to an area of the embryo
that wasn’t already populated with hemocytes so that their capacity to chemotax toward
a wound was properly tested.
Timelapse DIG movies of wound healing in embryos reveal hemocytes actively
migrating to a wound site minutes after the wound has been induced (Figure 5.2A).
Quantitative analysis reveals this inflammatory response to be extremely rapid, with the
first hemocytes arriving within 5 minutes of the laser ablation event. The number of
hemocytes at a wound site steadily increases with time until 1 hour after wounding when
a mean number of 8.7± 2.2(n=19) hemocytes have reached the wound. This number
decreases slightly but hemocyte numbers remain high throughout the period of wound
closure (Figure 5.2B).

Hemocytes migrate by lamellipodial crawling and engulf cell debris at the wound
site

To visualise the hemocytes more clearly, cytoplasmic-GFP was expressed in these cells
using the hemocyte specific driver, peroxidasin-Gal4. Timelapse confocal microscopy
reveals the presence of polarised lamellipodia or membrane ruffles, extending from the
hemocytes as they migrate throughout the embryo (Figure 5.3). These lamellipodia are
highly dynamic and very large, extending up to 20pm away from the nucleus of the cell.
Once at the wound site hemocytes begin to actively engulf debris. The cell body of each
hemocyte swells from 10pm in diameter at the beginning of migration to 30pm, just 30
minutes later (Figure 5.4A and Movie 7). Some cytoplasmic-GFP expressing hemocytes
were caught in the act of engulfing. Timelapse movies of these cells reveal that the
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process of engulfment is extremely rapid taking just 4 minutes from when the hemocyte
first engages with its target to when it is fully engulfed (Figure 5.4B).

Hemocytes appear to ‘plug’ the wound site

Timelapse confocal movies of the inflammatory response in peroxidasin-cytoplasmic
GFP expressing embryos reveal that once at the wound site hemocytes seem to fill the
wound, so that by 30 minutes after laser ablation the wound area is entirely full of these
constantly moving inflammatory cells (Figure 5.5 and Movie 8). Typically the nearest
hemocyte to the site of ablation was never more than 50pm away at the time of
wounding. The hemocytes positioned closest to the wound were always the first to
migrate to the wound site. However, in some instances, generally when wounds were
very large, hemocytes travelled up to 100pm to reach the wound site. Scanning electron
micrographs of wounds 30 minutes after ablation reveal that these inflammatory cells
are the most superficial cell type, lying on top of the wound debris apparently operating
as a functional ‘plug’ (Figure 5.6A). Some hemocytes even appear to be crawling out of
the wound and over the wound edge epithelium (Figure 5.6B). Infact, TEM sections
through the wound reveal that some hemocytes remain above the epithelium whilst the
wound closes beneath them (Figure 5.6C). This arrangement presumably leads to
hemocytes being ‘pinched o ff along with some cell debris into the vitelline space, as the
two epithelial fronts zipper together and close the wound.

The inflammatory response fails to occur in racl, rac2, mtl mutants

Since previous tissue culture studies have suggested that the small GTPase Rac is
required for leukocyte chemotaxis in vertebrate models (Allen et al., 1997; Roberts et
al., 1999), 1 tested the requirement for Rac in the Drosophila embryo inflammatory
response. Laser wounds were made to racl, rac2, mtl mutants in the usual way at stage
14.5 on the ventral epithelial surface and wound closure was visualised using timelapse
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D ie Optics. Stills from a resulting movie show that throughout the wound closure
period, few if any hemocytes are recruited to the wound site (Figure 5.7) demonstrating
that Rac activity is critical for the successful migration of hemocytes toward a wound.
Despite not raising an inflammatory response, racl, rac2, mtl triple mutant wounds are
able to reepithelialise just as rapidly as their wild type counterparts (see Figure 4.9 in
Chapter 4) suggesting that a standard inflammatory response is not required to trigger
epithelial hole closure in Drosophila embryos.
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M in u te s a fte r w o u n d in g

Figure 5.2 Drosophila em bryos display a rapid inflamm atory response to laser wounding.

( A i- v i) S tills taken at 3 0 m inute in tervals from a D IG tim e la p se m o v ie o f w o u n d h e a lin g ,

(i) B e fo r e

w o u n d in g , h e m o c y te s (w h ite a r ro w s) can be c le a r ly se e n a lo n g th e v e n tr a l s id e o f the e m b r y o
a p p roxim ately 5 0 p m a w a y from the future w o u n d site (a sterisk ),

(ii) 3 0 m in u te s after w o u n d in g the

h e m o c y te s h a v e m ig ra ted in to the w o u n d (a rro w ), w h ic h n o w c o n ta in s a p p r o x im a te ly 6 o f th e se
p h a g o c y tic c e lls ,

( iii-v i)

T h ro u g h o u t the rest o f w o u n d c lo s u r e h e m o c y te s rem ain at the w ou n d site

(arrow s) e n g u lfin g c e ll debris. B y 3 hours so m e o f the h e m o c y te s appear to h ave been ‘pin ch ed o f f a lo n g
w ith so m e c e ll d ebris as the w ou n d c lo s e s beneath them . S c a le bar rep resents 2 0 p m . (B )

Graph sh o w in g

m ean num ber o f h e m o c y te s at a w ou nd site at 5, 15, 30 , 6 0 , 120 and 180 m in u tes after w ou n d healing.
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Figure 5.3 H em ocytes m igrate by lam ellipodial crawling.
(A i-iv )

S tills taken at 2 m in u te in te rv a ls from a tim e la p s e c o n fo c a l m o v ie o f h e m o c y te s in a pxn-

GAL4.UAS cyt-GFP e m b ry o .

