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A b stract

The Role Of Actin Purse-Strings In Wound Healing And In The 
Natural Movements Of Embryonic Morphogenesis

Skin wounds in limb-bud stage chick embryos re-epithelialise using a contracting 

filamentous actin cable which assembles in the basal layer of the wound edge epithelial 

bilayer within 2 minutes of wounding (Martin and Lewis, 1992a). Characterising the 

contractile apparatus by immunostaining reveals intracellular segments of the actin cable 

inserting into clustered adherens junctions at the cell-cell boundaries, as well as 

colocalisation of myosin H protein localising to the basal wound margin within 7 minutes 

o f wounding.

Epithelial cells at the wound edge are transiently permeabilised by the wounding process, 

allowing loading of small molecules into precisely the cells which assemble actin 

cable,thus providing a method of investigating the signals which regulate cable assembly. 

The Ras-related small GTPases regulate rapid reorganisations of the actin cytoskeleton in 

cultured fibroblasts (Ridley & Hall, 1992; Ridley et al, 1992). I show that co-loading of 

wound edge cells with fluorescent dextran and Rho inactivator, C3 transferase, blocks 

assembly of actin cable and prevents re-epithelialisation. By contrast, introducing 

dominant negative NlVRac into the wound edge epithelial cells has no affect on the 

healing process, suggesting that Rho, but not N17Rac, is the molecular switch regulating 

wound-induced assembly of an actin cable.

The keratin intermediate filaments of embryonic epithelium are required for repair of 

wounds in Xenopus embryos (Torpey et al, 1992). W ounded limb-bud stage mouse 

embryos assemble a filamentous keratin-8 cable in wound edge epithelial cells in addition 

to the actin cable described above. In contrast to the Xenopus depletion experiments, I 

show that transgenic knock-out mouse embryos null for KB (Baribault et al, 1993; 1994) 

completely re-epithelialise their wounds within 24 hours just like their wild-type litter 

mates demonstrating that despite an inability to assemble keratin filaments, wound repair 

proceeds normally.

Finally I report preliminary experiments characterising an in vitro wound healing model 
of a gut epithelial cell line, Caco-2BBE, which may enable more detailed studies of the 
mechanisms of purse-string versus crawling motility.
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embryo demonstrating cells migrating over blastopore lip and involuting bottle neck cells 

Fig 3 Scanning electron micrograph of repairing "dough-nut" chick embryo wound and 

cartoon of ragged wound edge repair
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Chapter 1 

G eneral In troduction

This thesis investigates the mechanism of re-epithelialisation of embryonic wounds. 

Studying embryonic tissue repair has two main purposes. Firstly, it is a simple system 

for studying general mechanisms of tissue repair and secondly, re-epithelialisation utilises 

an actin purse-string contractile machinery which is likely to be employed during the 

morphogenetic movements of development. Therefore it is a controllable model for 

studying the genetic regulation of morphogenesis. I describe a system in embryos for 

studying the rapid changes in the cytoskeleton that occur in wound edge cells immediately 

following wounding, characterising the contractile machinery and investigating the 

signals which trigger its assembly. I investigate the importance of the contribution from 

different cytoskeletal networks to the repair process and introduce the use of a novel cell 

line which can be used in concert with in vivo studies to dissect more fully, the genetic 

regulation underlying re-epithelialisation of wounds.

This introductory chapter is divided into 3 sections which review the current 

understanding of:

1) The mechanisms underlying adult tissue repair

2) The mechanisms underlying embryonic and foetal tissue repair

3) The cytoskeletal actin microfilament network and its regulation by small GTP binding 

proteins

The M echanism s U nderlying A dult T issue R epair

~ adult tissue repair requires re-epithelialisation, fibroplasia and 
angiogenesis
Repair following injury to skin requires the rapid regeneration of lost and damaged 

tissues and their subsequent reorganisation into normal, quiescent dermal and epidermal 

architecture. Rapidity of repair is essential along with a strong inflammatory response to 

minimise the chances of infection from the external environment. The processes 

underlying adult repair are a well chronicled sequence of events which are similar 

throughout vertebrate phyla.

The process of tissue restoration following wounding can be divided for ease of study 

and description into its tributary components. The wound site tissue is described as 

granulation tissue due to its granular appearance and consists of fibroblasts and
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myofibroblasts with their surrounding extra-cellular matrix, together with large numbers 

of invading inflammatory cells (macrophages and neutrophils) and a network of new 

capillaries. The wounded epithelium around the wound site reseals by a process called re- 

epithelialisation. Fibroblasts in the surrounding dermis proliferate and migrate in to 

replace lost fibroblasts and secrete a temporary scaffold of various extra-cellular matrix 

(ECM) molecules which supports them and allows their movement. For this job, 

fibroblasts are helped by the recruitment of inflammatory cells to the wounded site. 

Together, fibroblasts and macrophages can then reorganise dermal architecture. This 

process of restoring dermal architecture is called fibroplasia. Fibroplasia and re- 

epithelialisation of the granulation tissue requires huge resources of energy, so the 

granulation tissue must be supplied by new in-growth of blood vessels from the borders 

of the wounded area, which can then be remodelled long after the epidermis has resealed 

to suit the requirements of the quiescent dermal architecture; the process of blood vessel 

in-growth is called angiogenesis.

~ wounds rapidly reseal and bleeding is stemmed by a fibrin plug
After cutaneous wounding leading to blood loss, damaged blood vessels and tissue are 

covered and bleeding stemmed by coagulation of platelets and activation of a blood 

clotting cascade. A clot rapidly forms covering the entire wound site. Platelets in the 

coagulated plug degranulate upon exposure to thrombin and to sub-endothelial collagen 

releasing the large adhesive glycoproteins, fibrinogen, fibronectin, Von Willebrand factor 

and thrombospondin, which ensure the glue like sealing of damaged vessels and the 

initiation of an enzymatic coagulation cascade (reviewed by Yamada & Clark, 1996).

This ensures both fibrin production and release of a plethora of cytokines and growth 

factors into the local tissue. As will be discussed in some detail later, these growth factors 

serve as the early signals to activate the machinery of repair, both of the epidermis and the 

wound connective tissue. The platelet plug is quickly strengthened by fibrin deposition, 

thoroughly sealing off the wounded region from the potentially pernicious environment.

-  an inflammatory response is initiated upon wounding adult tissue
Blood borne neutrophils and macrophages are rapidly attracted to the wound site by the 
chemotactic influence of PDGF, TGF-p and other growth factors released from 

degranulating platelets, and by-products of the complement cascade as well as denatured 

proteins, fibrin, degrading matrix and bacterial factors. They extravasase from acutely 

inflamed capillaries around the wound site. Neutrophils play a key role in the rapid killing 

of bacteria, whilst macrophages play a more sustained role at the wound site engulfing 
tissue debris and senescent neutrophils via fey Receptor III (CD 16), and debriding the 

wound by their release of toxic oxygen radicals. They also recruit fibroblasts, influence
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proliferation and effect tissue remodelling by their synthesis and release of many growth 

factors and cytokines (reviewed by Clark, 1996).

Macrophages are rapidly recruited in large numbers in the first of two phases, within 6 

hours of wounding (Van Furth et al, 1985; Mallucci, 1996). Both this phase and the 

second phase which occurs 7 days following wounding, are absolutely essential for, and 

central to, the repair process. If the macrophage influx is blocked by administration of 

anti-macrophage serum or steroids, wound healing is severely hindered (Leibovich & 

Ross, 1975). In the presence of this acute inflammation, new tissue production and its 

subsequent remodelling proceeds.

The mechanism underlying adult wound re-epithelialisation 

~ epithelial cells migrate into the wound site and proliferate
Following initiation of re-epithelialisation, levels of cell proliferation at the wound margin 

upregulate. Basal cells of the stratified layer already have a high mitotic index, and this is 

increased in cells just behind the migrating edge (reviewed by Schaffer and Nanney, 

1996). Migrating kératinocytes have a phenotype intermediate between basal cells and 

differentiated kératinocytes since although they disassemble stratified epidermal keratins, 

some do possess transglutaminase and involucrin, two proteins associated with a 

differentiated state and therefore supra-basal location (Mansbridge & Knapp, 1987; 

Paladini et al, 1996). Kératinocytes are accompanied in their migration by wound induced 

proliferation of cells from the outer root sheet of hair follicles and sweat gland ducts 

(dermally located appendages) adjacent to the wound site. The epithelial cells in dermally 

located appendages are especially important in rapid re-epithelialisation of large wounds 

(reviewed by Woodley, 1996)

~ the basal lamina is usually absent from beneath migrating epithelial cells
All basal layer epithelial cells sit on basement membrane which at electron microscope 

level is comprised of two distinct layers, the basal lamina and reticular lamina. The basal 

lamina consists of lamina den sa, lucida and diffusa, secreted by, and immediately 

adjacent to the basal epithelial cells and containing a variety of adhesive ECM 

glycoproteins, including collagen IV, laminin, calinin, fibronectin and proteoglycans 

(Mosher et al, 1992). The deeper reticular lamina of the basement membrane is produced 

by fibroblasts and contains fibrillar collagens. In all but the most superficial wounds or 

blister wounds, the basement membrane has been cut through and is absent from the 

wound. Hence, rather than their normal attachment via hemidesmosomes to the basal 

lamina, wound margin epithelial cells form contacts with and migrate across the 

fibronectin/collagen I rich granulation tissue. During re-epithelialisation, calinin, one
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component of the basal lamina is deposited behind the migrating tip of epithelial cells 

(Clark, Pers. Comm.). Reconstitution of the basal lamina is patchy during re- 

epithelialisation and appears to begin from the outer borders of the wound progressing 

inwards (reviewed by Uitto et al, 1996). In response to cytokines and growth factors, 

epidermal cells synthesise and secrete type IV collagen and laminin (Kahari et al, 1991), 

but the full strength of the dermal-epidermal junction is restored only after the wound is 

completely re-epithelialised.

~ kératinocytes extend lamellipodia and crawl across open wound 
granulation tissue to heal a wound
Epithelial crawling to repair a wound literally involves a keratinocyte throwing out a 

finger or toe, called a filopodia, and then reinforcing this by the rest of the foot or 

lamellipodium. Lamellipodia are specialisations of the membrane plus actin cytoskeleton 

which tissue culture studies have shown assemble as a response to external cues such as 

exposure to growth factors like PDGF (Ridley et al, 1992). In order to crawl forward, 

kératinocytes in vivo must switch their attachment from basal lamina to the major 

extracellular matrix (ECM) products of granulation tissue including fibrin and fibronectin 

(Clark et al, 1985b). Cell attachment is mediated by transmembrane integrin receptors, 

which can selectively and specifically recognise and tightly bind cells to small amino-acid 

sequences on the various ECM products (Hynes, 1992). The lamellipodium attaches 

tightly to the provisional wound matrix, forming contact adhesions through which the cell 

generates tension via contraction of the actin microfilament network to draw the rear of 

the cell forwards (Heath & Holifield, 1993; Mitchison & Cramer, 1996).

~ kératinocytes secrete ECM "stepping stones" on which they can crawl 
and they change integrin expression to facilitate their own migration across 
inhospitable granulation tissue

When human kératinocytes are wounded in culture, they facilitate their own 

migration by secreting fibronectin (FN) - the major matrix component of granulation 

tissue in vivo and originally derived from serum coagulation. By secreting their own FN, 

kératinocytes are laying stepping stones before them to walk across a rough wound bed 

(Kubo et al, 1984; Clark et al, 1985a). Normal adult skin kératinocytes cannot migrate 

nor even attach down when placed in vitro on fibronectin, since they lack integrins which 

can recognise it (Crinnell, 1994). They need to upregulate gene expression from only a 

basal lamina recognising integrin pattern ( a 2 p] and agP] for collagen IV and a^p 4  for 

laminin), to include fibronectin (FN) a^P] integrin, which in an in vitro wound situation 

appears to take many hours (Crinnell & Feld, 1979; Crinnell, 1992; 1994), hence the lag 

phase before re-epithelialisation begins (Stenn & Depalma, 1988). Clark has recently 
shown that FN receptors (ttspi) are upregulated and expressed only in migrating
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epidermal cells back from the leading edge leaving the migrating tip of kératinocytes free 
to attach to collagen I in the provisional wound matrix via the a2(3] integrins already 

expressed in basal kératinocytes - those originally used for attachment to basal lamina 

(Clark et al, 1996; Pers.Comm.).

The importance of other matrix products in facilitating or inhibiting keratinocyte migration 

is currently under investigation, and it has recently been demonstrated that cultured 

kératinocytes secrete laminin 5, within an hour of wounding (Randell Kramer, Pers. 
Comm.). Since cells already possess laminin recognising asp] integrins, this gives 

kératinocytes at the wound edge the capacity for an extremely rapid response to the 

wounding process, permitting their initial migration well ahead of keratinocyte 

proliferation. However, earlier in vitro studies have suggested that Laminin V, like the 

other members of the laminin family, although promoting strong attachment to the wound 

matrix, actually inhibits human keratinocyte migration and may function more as a brake 

for keratinocyte motility (Marinkovich et al, 1994).

The mechanism underlying adult wound fihroplasia 

~ connective tissue cells rapidly proliferate, migrate into the wound space 
beneath the fibrin clot and then synthesise and secrete ECM in the wound 
site
During the first three days following injury, the resident fibroblasts in and around a 

wound site are stationary and proliferative. Pre-migratory fibroblasts, like kératinocytes 

are initially blind to the major matrix components of granulation tissue since they do not 
express fibronectin (a$P]) receptors, nor vitronectin integrin receptors (avPs).

However, within 3 days of wounding they upregulate expression of appropriate integrins 

permitting their migration along FN (a^pi), VN (a^pg, ŒvPi and ayps) and collagen I 

( a 2 pi), and subsequently they can infiltrate the provisional wound matrix (Grinnell,

1992; 1994). Fibroblasts cleave a path for migration by producing enzymes such as 

matrix metalloproteinases 1, 2 and 3 (MMP-1, MMP-2, MMP-3) and plasminogen 

activators which cleave serum derived plasminogen into active plasmin. Plasmin digests 

the fibrin mesh and MMPs are used by fibroblasts to degrade excess matrix in their path 
(Grant et al, 1987). Similarly kératinocytes in response to TGF-p stimulation, facilitate 

their migration by secreting matrix metalloproteinase 2 (gelatinase) which can degrade 

many ECM products including FN, elastin, gelatin, type IV collagen, laminins and 

proteoglycans (Overall et al, 1991; Salo et al, 1991).

Between 4-7 days post injury, large amounts of type I procollagen and fibronectin, 

proteoglycans (GAGs) and hyaluronic acid (HA) are all synthesised and secreted by the
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recently migrated fibroblasts (Ignotz & Massague, 1986; Kurkinen et al, 1980). This 

provides a provisional ECM to replace the initial fibrinogen/vitronectin plug and 

characteristically it has an open structure, greatly aided by the HA and GAGs which, 

through their large size and water content, help prevent matting of the collagen and 

fibronectin fibres greatly aiding fibroblast and macrophage infiltration of the provisional 

wound matrix (reviewed in Clark, 1996).