L arge p o la r ised la m e llip o d ia or m em b ran e r u ffle s (arrow s) can b e seen

ex ten d in g from the h e m o c y te s as they m igrate through out the em b ryo. T h e se m em b ran e ru ffles are h igh ly
d y n a m ic and very large e x ten d in g up to 2 0 p m aw a y from the n u cleu s o f the c e ll and c h a n g in g sh ape very
r a p id ly . (B ) A h ig h er r e s o lu tio n c o n fo c a l im a g e sh o w s th e m em b ra n e r u ffle s e x te n d in g fr o m tw o
h e m o c y te s (arrow s). (C ) S ca n n in g E lectron M icrograph o f a h e m o c y te (a sterisk ) at a w ou n d site rev e a ls
the sa m e p rotru sion s e x te n d in g from the c e ll (arrow s) as it m igrates o v e r u n d e rly in g c e ll deb ris.
bars represent 10p m .
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Figure 5.4 H em ocytes engulf cell debris at the wound site.
(A i-iv ) Im a g e s taken at ap p roxim ately 10 m in u te intervals sh o w in g the in flam m atory resp o n se in a pxn-

G a l4 , U A S - c y t- G F P e x p r e s sin g e m b r y o ,

(i)

B e fo r e

w o u n d in g , h e m o c y te s (a r r o w s ) e x p r e s s in g

c y to p la sm ic G F P ca n be se e n a p p ro x im a te ly 20p,m a w a y from the fu tu re w o u n d site (a ste risk ),

(ii)

H e m o c y te s im m ed ia te ly m igrate tow ard the w ou n d site and o n c e at the w o u n d site they e n g u lf c e ll debris
(iii) s o that b y 3 0 m in u tes after w o u n d in g (iv ), th e se a c tiv e ly p h a g o c y to s in g c e lls co n ta in m an y c e ll
c o rp se s (arrow s) and h ave s w o lle n to 2 .5 tim es their origin al diam eter.

(B i-iv ) Im a g e s taken at I m inute

intervals sh o w in g p h a g o c y to sis in a pxn-Gal4, UAS-cyt-GFP em b ryo. O cc a sio n a l h e m o c y te s caught in the
act o f e n g u lfm e n t reveal that this p r o c ess is e x tre m ely rapid taking ju st 4 m in u tes from w h en the h e m o c y te
first e n g a g e s w ith its target (asterisk ) to w h en it is fu lly e n g u lfe d .
10p.m in (B ).
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Smins

15mins

25mins

35mms

Figure 5.5 H em ocytes appear to ‘plug’ the wound site
(A i-iv ) Im a g es taken at 10 m inute intervals from a m o v ie sh o w in g in fla m m a tio n in a pxn-Gal4,UAS-cyt-

GFP e m b ry o . H e m o c y te s b e g in to m o v e tow ard the w o u n d site (a sterisk ) im m e d ia te ly after w o u n d in g .
O n c e at the w o u n d site h e m o c y te s se e m to fill the w o u n d so that by 35 m in u te s after laser a b lation the
w o u n d area is e n tire ly c o v er ed in th e se in flam m atory c e lls . M in u tes e le p a s e d sin c e tim e o f w o u n d in g is
ind icated in the b ottom left co m er. S c a le bar represents 2 0 p m s.
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Figure 5.6 Scanning Electron M icroscopy and Transm ission Electron M icroscopy show ing spatial
distribution o f hem ocytes at the wound site.
(A ) S c a n n in g E lec tro n M icro g ra p h o f a w o u n d 3 0 m in u te s after a b la tio n sh o w s that the h e m o c y te s
(a sterisk s) are the m o st su p erficia l c e ll ty p e at the w ou n d , ly in g on top o f th e w o u n d deb ris.

(B )

H igh

m a g n ifica tio n o f the b o x e d region in (A ) sh o w in g a h e m o c y te e x ten d in g a large la m ellip o d ia (arrow ) as it
appears to craw l ou t o f the w ou nd o v e r the w ou nd e d g e ep ith eliu m . (C ) A T E M se c tio n through a w ou n d
at a p p roxim ately the le v e l in d icated by the broken lin e in (A ). A s the tw o ep ith e lia l w ou n d e d g e s (b lack
asterisk s) m igrate tow ard each other to c lo s e the w ou n d they push the w o u n d debris (W D ) ahead o f them .
T he w ou n d d ebris is m ad e up o f not o n ly c e ll and m atrix debris, but a lso h e m o c y te s. T h e healthy n u clei o f
th ese in flam m atory c e lls can be c le a rly seen in this se c tio n (w h ite a ste risk s).
a b o v e the le v e l o f the e p ith e lia l c e lls .

T w o o f the h e m o c y te s lie

T h is arrangem ent p resu m ab ly lea d s to h e m o c y te s b e in g ‘p in ch ed

o f f a lo n g w ith so m e c e ll debris as the tw o ep ith elial fronts zip per togeth er b eneath them . T h e broken line
in d ica tes the bou nd ary b etw een w o u n d debris (W D ) and w o u n d su bstratum (W S ).
10p m in (A ), 5 p m in (B ) and 1pm in (C ).
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90mins
Figure 5.7 The inflamm atory response fails to occur in racl, rac2, mtl m utants.
(i-iv ) S tills taken at 30 m inute intervals from a DIG tim ela p se m o v ie o f w ou n d clo su r e in a racl, rac2, mtl
m utant em b ry o . T im e e la p sed sin c e w o u n d in g is in d icated in the bottom left corn er o f each pan el, (i) 30
m in u tes after w o u n d in g , at a sta g e w h en a w ild type w ou n d co n ta in s sev era l h e m o c y te s (s e e F igu re 5 .2 ),
no h e m o c y te s are presen t at the m utant w ou n d site , ( ii-iii) T h rou gh ou t the c lo s u r e p eriod , h e m o c y te s
c o m p le te ly fail to be recruited to the m utant w ou n d site, n ev e rth eless, by 2 hours (iv ), the em b ryo is able
to c lo s e the w o u n d and a large am oun t o f u n -en g u lfed w ou n d d ebris (arrow ) is p in ch ed o f f as the w ou nd
c lo s e s beneath. B roken lin e ind icates w ou nd m argin. S c a le bar represents 2 0 p m .
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5.3 Discussion
In this chapter I present experiments that demonstrate a rapid inflammatory response to
laser wounding in Drosophila embryos. Timelapse studies using DIC optics to visualise
hemocyte motility, and confocal movies of a hemocyte-specific GFP expressing line,
reveal directed movement of hemocytes within 5 mins and by 1 hour post wounding we
see a mean of 8.7± 2.2 (n=19) of these cells localised to the wound. Once at the wound
these cells actively engulf cell debris.

The wound-triggered inflammatory response in vertebrates is considered crucial for the
engulfment of apoptotic and matrix debris at the wound site as well as for directing - by
release of various cytokine and growth factor signals - the cell and tissue movements
that will heal the defect. Although the inflammatory response we observe post laser
wounding in the fly embryo is not a perfect model of vertebrate inflammation (for
example, hemocytes are not being drawn to the wound from vessels as leukocytes are in
vertebrates, and the tissue movement of reepithelialisation appears somewhat less
complicated in the fly than in mammalian wound repair (see Chapter 4), it is very likely
that the chemotactic factors attracting them, as well as some of their functions whilst at
the wound, may be highly conserved.

What are the chemotactic signals that attract hemocytes to a wound site? Since it has
recently been shown that developmental dispersion of hemocytes is dependent on
VEGFR expression by hemocytes, and the overlapping expression domains of 3
dVEGFs (Cho et al., 2002), it would be interesting to test by in situ hybridisation
whether one or more of these is induced at wound sites. Clearly the rapidity of the early
recruitment of hemocytes suggests that the first influx wave might be attracted by the
release of small molecules from damaged cells but these signals may be amplified and
subsequent waves of recruitment may be directed by transcriptional upregulation of
chemokines at the wound site as is the case during vertebrate wound healing.
Additionally, it would be interesting to test whether embryos mutant in the VEGF
receptor (stasis) are defective in any phase of the inflammatory response.
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Clues as to the molecules that direct hemocyte recruitment may come from vertebrate
studies. Some molecules are known to operate as chemokines, attracting macrophages
and neutrophils to vertebrate wound sites. Such attractive signalling cues include
platelet-derived growth factor (PDGF), and transforming growth factor p i (TGF-Pl).
Another chemokine - the cytokine colony-stimulating factor-1 (CSF-1) is also known to
act as a survival factor and a chemoattractant for macrophages in culture. Whether the
Drosophila homologs of these and other known leukocyte chemokines are expressed at
the wound site could be assessed and any that are found to be upregulated following
wounding could be functionally tested using RNAi knockdown. Besides identifying
chemotactic factors that draw inflammatory cells to wounds, studies in Drosophila will
also be appropriate for an in vivo analysis of the motility machinery operating in the
cells. For example, a potentially important molecule in hemocyte recruitment is dWASP
since this appears to be a key component of the leukocyte motility machinery in
vertebrates which if defective leads to Wiskott-Aldrich syndrome (reviewed in Thrasher,
(2002)). The involvement of this protein in the Drosophila inflammatory response
should also be tested.

The small GTPase Rac has been shown to be important for cell motility in many cell
types. In this chapter I show that embryos mutant for all three Drosophila Rac genes
racl, rac2 and mtl show a complete failure to raise an inflammatory response. Rac has
been shown to be required for focal complex assembly and turnover as well as
lamellipodial formation in many cell types (Ridley, 2001). Both these processes are
important in allowing cells to migrate across an extracellular matrix and further
characterisation of the triple rac mutants is required to determine exactly what effect a
lack of Rac activity has on the hemocytes in these mutants. Since Rac is not only
implicated in cell motility but also phagocytosis, it would be interesting to test whether
racl, rac2, mtl mutants show any perturbation in capacity to engulf necrotic debris at the
wound site. It would also be revealing to analyse the roles of the other Rho family small
GTPases in hemocyte motility. Inflammation could be analysed in rhol mutant embryos
as well as embryos in which dominant negative Cdc42 is driven only in hemocytes.
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How important is the inflammatory response in Drosophila and what happens in its
absence? The fact that triple Rac mutants which fail to raise an inflammatory response,
are nonetheless able to repair epithelial wounds as rapidly as their wild type counterparts
suggests that an active inflammatory response is not a critical requirement for successful
closure of a wound.