~ wound fibroblasts differentiate into myofibroblasts and contract the ECM
Even following a major skin injury, fibroblasts have secreted and accumulated enough 

ECM to replace lost tissue bulk by about 7 days after wounding. The fibroblasts gathered 

in the wound site reduce protein production, inhibited partly by the high levels of 

collagen in the granulation tissue (Grinnell, 1994; Clark et al, 1995) and transdifferentiate 
into "myofibroblasts" which characteristically express a-sm ooth  muscle actin just like 

smooth muscle cells (Gabbiani et al, 1978). Using the tightly bundled actin fibrils within 

extended pseudopodia, the myofibroblasts contract and pull closer together and draw the 

surrounding ECM towards them condensing the granulation tissue and significantly 

contributing to wound closure throughout the second week following injury 

(Desmouliere et al, 1993).

In addition to upregulation of a-smooth muscle actin, transdifferentiation involves a 

switch from a mostly vitronectin based to predominantly fibronectin and collagen I based 

attachment. Such adhesions promote a strong attachment to the predominantly fibronectin 

and collagen matrix. Fibroblasts increase their intercellular adherens junction and gap 

junction connections and align radially across the wound bed resulting in a near 

synchronous contraction (Welch et al, 1990; Gabbiani et al, 1978). Following 

granulation tissue contraction, myofibroblasts undergo apoptosis (Williams, 1991; 

Desmouliere et al, 1995), a phenomenon which marks the transition from a fibroblast- 

rich granulation tissue to a relatively acellular scar.

~ angiogenesis is stimulated concurrent with ECM deposition by fibroblasts
4-7 days post-injury, when new collagen and FN fibrils are being secreted by fibroblasts, 

endothelial cells responding to angiogenic chemotactic and proliferative signals invade the 

granulation tissue in a process called neo-vascularization. Both growth factors and the 

hypoxic wound environment stimulate endothelial cell proliferation and migration of cells 

into the provisional wound matrix (Knighton et al, 1983). Endothelial cells, initially from 

venules bordering the damaged site, secrete collagenases and plasminogen activator 

allowing the cells to migrate through fragmented basement membrane (Kalebic et al,

1983). Additional collagenase and protease production by fibroblasts and macrophages, 

mediates further collagen breakdown so that sprouting blood vessels can then penetrate
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upwards forming capillary loops and coils in the granulation tissue (Pierce et al, 1992). 

New sprouts from the capillary loops extend to form a dense plexus of vessels supplying 

the active cells at the wound site. Invasion of the wound site by sprouting blood vessels 

involves their migration along fibrin, FN and vitronectin; a process which requires 

integrins (Brooks et al, 1994; Clark et al, 1995). When fibroplasia is complete, the 

capillaries regress to a level sufficient to support the new scar tissue and the unnecessary 

endothelial cells apoptose and are cleared up by macrophages (Ausprunk et al, 1978; 

Desmouliere et al, 1995).

~ regeneration of dermally located epithelial appendages is rare at a 
wound site
Once the epidermis has resealed, the monolayer of kératinocytes begins to stratify and 

differentiate into the keratin-rich supra-basal layers; concomitantly the basal lamina is 

fully reconstituted. In mammals and birds there is rarely a regeneration of hair follicles, 

sense organs or secretory glands in the wounded dermis although wounded skin is often 

subsequently hyper-innervated (Reynolds & Fitzgerald, 1995). Only in amphibians and 

reptiles is regeneration of skin appendages and even whole limbs common e.g. Fish can 

regenerate normal scales (Freitsche & Bailey, 1980), and Gekkonid lizards can 

regenerate a tail from a stump of de-differentiated blastema cells resulting in a perfect 

regeneration of sense organs, pilose pads and almost perfect scale growth (Maderson, 

1971).

~ dermal tissue is remodelled from provisional matrix to collagenous scar
The provisional wound matrix formed by the fibrin plug is rapidly degraded during 

fibroplasia and replaced with a fibronectin/collagen rich matrix containing many 

additional proteins including, GAGs, HA and other proteoglycans. Once tissue volume 

is restored and wound contraction mediated by myofibroblasts is complete, the wound 

matrix is remodelled, invariably leaving scar tissue rather than perfectly organised dermal 

architecture. Remodelling of the dermis involves death, degradation and cell clearance, 

balanced against cell proliferation, ECM production and neovascularization, and is 

occurring right from the earliest stages of wound repair. The first cells to apoptose are 

endothelial, and then myofibroblasts degenerate leaving a mostly acellular scar (Compton 

et al, 1989; Desmouliere et al, 1995). Fibronectin and HA are slowly removed. It is 

essential to constantly strengthen the former wound site tissues and this is achieved by 

collagen remodelling where collagenase mediated destruction of unwanted fibrils 

combines with bundles of collagen fibrils increasing in size and reorienting in response to 

stresses. Any macrophages remaining in the tissue as well as epidermal cells and 

fibroblasts, secrete collagenases including matrix metalloproteinases 1, 2 and 3 as well as 

tissue inhibitor of metalloproteinases (TIMP) to regulate the process of creating an open
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basket weave appearance of ECM fibres (Hasty et al, 1986). Proteoglycans are also 

deposited which increases wound resilience to deformation and some, including decorin, 

have been proposed to play an important role inhibiting mature wound fibroblasts from 

proliferating (Yamaguchi & Ruoslahti, 1988). The process of remodelling can take many 

months and it is estimated that at best it leaves scar tissue with only 70% of the strength 

of intact skin (Clark, 1996).

Growth factors initiate and co-ordinate re-epithelialisation, fibroplasia and 
angiogenesis
Sessile kératinocytes, fibroblasts and macrophages need to be activated to proliferate and 

migrate. In fact, all the activities of wound repair described above are initiated and co

ordinated by growth factors released at the local wound site largely by degranulating 

platelets and macrophages. In the following section I review the likely growth factors that 

trigger re-epithelialisation and control fibroplasia.

~ EOF and TGF-a found at the wound site are potent stimulators of 
epidermal proliferation
Epidermal Growth Factor (EOF) and the closely related family members Transforming 
Growth Factor alpha (TGF-a), and Heparin Binding Epidermal Growth Factor (HB- 

EGF), are released at the wound site and are almost certainly involved in stimulating re- 

epithelialisation. All three act through the EGF tyrosine kinase receptor (EGFR) which 

dimerises upon ligand binding, initiating autophosphorylation which then triggers a 
phosphorylation cascade of effector substrates such as phospholipase Gy and Ras 

GTPase (Carpenter and Cohen, 1990). EGFR is expressed most abundantly on epithelial 

cells and it is interesting to note that the small GTPase Rac, which stimulates 

lamellipodial extension and cell crawling in both epithelial cells and fibroblasts is 

activated by EGF (Ridley et al 1992; Ridley, 1995).

EGF is found from the earliest stages in wound repair, released by platelets where ever 

there are damaged blood vessels (Oka & Orth, 1983; Pesonen et al, 1989). T G F -a is 

released from damaged kératinocytes (Coffey et al, 1987; James et al, 1991) and activated 

macrophages (Rappolee et al, 1988). Both have similar effects directly stimulating 

keratinocyte migration and proliferation (Barrandon & Green, 1987). HB-EGF is 

expressed at high levels by activated macrophages, stimulating proliferation of 

kératinocytes, endothelial cells and fibroblasts (Higashiyama et al, 1991). Both EGF and 

TG F-a are also mitogenic for fibroblasts and endothelial cells, so clearly the EGF family 

regulate some aspects of fibroplasia as well as re-epithelialisation (Laato et al, 1986; 

Schreiber et al, 1986; Roesel & Nanney, 1995).
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~ topical application of EGF and TGF-a at the wound site speeds up 
keratinocyte migration
Several studies have demonstrated a clear role for both EGF and T G F-a in stimulating 

migration of kératinocytes. Application of EGF and T G F-a to excisional and bum 

wounds made to the back of pigs results in a dose dependent (from lOOng-10 pg/ml) 

increase in the rate of re-epithelialisation, with TG F-a being more potent at accelerating 

burn wounds (Brown et al, 1986; Shultz et al, 1987). EGF has been used in clinical trials 

to enhance repair in chronic wounds and in partial thickness dei*matome wounds (Brown 

et al, 1989; Brown et al, 1991; Falanga et al, 1992). An efficient means of delivering 

high, sustained levels of EGF via plasmids containing human EGF gene, which are then 

transfected into kératinocytes at the wound edge has also proven effective in enhancing 

skin healing (Andree et al, 1994).

~ FGFs regulate re-epithelialisation and angiogenesis
O f the many members of the Fibroblast Growth Factor (FGF) family, two, FGF2 (or 

basic FGF; bFGF) and FGF7 (or Keratinocyte Growth Factor; KGF) are found 

upregulated in repairing tissues. FGFs bind heparin but with differing affinities and have 

potent affects on kératinocytes, fibroblasts and endothelial cells first identified as early as 

1974 (Gospodarowicz, 1974). As with EGF receptors, FGF receptors (FGFRs 1-4) are 

dimerising transmembrane tyrosine kinases binding FGFs with different affinities 

(Dionne et al, 1990; Partanen et al, 1991). For effective signalling, an additional low 

affinity binding between FGF and heparan sulphate proteoglycan (HSPG) on the surface 

of the responsive cell is required (Yayon et al, 1991).

KGF (FGF7) is synthesised in vivo in very large quantities (upregulated 160 fold) by 

wounded dermal fibroblasts within 1 day of injury (Werner et ai, 1992). Its affect is 

paracrine acting on kératinocytes via a constitutively expressed spliced variant of FGFR2 

inducing both keratinocyte proliferation and migration early in the wound healing 

response (Finch et al, 1989). When a dominant negative form of the FGFR2 is expressed 

in transgenic mice targeted at the basal keratinocyte layer, the cells are made unresponsive 

to KGF and fail to proliferate and migrate, resulting in hugely delayed re-epithelialisation 

(Werner et al, 1994). As with TG F-a and EGF, topical application of KGF also 

enhances re-epithelialisation of comeal wounds in vivo, by doubling the rate of 

proliferation at the wound margin (Sotozono et al, 1995). However, KGF does not 

appear to be mitogenic for fibroblasts or endothelial cells. As a further aid in re- 

epithelialisation, KGF also stimulates secretion of plasminogen activator by migrating 

kératinocytes, thereby enabling cells to cut through the provisional wound matrix debris 

speeding up their migration (Tsuboi et al, 1993). The upregulation in KGF is in part
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stimulated by components of serum and also by inflammatory cytokines such as IL-1 

released from neutrophils and macrophages (Brauchle et al, 1994).

Endothelial cells synthesise but can not secrete FGF2 (18-25KD) since it lacks an 

appropriate secretory signal peptide. Instead, it is released into the wound site upon cell 

damage, when it is deposited in the sub-endothelial ECM bound to the basement 

membrane via heparin-like glycosaminoglycans (Muthukrishnan et al, 1991). Active 

FGF2 is released by heparanase activity from degranulating platelets and activated 

neutrophils. The most potent effect of FGF2 is angiogenic directing endothelial cell 

migration and inducing endothelial cell proliferation both in vitro and in vivo (Folkman & 

Klagsburn, 1987; Bjornsson et al, 1991). A later supply of FGF2 is delivered by the 

invading macrophages ensuring a sustained stimulus for angiogenesis throughout the 

repair period (Rappolee et al, 1988).

~ PDGF is a major co-ordinator of fibroplasia
PDGF is found at the wound site from the earliest stages until repair is complete. It is a 

glycoprotein composed of two disulphide linked polypeptide chains (A and B) that can be 

combined as AA (found predominantly in fibroblasts), BB (expressed in macrophages) 

and AB (secreted as the major isoform from platelets) (Ross et al, 1986; Hammacher et 

al, 1988; Shimokado et al, 1985; Antoniades et al, 1991). Platelets provide the initial 

release of PDGF when they degranulate and there is also transient PDGF secretion from 

local macrophages activated by signals from the initial degranulation event. The first 

phase of macrophage influx peaks about 6 hours after wounding. These early sources of 

PDGF are received by resident fibroblasts within and around the wound. Alone, it can 

regulate fibroplasia, stimulating fibroblast proliferation (Ross, 1990), facilitating their 

migration by being a chemoattractant to fibroblasts (Seppa et al, 1982), and finally by 

stimulating fibroblasts to secrete ECM products including glycosaminoglycans (GAGS), 

hyaluronic acid (HA), fibronectin and collagenases (Heldin et al, 1989; Bauer et al,

1985; Blatti et al, 1988). PDGF also autoregulates its own gene expression and induces 

TGF-p transcription and protein secretion by fibroblasts thereby maintaining expression 

of this growth factor at the wound site (Paulsson et al, 1987). During the first 4 days in 

vivo, PDGF induces pi integrin expression, which once upregulated, allows fibroblasts 

to rapidly respond to PDGF as a chemoattractant and infiltrate the granulation tissue 

(Kirchberg et al, 1995).

This huge variety in the effects of PDGF on wound fibroblasts is largely accounted for 

by the different isoforms of PDGF which are secreted, and also by variations in PDGF 

receptor expression. PDGF acts on fibroblasts and vascular endothelial cells through 
PDGF tyrosine kinase receptors of a  and P subtypes which differentially bind PDGF
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isoforms, dimerising upon ligand binding, inducing autophosphorylation of the receptors 

and triggering a phosphorylation cascade within the cell, activating products including 

PI3 kinase and Ras (Heldin et al, 1988; 1991; Hu et al, 1992). It is now clear that the two 

PDGF receptors exert differential effects on cells: Heldin's group have shown that a a  

receptor dimers inhibit a chemotactic response by a cell to PDGF, but the (3|3 receptor 

dimers will stimulate a chemotactic response (Nister et al, 1988). Often a cell's response 

to PDGF is modulated by the ECM a cell is bound to and thus which integrin types are 

occupied, or synergistically by other growth factors. Studies by Lynch et al. (1987;

1989) adding exogenous growth factors to excisional wounds in the pig demonstrated 

that IGF-1 acts synergistically with PDGF to enhance granulation tissue formation.

Following the second wave of macrophage infiltration into the wound at about 7 days 

after wounding, the new PDGF released is likely to play a role in stimulating 

myofibroblast differentiation (Shaw et al, 1990). PDGF is a likely candidate for 

regulating at least part of this switch, since it induces collagen (a iP i)  and fibronectin 

( a 5 pi) integrin receptor expression on fibroblasts and it can stimulate cultured normal 

human dermal fibroblasts to contract a collagen gel (Clark et al, 1989).