A more direct experiment to test this would be to use the

Drosophila mutant, serpent, which has no hemocytes and therefore provides an ideal
opportunity to compare the repair process in the presence and absence of an
inflammatory response. One important question that analysis of this fly will answer is
how the cell and matrix debris at the wound site is cleared away in the absence of any
professional phagocytes? Does the cell debris remain free in the embryo or is it
engulfed by another cell type acting as a stand-in phagocyte?

Non-professional

phagocytes in other systems have been shown to be able to adopt some of the functions
of macrophages, for example, clearing apoptotic debris in the developing mouse
footplate in the absence of professional phagocytes (Wood et al., 2000), and some TEM
sections through a closing, wild type. Drosophila wound suggest that epithelial cells
may well engulf some cell debris as the wound fronts advance (Figure 5.8). Further
analysis is required to measure rates of corpse clearance at the wound in these mutants
and determine which, if any, cells take over the phagocytic function of hemocytes at the
wound site in serpent embryos.

How early can a hemocyte be stimulated to become phagocytic? During normal
development hemocytes will not come into contact with pathogens or necrotic cells but
they are required to clear apoptotic corpses and the timing of their conversion from
hemocyte to macrophage appears to correlate with their positioning relative to the
distribution of cell death. Hemocytes surrounding the brain and ventral nerve cord
where there is a lot of apoptosis, convert to actively phagocytosing macrophages at an
early stage, whereas hemocytes adjacent to the developing gut, an area of little
apoptosis, become phagocytic late or not at all during embryogenesis (Tepass et al.,
1994). By wounding at a stage when hemocytes are beginning their developmental
migrations it should be possible to determine whether these early hemocytes which have
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not yet encountered any apoptotic corpses are com petent to engulf and clear necrotic cell
debris aw ay from a w ound site.

m

T.
Figure 5.8 N ecrotic cell engulfm ent by an epithelial cell during wound closure.
T E M se c tio n through a w ou n d front sh o w in g a lead in g e d g e ep ith e lia l c e ll (asterisk )
e x ten d in g c e ll p rotrusions (arrow s) around a n ecrotic c e ll as it tries to e n g u lf it.

It will also be in terestin g to determ ine w h eth er h em ocytes use the sam e m olecular
m achinery to e n g u lf apoptotic bodies as they use to cle a r necrotic cell debris?

An

interesting experim ent to address this question w ound be to w ound an em bryo w hose
hem ocytes cannot en g u lf apoptotic bodies such as the m utant croquem ort and analyse
w hether hem ocytes can still be recruited to the w ound site and perhaps m ore im portantly
w hether they are able to clear cell debris.
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Can hemocytes detect apoptotic corpses from a distance? If so, are the signals that
attract hemocytes to wounds the same as those given off by apoptotic cells?
Macrophages use a wide variety of surface receptors to detect and engulf apoptotic
corpses. In the fly the CD36-like scavenger receptor, croquemort, has been shown to be
necessary for hemocytes to locate and engulf dying cells (Franc et al., 1999). During
embryogenesis there is remarkable similarity between the migratory routes that
hemocytes follow during development and the pattern of apoptosis in the embryo
(Abrams et al., 1993). The signals that govern hemocyte attraction toward cell corpses
are however independent of the VEGF mediated control of developmental hemocyte
migrations since the expression of VEGF genes and the migration of hemocytes into
these VEGF expressing regions occurs quite normally even when cell death is prevented
in hid or reaper mutants, or ectopic cell death is induced through irradiation (Cho et al.,
2002). Additionally, hemocytes in VEGFr (stasis) mutant embryos that do not undergo
normal migrations are still capable of engulfing dying cells (Cho et al., 2002). The fact
that ectopic cell death does not affect the normal migration of hemocytes implies that
apoptotic cells do not produce long range signals that can recruit hemocytes. However,
hemocytes do accumulate at areas of intense apoptosis within the embryo, forkhead
embryos for example, in which the gut structures degenerate, show a much higher
proportion of interior versus superficial macrophages when compared to wild type
(Rehom et al., 1996). Are these hemocytes actively recruited to such areas of high
apoptosis or do they come upon them by chance and once there, remain in the area
engulfing debris rather than moving on to patrol other tissues? Surprisingly, this is
unknown and nothing is known about long-range signals that attract macrophages to
apoptotic cells. It would be interesting to see if macrophages can be recruited by
apoptotic cells and if so how far these signals might travel. One experiment that would
determine this would be to drive expression of a cell death inducing gene such as hid or
reaper in a specific population of epithelial cells using the Gal4-UAS system and
determine whether or not macrophages are recruited to this area of cell death.

Undoubtably, the best way to discover new hemocyte chemoattractants would be to
carry out an EP overexpression screen using the same Gal4 driver as the above
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experiment. In such a screen any lines that cause an accumulation of hemocytes in the
GaI4 expressing area could be isolated. Once identified the expression for each of these
candidate genes could be tested not only in wounds but also in areas of intense apoptosis
to discover which proteins are being used to attract hemocytes to wounds and which, if
any are used by hemocytes to chemotax toward apoptotic corpses.