-  VEGF is a potent angiogenic factor at the wound site
VEGF (Vascular Endothelial Growth Factor) is related to PDGF, but it acts through its 

own tyrosine kinase receptors called flt-1 and flk-1 found selectively on endothelial cells 

(Peters et al, 1993; Quinn et al, 1993). The receptor levels upregulate at sites of tissue 

and blood vessel damage and VEGF itself is secreted by hyper-proliferating kératinocytes 

and activated macrophages at the wound site (Berse et al, 1992). Curiously, in genetically 

manipulated diabetic mice which characteristically exhibit poor wound repair, 

macrophages and kératinocytes fail to express VEGF despite the presence of normal 

potent wound site growth factor stimulators of VEGF secretion (Frank et al, 1995).

~ TGF-p enhances re-epithelialisation
TGF-p has three mammalian isoforms p l ,p 2  and p3, secreted in latent forni as 

homodimers. Latent TGFpl is activated by thrombin, plasmin or extreme pH (Lyons et 

al, 1988; Wakefield et al, 1988). Immediate release of latent TGF-p from platelets upon 

wounding is probably activated by plasmin - a serum derived enzyme itself activated at 

the wound site by tissue plasminogen activator (tPA) and urokinase plasminogen 

activator (uPA) derived from local kératinocytes, macrophages and blood (Mayer, 1990). 

TGF-P acts on cells through transmembrane serine/threonine kinase receptors - type I and 

type II which phosphorylate each other and signal downstream, and the type III receptor 

betaglycan which presents ligand to the signalling type II receptor (Ebner et al, 1993a; 

1993b; Lopez-Casillas et al, 1994).
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Migrating kératinocytes synthesise and secrete TG F-pi (Kane et al, 1991), which 

subsequently regulates re-epithelialisation in two ways. Firstly, studies applying TGF-p 

to explants of pig skin have demonstrated that it enhances the rate of epidermal outgrowth 

by acting as a motogen, promoting epithelial migration (Hebda, 1988). Secondly, TGF-p 

induces new FN recognising integrins on epithelial cells facilitating migration (Heino et 

al, 1989).

~ TGF-p co-ordinates tissue repair
Platelet degranulation provides an initial large release of TGF-p] into the wound site 

(Assoian & Spom, 1986). Like PDGF, it is a potent chemotactic factor for both 

fibroblasts (Postlethwaite et al, 1987) and macrophages (Wahl et al, 1987) recruiting 

inflammatory cells to the wound site. Further TGF-P is released into the wound site both 

from activated macrophages and PDGF stimulated fibroblasts. TGF-p when tested in 

culture can stimulate or inhibit proliferation in fibroblasts, epithelial cells and endothelial 

cells, but in a wound situation it is more likely that its major role is not as a mitogen, but 

as a chemotactic signal in the first phase and as an inducer of extracellular matrix 

production and myofibroblast differentiation in the second phase (Roberts et al, 1985; 
Coffey et al, 1988; Desmouliere et al, 1993). TGF-P stimulates ECM production 

inducing transcription of type I procollagen (Keski-Oja et al, 1988), fibronectin, (Roberts 

et al, 1988) tenascin (Pearson et al, 1988) and GAGs which are all essential replacements 

for lost tissue (Bassois & Massague, 1988; Ignotz et al, 1987). It may also play a role 

inducing vitronectin receptors required for migration into granulation tissue (Ignotz et al, 
1989). In the later stages of wound repair, TGF-P triggers both fibroblast contraction and 

differentiation of a sub-population of fibroblasts to myofibroblasts (Montesano & Orci, 

1988; Desmouliere et al, 1993)

Exogenous addition of TGF-p] to healing incisional rat wounds, greatly enhances 

granulation tissue formation and increases tensile strength of the wounds (Mustoe et al, 

1987; Quaglino et al, 1991). However, the large amounts of TGF-p normally released at 

adult wound sites are implicated in the induction of over-fibrosis of wounds causing 
hypertrophic scarring in skin wounds. In foetal wounds, where TGF-p] expression is 

low and transient, exogenous addition of TGF-p induces fibrosis in the dermis which 

would never normally be seen (Krummel et al, 1988; Lin et al, 1995). In fact injecting 

neutralising antibodies to TGF-p isoforms 1 and 2 into the site of a healing adult rat 

wound subsequently reduces the level of fibrosis in the dermis (Shah et al, 1992; 1994).

Restitution of the granulation tissue requires a careful balance between production of new 

matrix and chewing up unwanted fibrinogen, vitronectin and collagen matrix. Early in the
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wound healing response this is directed to facilitate cell migration, but subsequently 

tissue remodelling predominates to regenerate a normal dermal architecture. To regulate 
this, TGF-P and PDGF act antagonistically to control expression of collagenases at the 

wound site; TGF-p induces tissue inhibitor of metalloproteinase (TIMP) (Edwards et al, 

1987) and plasminogen activator inhibitor (Keski-Oja et al, 1988), which balances PDGF 

induction of collagenases thereby preventing excess break up of collagens in the 

granulation tissue.

Another member of the TGF-p superfamily, activin, - composed of pA and PB subunits, 

have been identified at the wound site. Activin PA heterodimers are upregulated in the 

dermal granulation tissue below the migrating epithelial tongue of adult wounds within 15 
hours of wounding, and pB heterodimers are upregulated more modestly in 

hyperproliferative migrating kératinocytes (Hubner et al, 1996). The role of these activin 

signals at the wound site is as yet is unknown, but since activin receptors are found 

constitutively in dermal and epidermal cells, they are likely to be key players.
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The M echanism s U nderlying E m bryonic And Foetal T issue  
R epair

Embryos heal wounds rapidly, efficiently and perfectly. Studying the cell and molecular 

biology underlying these repair mechanisms may reveal how embryonic epithelial and 

mesenchymal tissues bend and fold during normal morphogenesis, and may also suggest 

why adult healing is less perfect resulting in scarring.

-  a brief history of wound healing studies in the embryo
In 1959, Weiss and Matoltsy published one of the first studies on wound healing in chick 

embryos looking at repair both in vivo and in vitro. Their observations are curious in that 

they reported failure to heal of lesions made in the skin and cornea of early stage chick 

embryos until a critical transition stage of 10 days gestation. Since that time there have 

been numerous studies reporting that even relatively large wounds made to the chick 

embryo flank or limb heal rapidly and perfectly (Thevenet, 1981, 1983; Martin & Lewis, 

1992a).

Rapid and perfect wound healing in Xenopus embryos has helped to make Xenopus a 

favourite for cut and paste manipulation experiments by developmental biologists (Smith 

& Slack, 1983; Sullivan et al, 1984; Jacobson, 1984; Cooke, 1989). The most striking 

observation from early Xenopus wounding experiments was the apparent lack of 

lamellipodia visibly extending from epithelial cells at the repairing wound margin 

(Stanisstreet et al, 1980). This is very different from the adult mechanism of re- 

epithelialisation, as discussed earlier, whereby kératinocytes at the wound margin are 

seen by TEM to be extending lamellipodia and crawling to repair wounds. The apparent 

lack of cell crawling was not restricted to Xenopus embryos, but also described in ElO 

rat embryos wounded at the neural fold stage (Smedley & Stanisstreet, 1984), and in 

chick embryos wounded at 5 and 7 days of gestation (Thevenet, 1981 ; 1983). Invariably 

the wound margin was described as relatively smooth as seen by SEM (Stanisstreet et al, 

1980), and light microscopy of transverse wound margin epithelial sections revealed a 

rounded epithelial wound edge (Thevenet, 1981) in contrast to the tapering edge of 

crawling adult epithelial wound fronts.

Early experiments making small wounds io Xenopus embryos described significant "cell 

shape changes" which were speculated to be the driving force for epithelial repair 

(Stanisstreet, 1982). Similar cell shape changes at the wound margin were also identified 

in repairing wounds made to rat embryos, and to chick embryos at primitive streak stages 

(Stanisstreet et al, 1980; Smedley & Stanisstreet, 1984). Stanisstreet and Jumah (1982)
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attempted to assess the importance of the cell shape changes in the repair process and 

suggested that if the cells were stretched tangential to the wound, as occurs immediately 

following wounding, then they would be unable to heal. However, subsequently, wound 

margin epithelial cells become radially elongated which allowed them to participate in 

healing. This tangential stretching is a result of the initial gaping of the epithelium when 

wounded, which reveals that the intact embryonic epithelium is nomially under tension.

A similar gaping open of incisional wounds is observed in all embryonic species at stages 

so far studied including rat embryos, Xenopus neurulae and chick primitive streak 

embryo wounds (Stanisstreet & Panayi, 1980; Stanisstreet et al, 1980; Smedley & 

Stanisstreet, 1984).

The driving force underlying changes in epithelial cell shape from stretched tangential to 

radially elongated, were thought to mediate re-epithelialisation and were presumed to be 

actin microfilament based (Stanisstreet & Jumah, 1982). The cell shape changes and 

subsequent wound repair were both blocked when embryos were cultured in saline 

containing cytochalasin B, a drug which prevents actin polymerisation (Stanisstreet & 

Panayi, 1980). However, when rat embryos were treated similarly with cytochalasin B, 

Smedley and Stanisstreet (1984) found that embryos dissociated before any affect on the 

healing of incisional wounds was noticed. This observation suggested that possibly 

different mechanisms of wound repair might be operating in mammalian and amphibian 

embryos. Similarly, the discovery that repair of wounds in Xenopus embryos was 

blocked in the presence of calcium chelators could not be repeated in rat embryos since 

the cells dissociated before any impaired healing was observed in calcium free medium 

(Stanisstreet & Jumah, 1982; Smedley & Stanisstreet, 1984; Stanisstreet et al, 1986).

In the early 1980s, it was believed that cell proliferation might also be an important 

effector of embryonic epithelial repair, perhaps providing the "pushing power" behind the 

•cell shape changes observed at repairing wound margins (Stanisstreet et al, 1980). Indeed 

these authors reported a burst of mitosis visualised as 'mitotic mid-bodies' with SEM, 

just 30 minutes after wounding a neural fold stage chick embryo (Stanisstreet et al,

1980). Similarly, Thevenet (1981, 1983) reported a significant upregulation in the rate of 

epithelial proliferation at the margin of excisional wounds made to the back of both E5 

and E7 chick embryos.

An important step in understanding the mechanism of re-epithelialisation in embryos 

came in 1988, with a study on wound repair in transected Xenopus neurulae. Rajnicek et 

al (1988) described wounds which were as large as half the embryo, and were able to 

heal completely within 7 hours by means of a rapid "purse-string-like" contraction of the 

epithelium; this movement began within 5 minutes of wounding. A similar study in chick
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embryos described the repair of half amputations of the E4 chick limb bud (Wilson et al,

1989). These authors describe their SEM observations which apparently show peridermal 

cells of the bilayered ectoderm initiating regrowth and perfect repair of these wounds 

within 24 hours. Interestingly, Thevenet (1983) also interprets her data as showing that 

healing of E7 back skin wounds is accomplished by migration of the upper periderm 

layer of the bilayered epithelium ahead of the lower basal cells.

~ embryonic re-epithelialisation is driven by contraction of an actin cable 
in the basal layer of wound margin cells
The early aim of our lab was to discover the mechanism underlying the sweeping 

epithelial movement described in chick Z-ndXenopus wound healing. Preliminary studies 

making square excisional wounds (500 pm x 500 pm) using a tungsten needle to the 

wing bud of chick embryos at stage 23 (Hamburger & Hamilton, 1951) healed 

completely and perfectly within 18- 24 hrs, often without sign of the original wound site 

(Martin & Lewis, 1992a). At this stage of chick development, the skin consists of deimis 

containing undifferentiated mesenchyme and an epidermis consisting of an epithelial 

bilayer of upper squamous periderm and lower basal cuboidal layer of cells. Martin and 

Lewis (1992a) described the initial gape of the epithelium upon wounding, indicating a 

rapid release of epithelial sheet tension. Within an hour of wounding, the epithelial 

margin became rounded, and subsequently the wound decreased in size as the epithelium 

resealed over a period of 24 hrs. TEM and resin histology revealed a blunt, rounded end 

to the moving epithelium at the wound front with no evidence of lamellipodia or filopodia 

at the leading edge.

Visualisation of filamentous actin distribution with fluorescently tagged phalloidin 

revealed a thick cable of filamentous actin in the basal layer of the wound margin cells. 

The cable formed a ring in the epithelium around the periphery of the wound and it was 

proposed that contraction of this actin ring might draw the epithelium across the wound 

mesenchyme. The periderm layer shows no evidence of an actin cable and appears to ride 

passively on top of the motile basal layer. The same actin purse-string machinery is seen 

in mouse embryos wounded by amputation of the hindlimb bud. Once wounded, mouse 

embryos can be cultured in roller bottles where they remain healthy, well beyond the 24 

hours taken to heal the wound (McCluskey et al, 1993; McCluskey & Martin, 1995; 

McCluskey, 1995). Amphibians too utilise the same contractile machinery displaying an 

actin purse-string in the basal epithelial layer when wounded by stabbing with a tungsten 

needle (P. Martin, unpublished observation).

Adult kératinocytes fail to migrate if FN (3) integrin function is blocked by adding short, 

soluble peptides coding for the RODS fibronectin sequence. When such peptides are
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added to culture medium bathing E l l .5 mouse embryo wounds, re-epithelialisation is not 

impaired suggesting that there is no attachment of the epithelial wound edge to ECM 

fibronectin (ttspi) or vitronectin (ttvpi) two of the most important ECM products used 

by fibroblasts and epithelial cells to migrate into adult wound sites (Martin & Lewis, 

1992b). This suggests that embryonic epithelial wound margin cells do not attach to the 

ECM to migrate.

~ basal lamina is maintained beneath the repairing epithelial wound edge
In studies of healing wounds in E l 1.5 mouse embryos, transmission electron 

microscopy (TEM) reveals that the basal lamina initially retracts a few microns from the 

cut edge immediately after wounding, but remains tightly adherent to the front row cells. 

Movement of the epithelium carries the basal lamina with it directly over the 

mesenchyme, apparently without contact between epithelium and mesenchyme 

(McCluskey et al, 1993). This relationship between epithelium and basal lamina is quite 

different from that found during adult wound re-epithelialisation, where kératinocytes 

migrate across a provisional wound matrix leaving the cut edge of the basal lamina behind 

them. This confirms data from Thevenet's 1983 studies making 750 pm diameter flank 

wounds to E7 chick embryos. She described the basal lamina as being maintained at the 

edges of the wound without retraction or ruffling, with the lamina being reconstituted 

concomitantly with epidermal migration within 72 hours. When the basal lamina is not 

disturbed during wounding, the mechanism of repair appears very different from purse- 

string driven healing. Radice (1980) showed that tadpole basal epithelial cells can rapidly 

extend lamellipodia, within seconds of wounding and crawl across intact basal lamina to 

reseal a damaged epithelium. This rapid lamellae extension in contrast to adult wound 

kératinocytes is likely to be possible because there is no need to switch from basal lamina 

specific (i.e. laminin or type IV collagen) to FN or collagen I or III specific integrin 

mediated attachments.