The inflammatory response is a vital component of vertebrate wound repair, operating as
a first line of defence against infection as well as directing many other tissue movements
required for the healing process. Inflammatory cells, however, can also play a negative
role in chronic inflammatory diseases such as rheumatoid arthritis and multiple sclerosis.
The inflammatory response is also thought to be responsible for tissue fibrosis and
scarring that results as a consequence of adult wound healing. Understanding the
inflammatory response is therefore of major clinical significance (reviewed in (Martin,
1997)). Currently, all aspects of this important process are poorly understood at a
molecular level. The model presented here offers an opportunity to study the process of
inflammation in a genetically tractable system, and will hopefully allow us to dissect out
the genetic control of this clinically important biological process.
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6.1 Introduction
Many parallels can be drawn between the artificially triggered epithelial movements of
wound repair and the naturally occurring epithelial movements that shape the embryo
during morphogenesis. There are numerous episodes throughout embryogenesis when
epithelia are required to close naturally occurring holes and to fuse wherever two free
edges are brought together. Dorsal closure during Drosophila embryogenesis is perhaps
the most genetically tractable of all these events. In this thesis I have investigated the
parallels between dorsal closure and embryonic wound healing concentrating on the cell
shape changes and cytoskeletal machineries that assemble in the leading edge epithelial
cells during both these epithelial movements.

My results demonstrate striking

similarities between the two movements and reveal a central role for dynamic actin
structures both in dorsal closure and tissue repair (Figure 6.1).

6.2 Actin Dynamics During Drosophila Dorsal Closure
and Embryonic Wound Repair
Both dorsal closure and wound healing involve the assembly and contraction of an
actin cable in the leading edge epithelial cells

As the epithelial edges advance during dorsal closure, leading edge cells assemble an
actomyosin cable that has the potential to operate like a purse-string to aid closure of the
hole. Experiments described in Chapter 3 suggest that the dorsal closure cable is indeed
contractile and at early stages of this movement appears to function as a purse-string.
However, at later stages it may also play a second role - to maintain a uniform epithelial
advance by restraining individual cells from migrating forward on their own. During
laser-induced wound repair a seemingly identical actomyosin cable forms in the leading
edge epithelial cells. The formation of both the dorsal closure cable and the wound
healing cable is dependent on the activation of the small GTPase Rho. If Rho function is
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:A '
Figure 6.1 W ound healing recapitulates m orphogenesis
(A )

D orsal c lo su r e in a G F P -actin e x p r e ssin g em b ryo sh o w in g both an actin c a b le and filo p o d ia (arrow )

a ssem b le d in the lea d in g e d g e ep ith elial c e lls . (B ) T E M se c tio n through the dorsal c lo su r e zip p erin g front.
F ilo p o d ia from le a d in g e p ith e lia l c e lls (a ste r isk s) in te rd ig ita te w ith o n e a n oth er (a rro w s) and d rive
e p ith e lia l fu sio n .

(C ) G F P -actin r e v e a ls the sam e c y to sk e le ta l e le m e n ts - a c a b le and filo p o d ia (arrow )

d u rin g w o u n d h e a lin g in the em b ry o .

(D ) T E M se c tio n through a w o u n d at the p o in t o f clo su r e r ev ea ls

clea r filo p o d ia l in terd ig ita tio n s (arrow s) b e tw e en w o u n d e d g e e p ith e lia l c e lls (a ste risk s) d em on stratin g
that the sam e a d h esion m ech an ism is operatin g here too.
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blocked in either of these processes then the cable fails to form, but blocking cable
assembly during these two movements has different effects. A loss of cable during
dorsal closure causes epithelial cells to have a migratory advantage over their wild type
counterparts. Although it is possible that this phenotype is due to the loss of a cableindependent function of Rho it suggests that the cable may play a restraining role,
preventing the epithelial cells from migrating too quickly. During wound healing
however, genetic ablation of the cable results in a severe delay to wound closure. Here,
it appears that the wound cable operates solely as a purse-string driving the epithelium
forward and appears to have no significant secondary, cell restraining function like its
dorsal closure counterpart.
Actin-rich filopodia extending from leading edge cells are required for adhesion
during both dorsal closure and wound repair

Live imaging of both dorsal closure and wound healing in embryos expressing GFPactin reveals not only the presence of an actin cable but also filopodial protrusions that
extend from leading-edge epithelial cells as the epithelial fronts are drawn towards one
another. Experiments described in Chapters 3 and 4 demonstrate that in both dorsal
closure and wound healing these filopodia play an important mechanical role in
epithelial adhesion. During both dorsal closure and wound healing, when migrating
epithelial fronts meet one another, filopodia, and subsequently lamellipodia, from
opposing epithelial faces contact and engage, and then appear to tug the two epithelial faces
towards one another. Just as occurs during cell-cell adhesion events between primary