~ epithelial cell proliferation is not the driving force for re-epithelialisation
High levels of proliferation in both epithelium and mesenchyme predominate throughout 

embryonic development. This will contribute to the rapid wound healing response and 

several studies already described have reported upregulation of epithelial and 

mesenchyme proliferation at the wound site (Stanisstreet et al, 1980; Thevenet, 1984). At 

the margin of embryonic mouse wounds, BrDU studies suggest an upregulation of cell 

proliferation peaking at about 3-6 hours after wounding (McCluskey, 1995), and since 

movement of the wound epithelium begins within 30 minutes of wounding (McCluskey 

& Martin, 1995), it seems likely that epithelial proliferation of cells is not the initial 

driving force for movement of the epithelium. In fact Ihara and Motobayashi (1992) have
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demonstrated that small wounds made to organ cultured rat embryo skin can repair 

perfectly well, even in the presence of a hydroxyurea mediated block of cell proliferation. 

Clearly though, proliferation is important in the re-epithelialisation of large wounds 

where there is significant lost tissue to replace.

~ there is no inflammatory response initiated at an embryonic wound site
Injury to an embryo causes bleeding from damaged blood vessels. However, the blood at 

this stage in development is very different from adult blood. Megakaryocytes, the 

progenitors of platelets do not differentiate in the liver until mid-gestation in mouse 

embryogenesis (Rugh & Somogyi, 1968; Rugh, 1990), and so platelets are absent at a 

wound site in limb bud stage embryos. Without a coagulation cascade initiated to plug up 

the damaged vessels and provide a provisional fibrin clot in the wound site, bleeding is 

instead halted by blood vessel constriction (P. Martin, unpublished observations).

~ macrophages are not recruited to embryonic wounds
Macrophages are first found within the embryonic haematopoietic organs, the yolk sac 

and spleen of the mouse embryo at about E9.5 and then a short time after are found in the 

surrounding loose connective tissues (Morris et al, 1991). At limb bud stages, even 

though there are numerous macrophages within the embryonic mesenchyme, none appear 

to be recruited to a wound site (Hopkinson-Woolley et al, 1994). However, from E l4.5 

onwards, macrophages begin to infiltrate wound sites in large numbers. This early period 

of apparent blindness to wound sites by macrophages between ElO and E l 3.5 is not due 

to their immaturity, since small bum lesions made to an E l 1.5 mouse embiyo hind limb, 

which cause extensive cell death, do result in recruitment of macrophages to the damaged 

area (Hopkinson-Woolley et al, 1994). This suggests that at embryonic excisional wound 

sites there is simply insufficient chemotactic cue to draw macrophages in.

Studies from Adzick et al (1985) have shown that even at much later foetal stages, there 

is a more rapid infiltration of macrophages into the wound connective tissue than in the 

adult situation. However, studies in our lab show that the total numbers of macrophages 

soon decreases, and that in comparison to adult wounds the number of macrophages 

remaining at a wound site two or more days after wound closure is much less than 

numbers found in a comparative adult wound (Mallucci, 1996).

~ wounding embryonic epitbelium triggers transient immediate early gene 
expression
At the embryonic wound site there is no platelet-derived, flood-like release of growth 

factors and cytokines; neither are there macrophages recruited to the wound. The question 

arises, exactly how, in the absence of these two key cellular sources known to mediate
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repair in adult wounds, does the embryonic wound initiate re-epithelialisation and 

regulate tissue repair? One possible alternative supply of growth factors for initiating and 

regulating wound repair are the growth factors and cytokines found in amniotic fluid. Our 

investigations suggest that, at least for mouse, amniotic fluid growth factors seem not to 

be essential for complete repair of hind limb amputation wounds since we find perfect 

and rapid healing in embryos initially wounded in culture saline and subsequently 

cultured in roller bottles in serum-free medium containing no additional growth factors 

(McCluskey, 1995).

The idea of communicating an instructive signal which must initiate movements of wound 

closure in embryos was proposed at least as early as 1955, when Lash suggested that an 

unknown signal was propagated from the edge of the wound into the adjacent epidermis 

and this signal initiated cell movements in the early phase of healing in urodeles (Lash, 

1955). Our lab has recently begun to identify these elusive and long predicted signals.

By making an excisional lesion to E l2.5 rat embryo hind limb, Martin and Nobes (1992) 

showed that epidermal cells at the wound margin transiently express the nuclear 

transcription factor c-fos. C-fos protein is observed in the front row cells and up to 4 cell 

rows back from the wound margin as early as 15 minutes after wounding. C-fos 

expression peaks at 1 hour, but subsequently drops and is then undetectable by 4 hours 

following wounding. There is faint expression in the exposed wound mesenchyme 

mirroring the time course of epithelial expression. The same temporal and spatial pattern 

of c-fos expression is also seen in our mouse embryo hind-limb amputation wound 

healing model (McCluskey & Martin, 1995)

C-fos is a transcription factor which binds co-operatively with c-Jun to regulatory 

elements in the genome containing activator protein-1 (AP-1) binding sites (Chiu et al,

■ 1988; Rauscher et al, 1988). A number of growth factors including TGF-(3i and p 2 have 

AP-1 binding sites in their regulatory elements and are known to be activated by c-fos/c- 

jun transcription factors. C-fos induction may therefore initiate growth factor expression 

and synthesis in cells at the embryonic wound edge, in the absence of the noiTnal 

inflammatory signals associated with adult healing. Possibly, other immediate-early 

genes will be either upregulated or down-regulated in the wounded epithelium and these 

may be responsible for regulating cell proliferation, co-ordinated movement of the 

epithelium, and also influence events in the underlying dermis. Currently a subtractive 

hybridisation screen for such genes that are either switched on or off in wound margin 

cells, is progressing in our lab.
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Gap junction mediated signalling between cells is implicated as a means to synchronise 

the migration of both epithelial and fibroblast cells at an adult wound site (Larson et al,

1990). Gabbiani et al (1978) documented an upregulation of gap junctions in the 

epidermis at the migrating epidermal wound margin and in newly differentiated 

myofibroblasts contracting the granulation tissue. Rather confusingly, Goliger and Paul 

(1995) report a decrease in lucifer-yellow dye transfer between adult wound margin 

epithelial cells suggesting that functional coupling via gap junctions between cells is 

reduced in migrating epithelial cells. In embryonic tissue repair, gap junctions are a likely 

means whereby a damage signal might pass back from the front row of cells to their 

neighbours up to 3 or 4 rows back and lead to upregulation of c-fos. Studies in tissue 

culture wound models suggest that the "damage" signal may be initiated by an influx of 

extracellular calcium into front row cells at the time of wounding (Errington and Martin, 

manuscript in preparation).

~ the growth factor profile at an embryonic wound is different from that at 
an adult wound site
As described earlier, transforming growth factor-p is one of the major growth factors 

mediating adult tissue repair; it is delivered to the wound site by degranulating platelets 

and invading macrophages. Even in the absence of platelets and macrophages, 
immunostaining of embryonic wounds reveals TGF-p] protein in the wound 

mesenchyme within 1-3 hours following wounding in the epithelium of limb bud stage 

mouse embryos (Martin et al, 1993). Such wounds take 24 hours to repair and yet there 

is a rapid clearance from the wound site with levels returning back to basal by 18 hours. 

The rapid appearance of TGF-p] protein within 1 hour of wounding in the epithelium 

suggests the initial TGF-P found at the wound site is rapidly translated and released from 

message already stored in rough endoplasmic reticulum in the epithelial cells.

Presumably, this is then reinforced by induction of the TGF-p] gene and de novo 

message synthesis.

Rapid expression of TGF-p] in the embryo ensures a rapid response to injury, and as in 

the adult, will signal the migration/contraction of fibroblasts, leading to contraction of the 

wound mesenchyme and it may also have some motogenic affect on the epithelium. 

Equally its rapid removal from the wound site prior to completion of wound healing 
seems significant. In adult tissue, persistence of TGF-p] at the wound site is postulated 

to lead to excess and poorly oriented deposition of ECM products and resultant scar 

formation (Shah et al, 1992; 1994). Perhaps the transietnt nature of the TGF-p presence at 

the embryonic wound site might explain why they do not over-contract or scar.
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~ mesenchymal ceils contract the ECM without differentiating into 
myofibroblasts
Just as granulation tissue contraction plays a major role in healing of the adult wound, 

embryonic wound healing is also dependent on a significant contraction of wound 

mesenchyme. Using the lipophilic dye, Dil, to mark the boundary of the exposed 

mesenchyme at the epithelial margin of a freshly made wound, McCluskey and Maitin 

(1995) showed that the wound mesenchyme shrinks by half during the 24 hr healing 

period in culture. By contrast with adult wound contraction, there is no evidence of 

mouse embryo fibroblasts transdifferentiating into specialist contractile myofibroblasts 
since at no point during the healing process do they express the a-iso fo rm  of smooth 

muscle actin characteristic of the myofibroblast phenotype seen at adult wounds 

(McCluskey and Martin, 1995). Perhaps, as with the purse-string machinery that drives 

embryonic re-epithelialisation, embryonic fibroblasts are able to contribute to wound 

healing processes simply by utilising cytoskeletal machinery already in situ for noiTnal 

developmental processes occurring at the time of our wound healing studies.

It has been speculated that the TGF-pi protein observed at embryonic wound sites might 

signal contraction of the embryonic wound connective tissue (Martin et al, 1993) since 
TGF-P enhances contraction of wound fibroblasts embedded in a collagen gel 

(Montesano & Orci, 1988). In support of this, preliminary studies from our lab show that 
wounding a transgenic mouse embryo null for the TGF-P % gene (Shull et al, 1992) leads 

to a deficiency in mesenchymal contraction (McCluskey, 1995).

~ angiogenesis is rapidly stimulated in the embryonic wound
Initial bleeding from damaged blood vessels following wounding ceases within minutes 

by local contraction of damaged vessels rather than coagulation of blood. Wilson et al 

(1989) have shown that vascular supply to a damaged area is quickly re-established since 

within six hours of removing half of the wing bud of an E4 chick embryo, collateral 

vessels sprout from the tmncated primary subclavian artery and migrate into the damaged 

area. As with adult wounds, low oxygen tension is likely to be partially responsible for 

stimulating endothelial cell proliferation and growth of new blood vessels (Pierce et al, 

1992), but little is known of angiogenic growth factors that might be released or 

expressed at the embryonic wound site.

~ differences in the mechanism of foetal skin repair favour scar free healing
Rapid and complete infiltration of wounded dermis by fibroblasts maximises the chances 

o f  normal dermis forming. In conjunction with a rapid fibroblast infiltration, components 

of  the extracellular matrix are also deposited more rapidly and indeed more orderly in the
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dermal wound matrix in the foetus when compared with equivalent adult wounds (Adzick 

et al, 1985). In wound repair studies on foetal, neonatal and adult rabbits, Adzick et al 

(1985) demonstrated that rapid, open basket weave type III collagen fibre deposition, 

was characteristic of foetal wounds repairing. Tenascin is a glycoprotein attributed with 

the ability to enhance re-epithelialisation and there is a rapid deposition in foetal wounds 

where it is deposited within 1 hr along with fibronectin around the basement membrane in 

mouse foetal lip tissue compared with 24 hr in comparative adult lip wounds (Whitby & 

Ferguson, 1991).

The amniotic fluid bathing the foetal wound contains high levels of hyaluronate (HA) and 

a HA stimulating activity (HASA) (Longaker et al, 1989), ensuring that at the foetal 

wound site, the ECM will always be rich in HA. By its hydophilic nature, HA maintains 

the ECM in a more open structure maximising the rapid migration of fibroblasts into the 

granulation tissue and permitting their proliferation. It also prevents cells from 

differentiating, thus maintaining cells in a proliferating state (Kujawa et al, 1986). This 

contrasts with the adult where HA is deposited only by the platelet plug, and is soon 

removed by hyaluronidase enzyme activity from macrophages.

Densely matted collagen is the hall mark of scarred dermis and all foetal wounds rapidly 

lay down a matrix very rich in collagen at the site of a wound. Yet it is clear that 

throughout approximately the first two thirds of gestation in all animals so far studied 

(foetal mice, rabbits, humans and sheep), the collagen deposits in the noiTnal pattern of 

foetal dermis i.e. open basket weave structure and no scar. This is partly attributable to 

the HA-rich ECM providing a permissive environment for the orderly deposition of 

collagen, however, presence or absence of HA cannot be the answer since amniotic fluid 

near term contains the highest levels of HA and HAS A and scarred dermis is prevalent 

then (Longaker et al, 1990a; 1990b; Scott & Hughes, 1986; Vogel & Trotter, 1987).

In the mouse foetus, we find dermal scarring at a wound site - a visible increased 

collagen deposition in wounds made to the mouse limb from gestational ages E l4.5 and 

onwards (Hopkinson-Woolley et al, 1994; Mallucci, 1996). This stage is associated with 

the first indication of a significant inflammatory response mediated by reciiiitment of 

macrophages to the wound site, and may be due to the appearance of platelets in the 

circulation since megakaryocytes which are the progenitors of platelets first differentiate 

in the liver at about E14 in the mouse embryo (Rugh, 1990). Indeed, degranulating 

platelets at a bleeding excisional wound may be the trigger providing enough 

inflammatory cues to attract macrophages to the wound at this developmental stage. 

Indeed, when inflammation is induced in E l 1.5 mouse limb wounds by adding an irritant 

called Zymosan, we find that instead of the usual perfect repair, macrophages are
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recruited and there is subsequently dermal scarring (Martin lab, unpublished 

observations).
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The C ytoskeletal Actin M icrofilam ent N etw ork And Its  
R egulation By Sm all GTP B inding Proteins

Cell migration is a key event in tissue repair both in adults and embryos. Re- 

epithelialisation is physically driven either by purse-string contraction of neighbouring 

cells on one another as described in embryos, or lamellipodial crawling across matrix 

substratum as seen in adult wound healing. On a cellular level, these movements are both 

mediated by the actin microfilament network of cytoskeletal proteins. Research into the 

molecular basis of movement took its first major step in the 1940s, with the discovery of 

the contractile protein actin in muscle tissues. Surprisingly, it took another twenty years 

to discover that non-muscle cells also use actin filaments as the basic mediator of 

movement. It is often the most abundant protein in a cell forming a cortical network of 

stress fibres and supporting membrane extensions called filopodia and lamellipodia 

(reviewed by Mitchison and Cramer, 1996). This requires tight control over the actin 

distribution, such that actin exists in cells either as monomers mostly complexed to other 

proteins, or polymerised into filaments. Free, uncomplexed monomers of actin are in a 

steady state flux with filaments of actin and this concentration of free actin monomers 

within a cell is called the critical concentration. This value is related to the affinity of the 

filament for monomer and can be altered by different types of actin binding proteins and 

divalent cations which are very important in regulating the 3D shape of the actin filament 

network and its change in response to stimuli (reviewed by Pollard, 1990).