mouse kératinocytes stimulated by exposure to Ca^^ (Vasioukhin et al., 2000), and the
adhesion between epithelial sheets during ventral enclosure in C.elegans development
(reviewed in (Simske and Hardin, 2001)), it appears that the final adhesion during dorsal
closure and wound healing in Drosophila is driven by interdigitation and adhesion
between filopodia from opposing epithelial fronts (Figure 6.1). In both wound healing
and dorsal closure, if the extension of filopodia is blocked by expression of dominantnegative Cdc42, adhesion of the epithelial fronts fails, suggesting that filopodia are
critical for this event.
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As filopodia appear to play such an essential role in the zippering together of epithelial
sheets, it is important for us to understand the signalling events that direct their
assembly. As outlined in Chapter 1, it has previously been shown that filopodial
protrusion in fibroblasts is triggered by binding of active Cdc42, along with
phosphatidylinositol biphosphate, to N-WASP (neuronal Wiscott-Aldrich syndrom
protein). N-WASP, after further activation by Profilin, binds to and activates the Arp2/3
complex, which in turn associates with actin filaments and nucleates new actin
polymerisation (reviewed in (Takenawa and Miki, 2001)). Recently, live studies in
Dictyostelium have shown that Arp localises within filopodia, and GFP-Arp can be seen
in beads along the length of the filopodia and occasionally at the root (Insall et al.,
2001). Other experiments in fibroblasts reveal that WASP-interacting protein (WIP)
regulates N-WASP-induced actin nucléation and may also be critical in the assembly of
filopodia. Indeed, microinjection of WIP on its own is sufficient to bypass the Cdc42
signal and lead to filopodial protrusion (Martinez-Quiles et al., 2001). In Drosophila,
Scar seems to be the primary regulator of Arp2/3-dependent morphological events, and
mutations in the homologue of WASP do not cause a dorsal open phenotype (BenYaacov et al., 2001). There is now evidence for involvement of a novel vertebrate
myosin, myosin X, in the control of filopodial protrusion and dynamics (Berg and
Cheney, 2002). While there is no direct homologue of this protein in Drosophila, it is
likely that some other fly myosin may operate in filopodial regulation. It has been
shown that, during dorsal closure, filopodia formation requires the activation of the INK
signalling pathway in leading edge cells (Jacinto et al., 2000), suggesting that the JNK
pathway may represent a prerequisite for the assembly of actin protrusions. However, as
the JNK pathway can also be activated by small GTPases in the embryonic epidermis,
the interplay between JNK signalling, small GTPases and actin remodelling during both
dorsal closure and wound healing is likely to be complex.
There is still much to learn about how the protrusion and dynamics of a filopodium is
regulated at the molecular level and precisely how it is able to transduce extracellular
signals and respond by extending toward, retracting away from, or adhering to another
cell or substrate. The processes of dorsal closure and wound healing may prove to be
excellent models to address some of these questions.
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Cells use filopodia to explore the extracellular matrix (ECM) and surfaces of other cells,
identifying appropriate targets for adhesion or in the case of a migrating growth cone,
for sensing guidance cues that enable the axon to navigate to it's appropriate target.
Axons are guided by a variety of cues that can be either attractive or repulsive. These
cues operate at short-range, by contact-mediated mechanisms involving cell surface and
ECM molecules, and at longer range, whereby target cells secrete diffusible factors,
which either attract or repel the growing axon (Tessier-Lavigne and Goodman, 1996).
Many of these guidance cues have been identified; among them are the netrins which are
diffusible proteins, capable of attracting some axons and repelling others, the
semaphorins, a large family of cell-surface and secreted proteins that can act as long or
short-range inhibitors of axon growth, and the ephrins which may operate bidirectionally allowing a growth cone to signal to a target cell as well as vice versa
(reviewed in (Tessier-Lavigne and Goodman, 1996)). Many ECM molecules, as well as
cell adhesion molecules and their receptors also play an important role in axonal
guidance. A migrating axon, via it’s sensory filopodia, must read these guidance signals
in order to be drawn towards (by attractive cues) or forced away from (by repulsive
cues) various cell populations on the journey toward its target. Just as in the growth
cone, it appears that the filopodia expressed by the leading edge cells of the advancing
epithelium during dorsal closure seem to play a sensing role. During dorsal closure,
segmental patterning across the embryo has to be preserved, and so it its essential that
epithelial cells from one side of the embryo find and adhere to the correct partner cells
from the other side of the embryo when they meet in the dorsal mid-line. If formation of
filopodia is prevented in cells of the leading edge, those cells are no longer able to find
their correct partners and the segmental pattern becomes misaligned along the closing
mid-line seam. The molecular nature of the matching machinery carried by filopodia
that allows them to match cells across the closure seam is entirely unknown but it is
highly probable that similar molecular machinery may be used by leading edge cells to
that used by migrating growth cones. Indeed, there is now evidence that semaphorins
might provide at least part of the cellxell matching machinery in the analogous
movement of ventral enclosure in C.elegans since mutants in semaphorin-2a exhibit
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incorrect cell contacts between and across cells of the midline seam of the worm embryo
(Roy et al., 2000).

6.3 Cell Signalling During Dorsal Closure and Wound
Repair
At a cytoskeletal level, then, embryonic wound healing in the fly appears very similar to
dorsal closure. Both movements appear to be driven by the combined actions of an actin cable
and filopodia, and the formation of these cytoskeletal structures is regulated by the same
Rho family small GTPases. What other elements of the dorsal closure machinery are re
used during wound healing? There are at least 30 Drosophila mutants that fail in some
way in dorsal closure, as revealed by an open dorsal hole in larval cuticle preparations.
A series of mutants in the JNK signalling cascade and those of downstream Dpp
signalling within the epithelium, all have dorsal open phenotypes suggesting a key role
in some aspect of the closure process (reviewed in (Harden, 2002).