To generate motile force in non-muscle cells, polymerised actin filaments require myosin 

proteins bound to the actin filaments to provide the motor-like energy which drives actin 

filaments over one another. To polymerise, actin monomers bind ATP in a 

magnesium/calcium dependent manner (Frieden & Patane, 1988). When an ATP- 

monomer binds magnesium it can trimerise, forming a nucléation site for addition of 

more monomers to then elongate into a filament, with both ends of a filament constantly 

losing or adding monomer subunits (reviewed by Pollard, 1990). Filament ends are 

described as barbed or pointed based on the polarity of myosin motor protein bound to 

the actin filaments, the barbed end having the higher affinity for actin monomers, so 

filaments tend to extend at their barbed ends and lose monomers at the pointed ends 

(Wegner, 1976).

~ actin monomer binding proteins regulate filament formation
There are four major families of monomer binding proteins some of which have 

interactions with filamentous actin also;
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n  Actin depolvmerising factors (ADF) bind monomers but have a direct cutting action 

on filaments which can either enhance or inhibit the rate of actin depolymerisation. ADFs 

are regulated by phosphorylation (Ohta et al, 1989) and work in Dictyostelium  suggests 

that ADFs such as d-cofilin may be key regulators of cell motility. Dictyostelium  cofilin 

cuts actin filaments in a normal cortical actin lattice work, and in the presence of actin 

bundling proteins, the cut actin filaments bundle at the same time as the cut barbed ends 

rapidly polymerise. Over-expressing d-cofilin produces a localised membrane ruffle 

which forms the basis of cell crawling (Aizawa et al, 1996).

2) Profilins bind monomers and alter the critical concentration to facilitate elongation of 

filaments. A profilin-monomeric actin complex binding to a barbed end filament of actin 

enhances elongation rates (although the profilin does not remain attached during 

elongation) (Pring et al, 1992).

3) p-thymosins are monomer buffers, binding and releasing ATP bound monomeric actin 

rapidly, essentially maintaining a pool of monomeric actin. Hence, when p-thymosin is 

injected into cultured cells, it induces a decrease in the quantity of filamentous actin 

(Sanders et al, 1992; Carlier et al, 1993).

4) Actobindin found first in Acanthamoeba inhibits the nucléation step of polymerisation 

preventing inappropriate nucléation in the cytoplasm, however, its role in mammalian 

cells is not yet established (Bubb et al, 1991).

-  actin fîlament assembly and disassembly is regulated by the gelsolin 
family of severing and capping proteins
The gelsolin family includes gelsolin itself, villin fragmin, capG, adseverin and severin 

and different members can exist in a single cell type. They all require calcium to bind to 

actin where they nucleate actin filament assembly from the pointed end and cap the barbed 

end of filaments. In vitro, all family members are inhibited from capping by 

polyphosphoinositides (Hartwig et al, 1995). The gelsolin "knockout" mouse survives 

development, but gelsolin null embryos have no detectable actin filament severing activity 

(Witke et al, 1995). Isolated cells have slightly unusual behaviour, e.g. fibroblasts spread 

slowly and develop excessively thick actin stress fibre bundles which are stable to 

cytochalasin B. Also, neutrophil migration is slightly impaired and platelets have 

increased filamentous actin and are slow to remodel their actin cytoskeleton when 

activated. These data all suggest that gelsolin is important in the rapid reorganisation of 

actin filaments.

~ actin filament binding proteins organise filament architecture
g-actinin is an actin cross linking protein found along the length of stress fibres in 

epithelial cells where it stabilises actin in parallel bundles. In vitro it also localises to actin 

filament anchorage sites at the plasma membrane called focal contacts, where evidence
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suggests that it binds both the cytoplasmic part of pi integrins linking actin directly to the 

focal contact and also to vinculin, a key regulatory protein in focal contact and adherens 

junction formation (Avnur et al, 1983). Adult kératinocytes and dennal fibroblasts 

infiltrate wounded tissue by extending lamellipodia containing many integrin specific 

focal contacts between ECM and actin filaments; hence a-actinin is almost certainly an 

important protein in locomotion.

Filamin is a large homodimer which cross links actin filaments orienting them at high 

branch angles creating the pattern of actin predominant in the leading lamellipodium of a 

motile cell. This structure excludes organelles from the lamella, but allows in small 

vesicles and soluble proteins (Niederman et al, 1983; Janmey et al, 1990; Heuser & 

Kirschner, 1980). Its importance in cell locomotion is clear since cells lacking filamin 

have unstable plasma membranes that bleb rather than form lamellae in response to 

normal motility inducing stimuli such as PDGF (Cunningham et al, 1992).

~ myosin motor proteins mediate contraction of actin filaments
Force generation through actin filament contraction requires myosin as a motor protein 

which can, whilst bound to actin, move relative to actin filaments and generate force in a 

Magnesium/ATP dependent manner. All myosins characteristically possess a conserved 

enzyme head domain (80KD) attached to a variable anchoring tail domain (reviewed in 

Hasson and Mooseker, 1995). Myosins are grouped according to whether they form 

monomers or dimers. The most important for cell locomotion are classes I and II; myosin 

I members are single headed, monomeric myosins whereas the myosin II members are 

two headed dimers which form filaments. Other classes III to VII for novel unusual 

myosins exist and these all vary in their motor domain (reviewed by Cheney et al, 1993).

The mvosin I familv associates with membranes

The myosin I family members usually have an actin binding site, a membrane binding site 

and the src homology domain found in many proteins associated with the membrane 

cytoskeleton (Pollard, 1990; Heintzelman et al, 1994). Relative movement is produced 

when the tail anchors to a membrane and the head bound to actin, hydrolyses ATP. The 

myosin I group is involved in phagocytosis and organelle movement, the myosins being 

associated with membranes, particularly at the leading edges of migrating cells in 

filopodia and early lamellae, the phagocytic cup and intracellular vesicles (Cheney et al, 

1993; Heintzelman et al, 1994). In vertebrates, the most common myosin I is Brush 

Border Myosin I (BBMI) found in the intestinal villus where it associates with 

phospholipid membranes fomiing cross links between the membrane and the actin 

filament core of the microvillus (Heintzelman et al, 1994).
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The mvosin II familv contracts stress fibres

Myosin II family members have a dimerising rod like a-helical tail, with which they 

assemble into bipolar anti-parallel filaments. There are many different forms of myosin 

n s  found in striated muscle, non-muscle and smooth muscle cells where they bind actin. 

Non muscle myosin II has 2 x 200KD heavy chains which fold into a globular head and 

long tail, the head having binding sites for ATP, actin and myosin light chains (reviewed 

in Hasson & Mooseker, 1995). Phosphorylation of the head domain regulates myosin 

filament formation. The myosin light chain consists of a Mg++ ATPase activity providing 

the power behind filament contraction (reviewed in Pollard, 1990). Dimérisation of the 

myosin tail anchors the myosin filament. The power stroke for actin contraction comes 

after the ATP bound myosin head is hydrolysed by the ATPase to ADP and the Pi is 

released. ADP dissociates and ATP binds again. A cycle of force generation and release 

in the cross bridges between the myosin and actin moves the actin filaments relative to 

each other shortening overall filament length (reviewed in Kamm & Stull, 1989).

-  intermediate filaments assemble into a branching network throughout 
cells
Intermediate filaments (IPs) form part of the cellular cytoskeleton distinct from the actin 

microfilament network. They are rope-like, made up of approximately 4.5 nm diameter 

protofibrils, which in turn are composed of anti parallel chains of IF dimer subunits 

(reviewed by Fuchs & Weber, 1994). There are five major types of IF, types I-IV 

localise to the cytoplasm but are tissue specific, and the remaining type V forms a 

network in the nucleus of all cells. The functions of cytoplasmic intermediate filaments 

have been very difficult to study in vitro, since, unlike microtubules, microfilaments or 

nuclear lamins, cytoplasmic IFs appear unnecessary for the normal functions of cells 

grown in tissue culture (Baribault & Oshima, 1991; Colucci et al, 1994; Foisner et al, 

1995). However, in vivo it is clear that IFs, particularly the epithelial keratins - composed 

of type I and II families have crucial roles to play in maintaining nonnal tissue integrity. 

For example, humans with Epidermolysis Bullosa Simplex (BBS) have mutations in the 

basal epidermal cell specific keratins. Keratin 5 or Keratin 14 (reviewed in Fuchs, 1994). 

Similarly, epidermolytic hyperkeratosis (EH) is a genetic disease causing lysis of supra- 

basal cells of the skin epithelium and sufferers have mutations in the supra-basal cell 

specific keratins, K1 or KIO (Anton-Lamprecht, 1983). Cytolysis is believed to result 

when cells are exposed to trauma, but are too weak to withstand the shearing forces 

(Fuchs, 1994). Clearly epithelial cells with a normal keratin network in vivo, can 

withstand these forces considerably better than deficient kératinocytes suggesting that 

keratins are providing some support for the epithelium in addition to that provided by the 

locomotory actin microfilament network.
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Keratin filaments anchor at the plasma membrane into two different types of adhesions, 

those which link two cells together via keratin filaments, called desmosomes, and those 

which bind basal epithelial cells tightly to the basal lamina called hemidesmosomes. Guo 

et al (1995) have demonstrated that cells containing deficient hemidesmosomes lacking 

their IF connection, can still proliferate, but fail to migrate and re-epithelialise a wound. 

They proposed that pre-migratory and migrating kératinocytes at the wound front need 

functional hemidesmosomes and an intact keratin network to repair a wound.

~ adherens junctions link cells either to each other or to substratum
The actin cytoskeleton forms two different adherens junction interactions with cell plasma 

membranes; cell-cell junctions and cell-matrix junctions. Cell-cell junctions include the 

zonulae adhérentes of epithelial cells which form a sub-apical ring beneath the tight 

junctions (Farquhar & Palade, 1963), spot-like punctae adhérentes found especially in the 

intestinal mucosa (Drenckhahn & Franz, 1986) and fasciae adhérentes of cardiac 

muscle intercalated discs (Volk & Geiger, 1984). The adherens type of cel 1-substratum 

contacts include the focal contacts or adhesion plaques found in cultured cells (Heath & 

Dunn, 1978), and the dense plaques of smooth muscle (Geiger et al, 1981). The 

adhesion molecules themselves and several associated plaque proteins in adherens 

junctions are different in the two different subclasses, but both have a complex plaque 

structure with some proteins in common, localised at the plasma membrane, into which 

dense actin filaments tightly bind (see diagram. Fig 1).

~ the adhesion molecules of adherens junctions are tissue specific and 
subclass specific
The adhesive protein in an actin cell-cell contact is the calcium dependent cadherin. The 

classical cadherin is a transmembrane protein which forms a homodimer via its 

extracellular region, with a cadherin in a closely apposed neighbouring cell tightly 

binding them together (Takeichi, 1988). The extra-cellular domain has four calcium 

binding parts to it and dimérisation and hence adhesion will not occur in the absence of 

calcium in the extracellular fluid (reviewed by Takeichi, 1990). There are several different 

families of cadherins including epithelial specific or E-cadherin (Boiler et al, 1985), P- 

cadherin in mice (equivalent to B-cadherin in chick) found in placental epithelium and 

epithelial carcinomas (Nose & Takeichi, 1986; Redies & Muller, 1994), and N-cadherin 

(or A-CAM) which is found in adherens junctions in cardiac muscle, lens and brain (Volk 

& Geiger, 1986).

By contrast, adhesion at cell-substratum contacts is dependent upon integrin receptors. 

Integrins are transmembrane glycoproteins consisting of an a-subunit (130-210KD) and 

a P-subunit (95-130KD), e.g. a^pi integrin first discovered by Tamkun and Hynes
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(Tamkun et al, 1986; Hynes, 1987) as the linker between fibronectin extracellularly and 

the intracellular actin cytoskeleton. There are five homologous but distinct transmembrane 

glycoprotein (3-subunits (pi^ p 2 , p3 , p4 , Ps) whose extracellular domains recognise 

different ligands. The Pi integrins bind to about 10 different a-integrins and usually bind 

the ECM proteins fibronectin, collagen and laminin via recognition of the amino-acid 

sequence RGDS in the ligand proteins (reviewed in Schwartz et al, 1995). Although most 
binding is through RGDS or RGES, binding is very selective according to the a-subunit 

expressed. Specificity varies, for example from being very selective such as the 

hemidesmosome integrins 0 6 p4  binding only to the RGDS sequence of laminin -5, to the 

very promiscuous ttvps heterodimer found on neutrophils and endothelial cells which can 

bind virtually all RGD sites in proteins including FN, VN, fibrinogen, laminin, tenascin 

and denatured collagen (Leavesley et al, 1992; Clark et al, 1996).

-  regulating plaque proteins cluster on the cytoplasmic side of adherens 
junctions
The cytoplasmic plaque proteins firstly provide a link between the cytoplasmic domains 

of adhesion proteins and the actin cytoskeleton, and secondly modulate the function and 

assembly of the junction. There are proteins common to cell-cell and cell-substratum 

junctions, and those found selectively at one or the other type of adherens junction. 

Vinculin, a-actinin, zyxin and the ERM (ezrin, radixin and moesin) family are common 

to both types along with the Src family of tyrosine kinases. The catenins, a ,  p and y, are 

exclusive to cell-cell junctions whereas talin, paxillin and Focal Adhesion Kinase (FAK) 

are found only in cell-substratum contacts (reviewed by Otey, 1996).

~ some plaque proteins are common to both adherens junctions and focal 
contacts
Vinculin (125KD) has a globular head domain which binds a-actinin, and a tail domain 

which directly binds to actin filaments (Johnson & Craig, 1995). The ERM group of 

three closely related proteins - ezrin, radixin and moesin, localise to adherens junctions 

and to cleavage furrows and ruffling membranes i.e. wherever there is a tight, dense 

association of actin to plasma membrane (Sato et al, 1992). Radixin appears to cap the 

barbed end of actin filaments at the adherens junction, but the function of the other 

proteins is not yet established, although they are all thought to localise either as 

monomers or dimers and be phosphorylated (Tsukita et al, 1989; Takeda et al, 1995, 

Bretscher et al, 1995). a-actinin (lOOKD) and vinculin are just two of the proteins found 

in a tyrosine phosphorylated state at junctions. The adherens junctions possess kinases of 

the Src family, all with a tyrosine kinase catalytic domain and SH2 domains which bind 

phosphorylated tyrosines, either in the src molecule itself or in other proteins such as c- 

yes, c-src and fyn kinases (Tsukita et al, 1991).
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~ some plaque proteins are found only at cell-substrate junctions
There is much more known about dynamics of focal contact assembly and regulation than 

is known about the cell-cell adherens junction function. The tyrosine kinase FAK 

localises via its focal adhesion targeting sequence (FAT) in the C-terminus, paxillin- 

binding region (Schaller et al, 1992; Hildebrand et al, 1993). FAK also binds talin (Chen 
et al, 1995); its N-terminus binds pi integrin tails (Schaller et al, 1995) and its central 

domain is a kinase with an auto-phosphorylation site (Schaller et al, 1994).

Talin, (220KD) binds FAK, vinculin and pi integrins in vitro, and also has a lipid 

binding domain, making it a strong candidate for modulating integrin activity in response 

to phospholipid second messengers (Rees et al, 1990, Gilmore et al, 1993). As yet, there 

is no evidence for it being tyrosine phosphorylated in any focal contact event. Tensin is 

rapidly phosphorylated upon contact formation and it has binding sites for actin and 

vinculin. Similarly, paxillin binds to vinculin (Turner et al, 1990; Turner and Miller,

1994) but also binds to focal adhesion kinase (FAK) and is phosphorylated when FAK 
autophosphorylates (Hildebrand et al, 1995). a-actinin forms a direct contact with pi 

integrins thus linking actin to the integrin (Schaller et al, 1995). Members of the src 

family protein kinases, such as pp60src which binds FAK directly, and Csk which 

inhibits pp60src activity are recruited to FAK activated contacts (Vuori et al, 1996). Once 

there, src-related kinases appear to be responsible for tyrosine phosphorylating contact 

proteins such as the recently identified pi30Cas (Harte et al, 1996).

~ some plaque proteins are found only at cell-cell junctions
In cell-cell junctions, cadherin closely associates with several cytoplasmic proteins 
including a-catenin, P-catenin y-catenin and p i20 (Jou et al, 1995; Shibamoto et al,

1995), which link cadherin to actin cytoskeleton. Of the linker proteins, p-catenin 

appears most interesting since it is related both to plakoglobin, a cytoplasmic protein of 

desmosome cell junctions and closely related to armadillo, a Drosophila patterning gene 

involved in establishing segment polarity in the cuticle via the wingless signalling 

pathway (Peifer et al, 1992). Phosphorylation of plaque proteins is a key method of 

regulating junction formation and relative strength (McNeill et al, 1993).

-  formation of a focal contact involves tyrosine phosphorylation, receptor 
occupancy and integrin clustering
In both subclasses of adherens junctions, tyrosine phosphorylation is strongly implicated 

in formation and modulation of the adhesion. In cell-substratum contacts, EC M  binding 

by a cell controls the initial formation of a focal contact, by relieving an inhibition 

mediated by the a-integrin within a heterodimer, on the p integrin tail. The p integrin tail 

contains a signal that will recmit the a p  heterodimer into a contact resulting in p integrin

50



clustering (Miyamoto et al, 1995). Integrin occupancy and clustering then trigger FAK 

autophosphorylation within a site recognised and bound by the phosphorylated tyrosine 

binding SH2 domain of pp60src and other related tyrosine kinases (Schaller et al, 1994). 

Thus, FAK autophosphorylation serves to recruit src-family tyrosine kinases to the focal 

contact leading to tyrosine phosphorylation of plaque proteins including paxillin and 

tensin (Schwartz et al, 1995). Whether the src kinases or the FAK kinase activity tyrosine 

phosphorylates all or some of the proteins at the contact is still unclear. However, the end 

result is that tyrosine phosphorylated tensin can then directly bind and anchor actin into 

the focal contact (reviewed in Schwartz et al, 1995).

~ how is a spot-like punctae adhérentes junction assembled and regulated?
Compared with focal contact assembly much less is known about how the cell-cell 

adherens junctions assemble and are regulated. Newly translated E-cadherin protein 

rapidly associates with P-catenin in the HR, before it is transported to the plasma 

membrane. Once at the membrane, concomitant with cadherin insertion in the membrane, 

a-catenin binds to the complex (Hinck et al, 1994). The new junction passes through a 

"weak" state for the first 10 minutes of its life when it is easily disrupted from the 

membrane, before it develops into a "strong", mature junction (McNeill et al, 1993). This 

maturation is associated with changes in the extent of tyrosine phosphorylation of plaque 

proteins.

Early experiments by Warren & Nelson (1987) demonstrated that v-src (a viral oncogene) 

tyrosine kinase transformed MDCK cells have disrupted adherens junctions which 

severely suppresses cadherin based adhesion resulting in cell-cell dissociation. Several of 

the plaque proteins are found tyrosine phosphorylated when cells are src transformed, 

notably p-catenin which when phosphorylated is associated with disruption of the 

adherens junctions (Behrens et al, 1993). Takeda et al (1995) have used temperature 

■ sensitive v-src transformed MDCK cells, which aggregate being either compact indicative 

of strong adhesion at the permissive temperature or loose, indicative of a weak cadherin 

based cell adhesion at the restrictive temperature. Their analysis of the change in 

phosphorylation levels of an adherens junction as they switch from weak to strong and 

vice-versa has revealed that formation of a strong, mature adherens junction from a weak 

junction is associated with decreased phosphorylation of plaque proteins. In fact, during 

a switch from a strong to weak state, tyrosine phosphorylation of ERM proteins occurs in 

addition to the established p-catenin phosphorylation (Takeda et al, 1995; Itoh et al,

1993y

The role of individual plaque proteins is not yet fully established, but p-catenin clearly 

has a key role in regulating the adherens junction. For example, the EGF receptor
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signalling influences adherens junction strength via its interaction with P-catenin, 

allowing EGF to directly modulate the actin microfilament network (Hoschuetzky et al,

1994). Likewise, a tumour suppressor gene product called APC, binds p-catenin and y- 

catenin, preventing catenin association with E-cadherin (Hulsken et al, 1994). Such a 

regulation of adherens junctions is proposed to exist in the gut endothelium to facilitate 

sloughing of unwanted cells (Hulsken et al, 1994). The key proteins implicated as 

mediators of these phosphorylation events are the adherens junction's own v-src related 

tyrosine kinases c-src and c-yes first identified by Tsukita et al (1991) and more recently 

identified tyrosine phosphatases called PTPmu and PTPkappa (Brady-Kalnay & Tonks, 

1995; Brady-Kalnay et al, 1995; Fuchs et al, 1996). PTPkappa is especially interesting 

since it binds p-catenin/armadillo (Fuchs et al, 1996).

~ adherens junctions transmit signals between the cell and its neighbouring 
environment
It is important to realise that the adherens junctions especially focal contacts are not just 

cell anchorage machinery, but they are also a key means of transmitting signals about the 

environment surrounding a cell. Cell-substrate contacts transduce extracellular stimuli 

into a huge number of different intracellular signals and ultimately into different cellular 

responses via integrin clustering and signalling through the plaque proteins. Signal 

transduction through a focal contact can have dramatic influences on a cell, commonly 

leading to elevation in intracellular pH and C a '^  levels, activation of protein kinases or 

changes in phospholipid metabolism, which often result in changes in gene expression 

(reviewed in Schwartz et al, 1995). For example, during tissue repair, attachment to 

fibronectin or collagen by a macrophage will activate it and induce transcription of 

inflammatory products including ILs lb  and 8 (Sporn et al, 1990). Often stimuli 

transmitted through integrin receptors are necessary to elicit a response from distinct 

ligand activated growth factor receptors on a cell. Such a synergistic receptor action is 

seen in fibroblasts which respond to PDGF by increasing intracellular calcium levels, but 

only if they have integrin attachments to the ECM (Tucker et al, 1990).
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F i g l

Cartoon diagrams of the simplified organisation of proteins at the 
cell-cell adherens junction and cell-matrix focal contact

cell-cell adherens junction

a - catenin

cadherin

 plasma membrane

-------------- p - catenin

vinculin

actin filaments

cell-matrix focal contact

ECM

integrin
plasma membrane 

vinculin

talin

actin filaments

(a) The cell-cell adherens junction is based around a dimerising transmembrane 
cadherin protein which links to the actin cytoskeleton via a plaque of regulatory 
and structural proteins, (b) The cell-matrix focal contact anchors the actin 
cytoskeleton to ECM products via transmembrane integrin receptors.



-  sm all ras-like G TP binding proteins regulate actin polym erisation  into  

filam ents and adherens junction  assem bly in both fibroblasts and epithelial 

cells

Exciting recent research has uncovered a rapidly growing group of intracellular guanine- 

nucleotide binding and hydrolysing proteins which act as "molecular switches" regulating 

a whole host of cell functions including organisation of the actin microfilament network. 

These small GTPases provide a crucial link between extracellular signals such as 

lysophosphatidic acid (LPA) and growth factors like PDGF, and the intracellular 

responses they activate to stimulate cell locomotion or adhesive cell anchorage to ECM. 

Put simply, in the context of adult tissue repair, small GTP binding proteins are likely to 

translate the growth factor signals produced by platelet degranulation and macrophage 

activity into responses such as keratinocyte migration across the wound bed to re- 

epithelialise wounds, and the actual infiltration of granulation tissue and its subsequent 

contraction by fibroblasts.

The first small GTP binding protein regulator of cell motility identified was the oncogene 

p21Ras and when it is microinjected into fibroblasts, they are transformed from quiescent 

to motile cells within 8-10 hours (Trahey et al, 1987). Quiescent cells in culture often 

display many stress fibres which are lost when cells become motile, and instead such 

cells display membrane ruffles and lamellipodia at their leading edge. Ras’s direct role in 

regulating cell motility was illustrated by Sosnowski et al (1993) who microinjected a 

dominant inhibitor of Ras, N 17Ras into endothelial cells at the margin of a tissue culture 

wound and found that cells could no longer move forward to fill in the gap. All Ras 

related proteins have an intrinsic GTPase activity enabling them to hydrolyse GTP to 

GDP and cycle between a GTP bound active state and a GDP bound inactive state. The 

GTPase activity can be stimulated by GTPase activating proteins (GAPs) and the rate of 

exchange of nucleotides can be altered by exchange promoting factors called GEFs 

(reviewed in Hall, 1994).

A large group of ras-related small GTP binding proteins is rapidly unfolding and 

currently there are five major subfamilies which are grouped according to amino acid 

sequence comparisons; Ras, Rho, Rab, Arf and Ran. Ras proteins have essential roles in 

many other receptor mediated signal transduction pathways controlling cell proliferation 

and differentiation in addition to actin organisation. Rab and Arf sub-families regulate 

intracellular vesicle trafficking and Ran proteins regulate import into the nucleus (Balch, 

1990 ;T ouchote ta l ,  1987; Goud, 1992; Bischoff & Ponstingl, 1991a; 1991b). The Rho 

subfamily of Ras-related proteins regulates signal transduction from receptors in the 

plasma membrane to a variety of cellular events related to cell shape, polarity, motility 

and cytoskeletal dynamics. In vertebrates, the Rho subfamily consists of the isoforms

54



RhoA, RhoB, and RhoC, also RhoG, R acl, Rac2, two Cdc42Hs proteins and TCIO 

(reviewed in Hall, 1994). Ras related proteins are not specific to mammalian cells and 

homologues with similar functions are found in yeast, Dictyostelium  and Drosophila. In 

Drosophila, to date known Rho family homologues include 6 Rho proteins called DRhoA 

(or D Rhol), DRhoB (or DRho2), DRhoL (A cdc42 homologue), DracA (or D R acl), 

DracB (or DRac2), and Dcdc42 (Luo et al, 1994; Hariharan et al, 1995; Harden et al, 

1995, Eaton et al, 1995; Murphy & Montell, 1996).

~ RhoA regulates actin stress fibre assembly in fibroblast cells and 
peripheral bundle formation in epithelial cells
Rho proteins were first discovered as regulators of motility through use of an exo

enzyme C3 transferase produced by the bacterium Clostridium botulinum. C3 transferase 

inactivates Rho proteins by ADP-ribosylating the amino acid asparagine at position 41 

(Aktories et al, 1989), which causes cells to lose their actin stress fibres and round up 

when injected with C3 (Chardin et al, 1989). When recombinant RhoA protein is 

microinjected into serum-starved Swiss 3T3 fibroblasts, they rapidly induce actin 

reorganisation into stress fibres, and similar effects are seen when injecting a 

constitutively activated mutant V(val)14RhoA, or plasmids expressing RhoA cDNAs 

(Paterson et al, 1990). Concomitant with accumulating stress fibres in response to 

constitutively active V14RhoA, there is also an increase in the focal adhesion anchors for 

the stress fibres (Ridley & Hall, 1992). These affects on fibroblasts are exactly those 

seen when serum starved fibroblasts have serum re-added, and Ridley and Hall (1992) 

discovered that the active factor in serum responsible for stimulating Rho mediated stress 

fibre formation in Swiss 3T3 fibroblasts was actually a phospholipid LPA, bound to 

serum albumin.

Rho regulated organisation of stress fibres is not just peculiar to Swiss 3T3s; Self et al 

(1993) demonstrated that RhoA also regulates stress fibre formation in epithelial cells by 

microinjecting a plasmid expressing RhoA cDNAs into MDCK cells; stress fibres and 

peripheral bundles were induced within 5 minutes. As with fibroblasts, C3 microinjection 

into MDCK cells also leads to a loss of stress fibres and peripheral bundles (Ridley et al,

1995). Nusrat et al (1995) have tested the role of RhoC in maintaining polarity in cultured 

polarised epithelial cells i.e. cells which have well developed inter-cellular tight junctions. 

In their experiments, introduction of C3 did not disrupt E-cadherin based adherens 

junctions, but it did disrupt both peri-junctional cortical actin and Z O -1 causing an 

increase in permeability of the tight junctions over 72 hours indicating Rho may also be 

required to maintain polarity in epithelial sheet (Nusrat et al, 1995).
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~ Rac regulates lamellipodial formation in fibroblasts
Ridley et al (1992) investigated Rac GTPase function after discovering its 60% homology 

to Rho, which suggested that Rac may also be a candidate regulator of actin 

reorganisation. They discovered that microinjection of recombinant Racl protein or of 

constitutively active mutant V12Racl into serum starved Swiss 3T3 cells, stimulates 

rapid membrane ruffle formation and formation of small distinct focal adhesions. In fact, 

just as LPA stimulates stress fibre formation via Rho, Rac mediated membrane ruffling is 

induced in Swiss 3T3 fibroblasts by another growth factor, PDGF (Ridley et al, 1992). 

Injection of recombinant Racl protein into MDCK cells does not induce membrane 

mffling or lamellipodia, neither does it disrupt peripheral bundles or stress fibres. 

However, it does lead to induction of a thickening in the cortical actin within 15 minutes 

of injection (Ridley et al, 1995).