Embryonic

morphogenetic tissue movements such as dorsal closure demand coordinated global
controls to ensure maintenance of pattern, whereas wound healing only requires closure
of an epithelial hole and does not necessarily involve elegant patterning mechanisms. It
seems likely that some of the signalling components that are required for dorsal closure
may be reused to close a wound, whereas others will simply be extras for matching cells
and for ensuring the correct registration of segmental pattern across the fusion seam.
Interestingly, studies of tissue repair in adult Drosophila reveal that the same JNK
cascade activated in the leading cells during dorsal closure in the embryo is reactivated
at sites of tissue damage (Ramet et al., 2002) and preliminary studies of mine reveal that
one important component of dorsal closure signalling - dfos (kayak) is strongly activated
following wounding of the larval wing imaginai disc (Figure 6.2). It will be interesting
to test which other components of the dorsal closure signalling machinery are activated
at a wound site in the embryo and if mutants for any of these components are defective
in repair of the embryonic epithelium.
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%

Figure 6.2 Dfos is expressed in a wounded wing im aginai disc. In situ hybridisation
o n a w in g im agin ai d isc , 3 0 m inutes after w ou n d in g, sh o w s strong dfos e x p r essio n (blue)
in the first fe w ro w s o f ep ith elial c e lls back from the w ou n d e d g e (arrow ).

6.4 Other Epithelial Fusion Events During Embryonic
Development
Filopodial interdigitation may provide a universal mechanism for the adhesion of
two migrating epithelial fronts

In this thesis I have show n that Drosophila em bryos appear to use the same filopodial-based
adhesion m achinery, analogous to that seen in vitro and in the norm al developm ent of
the worm and fly em bryo, to knit the epithelial w ound edges together.

All epithelial

fusion events in the em bryo, including w ound healing, require intial forces to draw the
tw o sheets or shelves together and a m echanism by w hich the epithelial fronts can then
be knitted together to create a continual epithelial layer.

It is likely that the precise

strategies for bringing tw o sheets together will vary betw een the different fusion
processes, but it is tem pting to speculate that the filopodial driven adhesion apparent in
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dorsal closure and w ound healing in the fly as well as ventral enclosure in the w orm
p ro v id es a universal m echanism for the adhesion o f tw o m ig ratin g epithelial fronts
(Figure 6.3) w hich will operate in all epithelial fusion events w ithin the em bryo.

(iii)

(i)

Figure 6.3 F ilopodial function during epithelial adhesion. D ia g r a m illu stratin g
h o w a d h e s io n s b e tw e e n the e p ith e lia l c e lls at a fu sio n se a m m ay e v o lv e from
filo p o d ia l in te ra c tio n s b e tw e en tw o c o n fr o n tin g c e lls , (i) F ilo p o d ia from tw o
o p p o s in g c e lls in terd igitate a c ro ss the m id lin e , fo r m in g w e a k a d h e s io n s at site s
o f m em b ran e c o n ta c t ( y e llo w bars), (ii) F ilo p o d ia then r eg ress th rough actin
d e -p o ly m e r isa tio n and su b seq u e n tly ( iii) w ea k a d h e sio n s e v o lv e in to m ature ad h eren s
ju n c tio n s (red bars).

Epithelial fusion events in other model organisms are providing more conserved
mechanisms

A lthough dorsal closure is perhaps the m ost g enetically tractable o f all these fusion
events, good progress is also being m ade for other epithelial fusions in several other
m odel organism s, including man (Figure 6.4). As previously described the m ost obvious
parallels w ith dorsal closure are clearly seen during the m orphogenetic m ovem ent of
ventral en clo su re in C. elegans.

But parallels also exist fo r som e em bryonic tissue

m ovem ents that occur during vertebrate developm ent.

In Xenopus, chick and m ouse

em bryos, prim ary neurulation requires the lips o f the folding neural plate to be draw n
tow ards one another and fuse together at several nucléation sites, in a series o f zippering
e p iso d e s re m in is c e n t o f the z ip p e rin g fro n t d u rin g d o rsa l c lo su re (C olas and
Schoenw olf, 2001).

C lues that at least som e sig n allin g ev en ts m ay be c o n serv ed

betw een neurulation and dorsal closure com e from the double JN K 1/JN K 2 knockout
m ouse, w hich fails in neural tube closure (Sabapathy et al., 1999). A nother interesting
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F igure 6.4 A selection o f paradigm m orphogenetic in several organism s that involve epithelial
fusions.
Drosophila d o rsa l c lo s u r e (c en tr e ) is cu rren tly th e m o s t g e n e tic a lly tra cta b le o f a ll th e s e m o r p h o g e n e tic
e p is o d e s .

M a n y o th er a n a lo g o u s m o v e m e n ts are a ls o p r o v id in g c lu e s as to h o w e p ith e lia l tissu e fu s io n s

are a c h ie v e d d u rin g d e v e lo p m e n t.