A later cell response to microinjection of Racl protein into fibroblasts following 

membrane ruffling is the formation of stress fibres via Rho activity, although not to the 

high density or large diameter found in recombinant Rho stimulated cells. This 

demonstration of Rac activating Rho has been investigated further and it appears to be 

part of a trilogy of GTPases involved in the process of cell locomotion. The third Rho 

family member identified as a likely player in a locomotion signalling cascade is Cdc42, 

which when microinjected in a constitutively active form into subconfluent Swiss 3T3 

fibroblasts stimulates their extension of filopodia, an effect which can be blocked if cells 

are injected with a dominant negative form of Cdc42 (Nobes & Hall, 1995). These 

authors propose a sequence of events for the regulation of cell crawling which involves 

Cdc42, then Rac and then Rho activation, as cells first extend filopodia, then lamellipodia 

and then tightly adhere to substratum and drag themselves forward.

~ growth factors may activate Rho via GEF coupled receptors
Although little is known about the specific activation of Rho, it is similar enough to Ras 

to suggest that it probably is mediated by GEFs linked to membrane receptors responsive 

to growth factors. A recently identified member of the Dbl family of Rho family GEFs 

called Lbc is relatively specific for Rho (more than any other member identified so far) 

and when Lbc is injected into Swiss 3T3s, it induces stress fibre and focal adhesion 

assembly and it may be that Lbc is the link between LPA sensitive receptors and Rho 

activation (Zheng et al, 1995). Rho activation by growth factors is also dependent on the 

activation of tyrosine kinases since tyrphostin, a tyrosine kinase inhibitor, blocks LPA 

induced stress fibre assembly, but not V14RhoA induced stress fibre assembly (Nobes et 

al, 1995). One particular tyrosine kinase family which may be involved is the Src family, 

since Rho is required for phosphorylation of FAK and Paxillin at the focal contact and 

hence focal contact assembly, and these proteins (FAK and Paxillin) are phosphorylated
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by Src family kinases (Seckl et al, 1995). Such a link would provide a pathway which 

connects cell-substrate adherens junction assembly and actin polymerisation into stress 

fibres via Rho activity.

~ the broad investigative aims of this thesis
My plan for this thesis is first, to characterise the components of the contractile apparatus 

which assembles in the basal wound margin cells. I wish to demonstrate the role played 

by the actin contractile machinery in re-epithelialisation of embryonic wounds and in 

particular how the Rho family of small GTPases may mediate wound induced 

reorganisations of the actin cytoskeleton. My studies looking at the role of individual 

proteins in the repair process attempt to address whether embryonic keratins play a 

supportive role during re-epithelialisation by using a transgenic mouse null for keratin-8. 

Fully dissecting the signalling pathway known to effect cable assembly in vivo can be 

more easily studied in vitro cell lines and with this aim in mind I introduce in my final 

chapter, a new in vitro model of wound repair which enables study of the pathway 

regulating cable assembly in wound margin cells.
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Chapter 2 

G eneral M aterials And M ethods

Preparation and wounding of chick embryos
White leghom fertilized chicken eggs were obtained from Needle Farm, Herts, UK and 

eggs were always used within 5 days of delivery. They were incubated at 38± 1°C 

starting at approximately 4 PM on day 1 to obtain embryos at stage 23 (Hamburger & 

Hamilton, 1951) for wounding on the morning of Day 4. Embryos were windowed in 

preparation for wounding on Day 3 at approximately stage 18.

~ windowing eggs to expose embryos in ovo
Eggs were wiped clean with a tissue soaked in 70% ethanol and the air sac at the blunt 

end pierced with a sterile mounted needle. Each egg was rotated to ensure the embryo 

drops away from the dorsum of the egg shell. A piece of Scotch magic tape placed over 

the egg prevented shell dropping onto the embryo when an incision with a pair of 

scissors was made and a small oval window cut into the egg. The egg was then staged 

and resealed with a second piece of tape and returned to the incubator.

~ general method of wounding embryos
Sealing tape was removed from the egg and under a microscope the two membranes 

covering the embryo were torn away from the limb bud using jeweller's forceps to 

expose the embryo with the dorsal surface of its right wing bud uppermost. A tungsten 

needle was used for wounding and was made by mounting a piece of tungsten wire on a 

wooden cane. The needle was sharpened to a very fine point by using the tungsten as one 

electrode in a circuit connected through a IM NaOH solution. The needle was sharpened 

in this way usually after every 6 embryos were wounded.

Three uniform incisions about 400 |im  long were made to the dorsum of the wing bud, 

each wound being parallel to the proximo-distal axis of the embryo with the earliest 

wound placed most anteriorly and the latest most posteriorly. Each wound took a few 

seconds to make and usually was one stroke contacting the tissue and cutting it quite 

neatly. The wounds bleed for about 1 minute indicating that the needle cut deeper than the 

100 fxm avascular zone lying next to the epithelium. Once wounded the embryo was 

resealed with tape and returned to the incubator.

An embryo was fixed at the appropriate time after wounding by dropping on about 5 ml 

of ice-cold 4% paraformaldehyde dissolved in Phosphate Buffered Saline (PBS). The
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heart stopped beating within 10 seconds and the embryo was then scooped out of the egg 

and dropped into 3 ml of ice-cold fix and left for 1-2 hours in the fridge.

Immunostaining techniques 

~ actin staining embryos
Whole embryos were fixed in 4% paraformaldehyde in Phosphate Buffered Saline (PBS) 

for 1-2 hours and then rinsed 3 times for 10 minutes each time in PBS, rotating 

throughout the whole rinsing procedure. Each embryo was individually incubated 

overnight at 4^C  wrapped in aluminium foil in an eppendorf in approximately 300 pi of 

FITC-tagged phalloidin (Sigma) diluted to 100 ng/ml in PBS. Phalloidin is a mushroom 

derived toxin which binds only to actin filaments (Wulf, 1979). As a routine counter

label, tissue nuclei were stained red with the TRTTC fluorescent dye 7-amino-actinomycin 

D (Molecular Probes). This was added to the whole embryo with the phalloidin at 

lOng/ml diluted in PBS. Embryos were then rinsed in PBS at least 5 times, 10 minutes 

each time on the rotator before mounting on slides in SlowFade - an anti fade reagent 

(Molecular Probes).

~ whole mount immunolabelling of embryos
Myosin and pan-cadherin (Sigma) immunostaining utilises monoclonal antibodies which 

are specific for myosin II protein and cadherins respectively. Wounded embryos were 

fixed at 4^C in 4% paraformaldehyde and then rinsed 3 times for 10 minutes each time in 

PBS. Tissues were permeabilised by soaking for 30 minutes at room temperature on the 

rotator in 0.3% Triton (Sigma) in PBS. To prevent non-specific binding of the antibody, 

the embryos were pre-incubated in 10% Normal Horse Serum (NHS) (Vector Labs) 

diluted in PBS. Tissue was incubated in primary antibody at a 1:100 dilution with 10% 

NHS in 0.3%Triton in PBS for 1 hour at room temperature and then at 4°C  overnight. 

Embryos were thoroughly rinsed in 0.3% Triton/PBS at least 3 times 10 minutes each 

rinse on the rotator before incubating in FITC-fluorescently tagged secondary antibody 

(Pierce) for 1 hour at room temperature and then overnight at 4^C. Anti-myosin 

secondary antibody was FITC-tagged goat anti-mouse IgM (Pierce) used at 1:100 diluted 

in PBS, and anti-pancadherin secondary was FITC-tagged goat anti-rabbit IgG (Pierce) 

used at 1:100 diluted in PBS. Embryos were thoroughly rinsed first, 3 times 10 minutes 

in 0.3% Triton/PBS and then 3 times for 10 minutes each in PBS. The counter label for 

both myosin and pan-cadherin was the red nuclear dye 7 - amino-actinomycin D (7-AAD) 

used at 10 ng/ml diluted in PBS. This was applied after rinsing off secondary antibody 

and embryos were incubated in 7-AAD at room temperature on the rotators for about 4 

hours before rinsing in PBS thoroughly and then mounted.
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~ mounting embryos on slides
After thorough rinsing, specimens were trimmed removing the opposite wing bud, head, 

lower limbs and tail before being mounted in a solution of 50% PBS and 50% SlowFade 

- an anti-fade reagent (Molecular Probes). Chambers for mounting were made by taping 

4-5 strips of PVC tape on the slides and cutting a small well for the embryo with a razor 

blade. Embryos were compressed slightly under coverslips to bring wounded wing tissue 

into the same plane to facilitate visualisation under the microscope. The coverslip was 

sealed with clear nail varnish and allowed to dry before covering in aluminium foil and 

storing at 4®C. All fluorescently labelled embryos were visualised on a Leica Laser- 

scanning Confocal Microscope, taking thin optical sections of basal and periderm layers 

of the epithelium at the wound edge.

Preparation of tissue for Electron Microscopy 

~ preparation of embryos for Scanning Electron Microscopy
Embryos were prepared for scanning electron microscopy (SEM) by fixing overnight at 

4°C  in freshly made V] strength Karnovsky's fixative (Karnovsky, 1965).

' / 2  strength Karnovsky's Fixative:

Mix Ig paraformaldehyde with 25 ml distilled water and heat to 60C until dissolved. Add 

1-3 drops of NaOH to dissolve remaining precipitate and leave in fridge to cool, add 5ml 

of gluteraldehyde and 18ml of 0.2M cacodyl ate buffer (at pH 7.4). Stored at 4°C  and 

used on day of making up.

After rinsing twice, 30 minutes each time in 0.1 M cacodylate buffer, specimens were 

post-fixed in a solution of 1% osmium tetroxide diluted in 1% cacodylate buffer for 1 hr. 

Tissue was dehydrated through a graded series of alcohols from 30% to 100% ETOH 

with 10 minutes rinsing at each stage whilsy gently rotating. After 3 rinses in ETOH, 

specimens were transferred to acetone and rinsed 2 times for 10 minutes each. Embryos 

were then critical point dried in the standard fashion using a bomb-critical point dryer. 

After drying, the specimens were sputter-coated with gold and viewed using a Jeol 5800 

Scanning Electron Microscope (Andy Forge, Institute of Laryngology and Otology, 

London)

~ preparation of tissue for resin histology and TEM
Embryos were fixed in ^ 2  strength Karnovsky's fixative overnight and prepared as for 

SEM until in 100%ETOH. Embryos were then transferred to propylene oxide for 20 

minutes before placing in a 50:50 mix of propylene oxide and araldite resin. Specimens 

were then left for at least 2 hours on a rotator at room temperature. Specimens were then 

placed in pure araldite and left on the rotator for 24 hours replacing with fresh araldite
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after 12 hours and again before baking in an oven. Resin blocks containing specimens 

were cut using a hack-saw, mounted on a block and then trimmed with a razor blade 

before sectioning using a glass knife.

~ collection, storage and presentation of data
All confocal microscope (fluorescence) data were stored as separate channel files on 3^2 

inch 120 or 230 MB magneto-optical discs (BASF). For prints, slides and presentation, 

the data was transferred to Power Mac computer running Adobe Photoshop. This was 

used first to recombine separate channel files into one multichannel (Red/Green/Blue) 

image and then to adjust contrast and brightness of the images. I used gaussian filtering 

within the photoshop programme where necessary before assembling individual images 

into figures used for this thesis. All SEM, resin histology and TEM data were stored as 

negatives and printed for analysis. For presentation, they were either simply printed in 

the darkroom or printed and then scanned to create a digital image which could then be 

transfeiTed to Adobe Photoshop to make up plates for figures in this thesis.
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Chapter 3

C haracterisation O f The C ontractile A pparatus W hich  
A ssem bles In The W ounded Epithelium  O f A Chick E m bryo  

In tro d u ctio n
In this chapter I set out to characterise the actin purse-string machinery responsible for re- 

epithelialisation of early skin wounds. Extending the excisional wound healing 

observations made by Martin and Lewis (1992), I use an in ovo chick model system to 

look at incisional wounds made to the dorsum of stage 23 (Hamburger and Hamilton, 

1951) embryonic day 4 chick wing buds.

~ stretched embryonic epithelial wound front cells assemble a thick actin 
cable and never protrude lamellipodia
The embryonic epithelium in chick, frog and rodent embryos is under considerable 

tension. Upon making an incisional or excisional wound, release of tension is clearly 

visible as an initial gaping and stretch of the cut edges. There is no evidence of 

lamellipodia at an embryonic epithelial wound front during any period of the healing 

process and yet relatively large wounds heal rapidly e.g. 500 pm square excisional 

wounds in a chick wing bud repair within 18-24 hours (Martin & Lewis, 1992). 

Transmission Electron Microscopy (TEM) and light microscopy reveal the moving 

epithelial bilayer of cells as a flattened squamous periderm layer riding atop a basal 

cuboidal layer. The basal layer is tightly adherent to basal lamina right up to the wound 

front where the epithelium appears rounded and smooth (Martin & Lewis, 1992; 

McCluskey et al, 1993). Using fluorescently tagged phalloidin which is a mushroom 

toxin which binds filamentous actin to visualise the actin distribution in a healing chick 

wing bud wound, Martin and Lewis (1992) revealed thick bundles of actin in each basal 

cell at the wound margin. These extend the length of each cell and create a ring of actin 

encircling the cut edge of epithelium called an actin cable or purse-string.

~ stretched epidermal cells assemble actin stress fibres along lines of tension
Why doesn't the epithelium extend lamellipodia and crawl to repair wounds? Stanisstreet 

et al (1980) perceived the initial gaping stretch as important essentially because he 

believed stretching of cells might inhibit a conventional healing response and repair could 

only begin when epithelial tension was restored. Intriguingly, stretch of epithelial wound 

margin cells may be both the inhibitor of one mechanism of movement (i.e. lamellipodial 

crawling) and the facilitator of another mechanism of epithelial movement (i.e. purse- 

string contraction).
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The first evidence for stretch induced changes in the cytoskeleton was demonstrated by 

Kolega (1986), who showed that fish epidermal cells in culture when placed under 

mechanical tension, i.e. stretched, rapidly organised actin stress fibres oriented along the 

applied line of tension. He found that wherever aligned actin bundles assembled, nearby 

lamellae extension was suppressed. When this data is considered in the context of 

embryonic wound re-epithelialisation, if the epithelial cells behave like Kolega's 

epidermal cells (1986), when the wounded embryonic epithelium gapes open and 

stretches, the leading edge cells would reorganise their actin cytoskeleton such that 

"stress" fibres (i.e. the actin purse-string) lie along the line of applied stretch. 

Furthermore, Kolega's tissue culture observations also suggest that lamellipodial 

protrusions from the wound margin cells might similarly be inhibited. The thick cable of 

actin which assembles around the wound periphery is proposed to supply the driving 

force for re-epithelialisation of early embryonic wounds, drawing the epithelium forward 

like purse-strings drawing closed. In the absence of any other obvious mechanism of 

wound closure this is our working model.

My first experimental chapter characterises this actin cable, and describes experiments 

aimed at addressing the following questions:

1 ] Is the cable’s presence necessary for repair?