T h e s e in c lu d e (A ) v en tral e n c lo s u r e in C .e le g a n s , (B ) n e u r a l-tu b e

c lo su r e in verteb rates, and (C ) palate fu sio n and (D ) c lo a c a l fu s io n in m am m a lia n e m b r y o s.
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result comes from a study of Rho kinase (ROCK) function in the mouse embryo: if this
effector of Rho activity is blocked a series of morphogenetic movements fail, including
a gross failure of neural tube closure (Wei et al., 2001). Other vertebrate midline fusion
events include zippering together of the secondary palatal shelves, and fusion of the
cloacal folds during development of the external genitalia. A good proportion of
knockout mice with cleft palate phenotypes are probably flawed in some aspect of the
machinery that pushes the two shelves together, rather than in the final fusion step.
However, one recent study suggests that the final fusion event is partially mediated by
filopodial protrusions, just as during dorsal closure and embryonic wound healing, and
that these filopodia may be dependent on TGF-P signals, since TGF-P3 KG mice are
bom with cleft palates (Taya et al., 1999). For genitalia fusions and several other
midline fusion events, the genetic data reveals more intriguing complexities, with clues
from Eph receptor/ephrin KG mice suggesting that these cell-cell repulsion/attraction
molecules may also be key players in this process (Holmberg et al., 2000).

It seems likely that for these movements, and for others not yet characterised, there will
be a great deal of conservation in the means by which epithelial fronts adhere and fuse
together. Understanding more about the cell biology of episodes of epithelial fusion will
be of fundamental interest to our understanding of how morphogenetic fusions can
sometimes catastrophically fail during embryogenesis. Additionally, the parallels shown
in this thesis between morphogenetic closure of holes and embryonic epithelial wound
healing, suggest that the embryo may be a valuable source of further clues to enhance
our understanding of the repair process. These observations may be invaluable in
uncovering therapeutic strategies for enhancing wound healing in the clinic.
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6.5 The Drosophila Embryo as a Model System For
Studying Inflammation.
During vertebrate wound healing, a key component of the repair process is the
inflammatory response, whereby leukocytes are drawn from adjacent blood capillaries
and chemotax towards the wound site where they engulf cell and matrix debris and
release a host of cytokines and growth factors that are presumed to play a role in
coordinating the various cell and tissue movements necessary for successful wound
closure (reviewed in (Martin, 1997)). Experiments presented in Chapter 5 of this thesis
reveal that an equally robust inflammatory response to wounding exists in Drosophila
embryos. Within 5 minutes of laser wounding - hemocytes (the fly equivalent of
macrophages) can be seen actively migrating towards the wound site and once at the
wound site these cells begin to rapidly engulf and clear cell debris. Live imaging of the
inflammatory response reveals that these highly motile cells migrate by lamellipodial
crawling extending large polarised lamellipodia or membrane ruffles as they crawl
towards the wound and mutant analysis reveals that this migration requires the activation
of the small GTPase Rac since embryos mutant for all three Drosophila Rac genes show
a complete failure in raising an inflammatory response.

The chemotactic signals that draw inflammatory cells to a wound, the means by which
they crawl to the wound and their full repertoire of functions once at the wound site are
all currently poorly understood at the genetic level. Although the inflammatory response
observed post-laser wounding in the Drosophila embryo is not a perfect model of
vertebrate inflammation, it is very likely that the chemotactic factors attracting the
inflammatory cells, as well as some of their functions whilst at the wound, may be
highly conserved. It will now be possible to design screens that will reveal likely
chemotactic factors for hemocytes and other critical genetic steps in the recruitment of
inflammatory cells to a wound site.
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In this thesis I have made some first steps to understanding the genetics of repair using
Drosophila embryos as the model system. I’ve shown that morphogenetic episodes like
dorsal closure offer many clues as to the cell and molecular biology regulating
reepithelialisation of a wound. I also present preliminary data suggesting that the fly
embryo offers a unique opportunity to dissect the genetics of a related and key aspect of
repair, that of inflammation.
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Solutions commonly used

PBS (phosphate buffer saline, pH 7.4)
137 mM Sodium chloride
2.7 mM Potassium chloride
4.3 mM Disodium hydrogen phosphate
1.4 mM Potassium dihydrogen phosphate
pH 7.4 adjusted with HCl

PBS-Triton
0.1% Triton X-100
0.1% Bovine serum albumin (BSA)
in PBS

PTW
0.1% Tween-20
0.1% BSA
in PBS

PAT

Disc medium

0.1% Triton X-100

Drosophila Shields and Sang M3 Insect Medium (Sigma)

1%BSA

5 % Fetal Calf Serum

in PBS

1/100 Penicillin/Streptomycin
1/100 Insulin
1/50 Fly Extract
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PBT
0.1% Triton X-100
in PBS

SSC (20x)
3M Sodium chloride
0.3M Sodium citrate
pH 7.0 adjusted with NaOH

Half strength Karnovsky’s fixative (for TEM)

Ig

Paraformaldehyde

25 ml dHzO
Stir on hotplate until almost dissolved then add
50 pi

IM K O H

Cool to 4 ^C, then add
18 ml 0.2M Sodium cacodylate pH 7.4
5 ml

25% Glutaraldehyde

Araldite Resin
12 g

Agar 100 resin (Agar R1045)

8g

DDSA(AgarR1053)

5g

MNA (Agar R1083)

Shake well, then add
0.6 ml BDMA (Agar R 1062b)
Shake well
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