2] What proteins are associated with the cable and when are individual components of the 

purse-string machinery localised in the basal epithelial layer?

3] Is the actin purse-string machinery contractile?

4] How does the cable drive epithelial movement?

5] At what stage in development does the repair mechanism change from a purse-string 

machinery to lamellipodial crawling?

For each of these questions I will discuss the background to and reasoning behind, my 

direction of research, and the tools and methods I have used to answer these questions.

1] Is the cable's presence necessary for repair?
By using a well known drug called Cytochalasin D to prevent new actin polymerisation 

and disrupt assembly of the actin cable I can then investigate the effect this has on wound 

closure, and so determine whether the actin cable's presence is necessary for repair.
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~ cytochalasins can be used to block polymerisation of monomeric actin 
into filaments
For 30 years, cytochalasin's inhibitory affect on various actin driven cell processes 

including cell motility, cytoplasmic cleavage following DNA replication and extrusion of 

nuclei has been used to study motility processes. As a result of this research, sensitivity 

of a process to cytochalasin has been used as an initial indicator of the process being actin 

filament based. The biochemistry of cytochalasin has been thoroughly investigated using 

purified actin in vitro. Early studies by Brown and Spudich (1979), and Lin et al (1980) 

demonstrated that cytochalasin binds to the barbed end of actin filaments and inhibits 

polymerisation by reducing the rate of monomer addition to the barbed end of growing 

filaments. In 1992 the characterisation of a cytochalasin B resistant cell - the Cyt-1 mutant 

by Toyama & Toyama (1984), provided the first in vivo evidence that cytochalasin's 

primary site of action is actin (Toyama & Toyama, 1984; Ohmori et al, 1992). They 

discovered that mutation of two amino acid residues in the mutant b' actin gene are 

responsible for cytochalasin B resistance.

Cytochalasin B (cB) and another type of cytochalasin - cytochalasin D (cD) have identical 

affects on the actin microfilament network except that cD is more specific than cB, since 

cB but not cD additionally inhibits monosaccharide transport across the plasma membrane 

(Rampai et al, 1980). Hence, our studies use the more specific cD. The effects of cD on 

cells are reversible (Stevenson & Begg, 1994), so the action of cD on the actin 

microfilament network should cause no lasting damage to our embryos growing in ovo. 

Unfortunately testing repair mechanisms with cytochalasin D has its limitations. Using 

cytochalasin to disrupt actin monomer polymerisation into an actin filament cable answers 

only whether the cable is a necessary part of the repair process, it does not address 

whether the cable is an active contributor or indeed is the driving force for re- 

epithelialisation. In order to assess this I have tried to more fully characterise the actin 

cable.

2] What proteins are associated with the cable and when are individual 
components of the purse-string machinery localised in the basal epithelial 
layer?

~ actin cable requires myosin to be contractile
If the actin cable is the driving force for epithelial movement, it must be exerting tension 

and moving the wound front by filament contraction. Actin filaments combine with 

myosin to generate movement and so any actin based contractile machinery should have 

myosin II co-localising with the actin filaments. Myosin II often colocalises with actin 

stress fibres; for example, anti-myosin antibodies reveal a punctate decoration of stress
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fibres in BHK21 kidney epithelial cells (Goldman et al, 1979). Stress fibres inserting into 
cell-cell and cell-matrix junctions in both epithelial and fibroblast cells have a-actinin and 

tropomyosin in addition to myosin co-localising, in a banded pattern analogous to that 

found in sarcomeres of contractile striated muscle actin filaments. Thus, stress fibres 

display many of the characteristics of contractile apparatus (Sanger et al, 1983; Herman & 

Pollard, 1981).

~ dorsal closure in Drosophila is driven by actin-myosin band contraction
A good example of an epithelial movement based on actin filament contractile apparatus is 

dorsal closure in Drosophila. Dorsal closure is mediated by epideiTnal cells flanking the 

amnioserosa elongating along the dorso-ventral axis. This elongation spreads ventrally 

through the epidermis stretching the lateral epidermis until the epidermal edges meet along 

the dorsal midline. Actin and myosin II co-localise in a band at the epithelial leading edge 

cells suggesting a mechanism based on actin-myosin contraction, and indeed, failure of 

the epithelial movement of dorsal closure is evident in zipper mutant flies which are null 

for zygotic myosin II (Young et al, 1991). If myosin colocalises with actin in our own 

system, this suggests re-epithelialisation of wounds is analogous to Drosophila dorsal 

closure and is indicative of functional contractile apparatus. In summary, if the actin cable 

is potentially contractile it is expected to have myosin II motors dotted along the length of 

the cable to provide the power stroke for actin filament contraction.

~ intracellular segments of actin cable must anchor at cell-cell boundaries 
into adherens junctions
In the initial studies of chick embryo wound re-epithelialisation (Martin and Lewis,

1992), the actin cable appeared to run continuously from cell to cell implying that each 

intracellular segment of cable anchors into cell-cell adherens junctions which link 

neighbouring cells to one another. In this regard, the thick actin cable differs considerably 

from the stretch induced stress fibres observed and described by Kolega (1986), which 

mostly inserted into cell-matrix junctions as well as some cell-cell junctions. It is clear 

that recruitment of proteins to, and assembly of, matrix binding focal adhesions in 

fibroblasts can be stimulated independently of actin polymerisation into stress fibres 

(Nobes & Hall, 1995), but it is not yet clear whether cell-cell adherens junction formation 

is similarly independent of actin polymerisation.

~ are adherens junctions redistributed at the wound margin or assembled 
de novo?
We do not know whether the adherens junctions which anchor the actin cable are formed 

cle novo upon wounding, or are already established in the cell and simply redistributed in 

wound margin cells concomitant with actin cable assembly. The truth may lie somewhere
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intermediate between these two extremes. It is equally unclear whether the stretching of 

cells described earlier is sufficient to cause redistribution of adherens junctions 

independently of actin cable polymerisation at a wound margin, or whether anchoring 

junctions might only be recruited to established polymerised actin filaments. Thus it is 

important not only to determine which protein members of the cytoskeleton contribute to 

the contractile apparatus, but also the time course of the changes occurring in the basal 

epithelium cytoskeleton in response to wounding.

~ how rapidly does the contractile apparatus assemble?
Several questions can be addressed by determining the time course of events leading to 

assembly of actin cable and its associated elements. First, as described above, it may 

reveal the extent of independence in vivo of actin polymerisation and adherens junction 

reorganisation in response to wounding. This is of interest especially since Nobes and 

Hall (1995) have demonstrated independent regulation of actin filaments and membrane 

focal contacts in motile fibroblasts. Second, it may give clues as to the rate limiting step 

i.e. the most tightly regulated stage in the assembly of purse-string machinery. Third, 

calculating the time taken to organise the complete machinery and initiate epithelial 

movement will help clarify whether any alternative initiating force such as a burst of cell 

proliferation might also be necessary for driving epithelial movement.

~ there is a lag-period following wounding before epithelial movement 
begins
Rajnicek et al (1988) reported that small epithelial wounds made in Xenopus neurulae 

begin to heal by purse-string contraction within 5 minutes, demonstrating a clear initiation 

of closure by 15 minutes. A slightly greater lag phase prior to onset of re-epithelialisation 

is described by Martin and Lewis (1992) and McCluskey (1995), who first saw signs of 

epithelial movement occurring in chick excisional wounds and in mouse hind limb 

amputation wounds within 30 minutes of wounding. Whether the lag phase is dependent 

upon the time taken to polymerise actin cable at the wound front, or whether other aspects 

of the contractile apparatus determine this period is as yet unclear.

~ proliferation is unlikely to play a role in initiating epithelial repair
Re-epithelialisation of embryonic wounds may be partially activated by the pushing 

pressure of increased cell proliferation at wound margins, however, epithelial movements 

probably start too early to be solely driven by cell division. Thevenet described the 

proliferation rate of the epithelium at the margin of an excisional wound made on the back 

of an E5 chick embryo increasing by 175% from a basal level of 13.7% within 2 hours 

(Thevenet, 1984). Our own studies have demonstrated an increase in proliferation 

occurring 3-6 hours post wounding by use of BrDU incoiporation into replicating DNA
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to index proliferation levels (McCluskey, 1995). Therefore, since only very early and 

rapid changes in the proliferation rate at the epithelial wound front would suggest 

proliferation is involved in initiating epithelial repair, it is unlikely to be the driving force 

initiating repair.

Whilst the basal level of proliferation is known to be very high in the rapidly developing 

E4 chick embryo epithelium, there may still be a requirement for extra epithelial cells 

during later stages of wound repair. This can be investigated by studying embryonic 

wound repair in the presence of a DNA replication inhibitor such as hydroxyurea (HU). 

HU blocks the synthesis of dNTPs, the bases for DNA synthesis and in the presence of 

HU, cells are halted in S phase and blocked from DNA replication. If wounds do not heal 

or are impaired in their healing in the presence of a DNA replication block it would 

suggest proliferation is a significant contributor to epithelial movement. Stanisstreet & 

Panayi (1980) described perfect wound repair in Xenopus embryos in the presence of 

colchicine - a microtubule inhibiting drug which blocks cytokinesis, suggesting 

proliferation may not be required for repair of small embryonic wounds. In agreement 

with this Ihara and Motobayashi (1992) using HU to block DNA replication have 

reported proliferation-independent healing of in vitro wounds made to an E l 6 rat foetus.

3] Is the actin purse-string machinery contractile?

~ not all actin-myosin stress fibres are contractile
Simply the presence of actin purse-string in the embryonic epithelial wound margin is 

suggestive of, but does not in itself prove that the actin is contractile and providing the 

motive force for re-epithelialisation. Is the actin cable a specialised contracting stress 

fibre? Normal dermal fibroblast cells use stress fibres in their stellate membrane 

protrusions to tug on ECM by retraction of extensions as they migrate through tissue 

(Harris et al, 1981). Specialised stress fibres such as those in myofibroblasts at the adult 

wound site are clearly contractile, but there are several examples of apparently non

contracting stress fibres in fibroblasts. Stationary adult dermal fibroblasts resist traction al 

forces applied to the tissue by exerting a static isometric tension via stress fibres through 

focal contacts with the extracellular matrix (Gabbiani et al, 1978; reviewed in Grinnell,

1994). Fleischer and Wohlfarth-Bottermann (1975) demonstrated the isometric 

contraction of actin stress fibres when placing cells under tension until stress fibres 

polymerised. The actin bundles contracted when under tension but only sufficiently to 

maintain the original length of the cell. This was similarly found by Kolega (1986) in 

epithelial cells induced by stretch to organise stress fibres - the cells generated their own 

opposite but equal force.
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With these cautionary examples in mind, simply visualising the actin, and establishing the 

presence of contractile apparatus (i.e. myosin) associated with the cable is insufficient to 

demonstrate that the cable is actively contractile despite the fact that these wounds do 

close without lamellipodial crawling. To address whether the cable is contractile, one 

possible test is to look at the affects of a myosin ATPase inhibitor on the cable dynamics 

and wound repair. In addition, if actin cables are indeed contractile then we might expect 

also to observe cell apices at the wound margin changing shape.

~ BDM, a myosin II ATPase inhibitor blocks actin fîlament contraction in 
vitro
Oximes have been used as chemical phosphatases for several years now, but one 

particular oxime shows properties beyond the ability to dephosphorylate proteins. BDM 

(2,3-butane dione monoxime) acts as an uncompetitive inhibitor of the myosin ATPase 

responsible for stabilising the myosin.ADP.P(i) complex when bound to actin and as a 

result blocks the myosin-actin ratchet mechanism (Herrmann et al, 1992). BDM mediated 

inhibition of contraction has been studied mostly in cardiac, skeletal and smooth muscle 

cells, but it also inhibits contraction in epithelial cells in culture (Cramer & Mitchison,

1995). BDM stabilises myosin cross-bridges with actin in the pre-power stroke state 

preventing release of phosphate from the complex (Zhao et al, 1995). Cramer and 

Mitchison (1995) find BDM effective at blocking kidney (PtK2) epithelial cell spreading 

at lOmM and it is inactivated by imidazole in aqueous environments, but remains active 

for at least 60 minutes in tissue culture at 37°C. Application of 5mM BDM to cardiac 

muscle selectively inhibits the myosin U ATPase (Brotto et al, 1995; Steele & Smith,

1993), but higher doses applied directly to cardiac trabeculae additionally block release of 

calcium from the sarcoplasmic reticulum (Steele & Smith, 1993) independent of its 

chemical phosphatase activity indicating that at high doses, BDM no longer blocks only 

the myosin ATPase (Zhu & Ikeda, 1993).

4] How does tbe cable drive epitbelial movement?

~ changes in cell sbape may reveal bow tbe repairing epithelium moves
Actin cable organises in the basal epithelial cells of an excisional wound at 90 degrees to 

the direction of eventual epithelial movement. However, it is not clear precisely how the 

cable might drive epithelial movement. Cable contraction within individual cells might 

effect wound closure by changing the shape of the cells, causing the marginal edge to 

constrict and leading to rearrangements of cell-cell contacts, with cells progressively 

dropping out from the wound margin to shorten the length of the wound. In an incisional 

longitudinal wound, the mechanism of healing may also be slightly different from 

excisional wound repair in terms of the changes in cell shape which occur. Using the
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SEM and confocal microscope to follow the time course of repair it should be possible to 

determine the changes in shape of cells throughout the healing process and suggest a 

mechanism for cable driven epithelial movement.

5] Determining the transition point from cable driven to lamellipodial 
driven repair

~ transitions in epidermal and dermal mechanisms of repair characterise 
embryonic development
The purse-stringing embryonic epithelium behaves very differently from late foetal and 

adult stage epithelial tissues when epithelia repair by lamellipodial crawling. Why does 

the epithelium cease to assemble a cable and instead repair wounds by lamellipodial 

crawling in later life? By determining when a transition in mechanism of repair occurs 

and the morphology of the cells at this time, it may illuminate why a cell should choose to 

organise cable instead of lamellae at early stages of development. There are several 

transition points in mechanisms of tissue repair in the developing embryo. The transition 

from scar-free to scarred healing in the dermis has been studied for many years, but little 

attention has been paid to the transition in epithelial responses to wounding. Clearly such 

a transition may be gradual since the epidermis is undergoing several changes in 

morphology and differentiation status over a relatively long period of development. For 

example, the transition in cytoskeletal keratin protein expression from embryonic 

(K8/K18) to adult gene pattern (K5/K14) covers a period of several days development in 

the mouse - from E9.5 when the first adult genes are just detected in a tiny number of 

cells within a predominant embryonic K8 phenotype until E l4.5 when adult patterns 

begin to dominate and embryonic epithelial keratins down regulate (Byrne et al, 1994; 

Fuchs, 1995). Finding the underlying causes of a switch in epithelial motility from purse- 

stringing to crawling will not be easy, but it is likely that the transition period may well 

correlate with a change in one or more of epithelial complexity, epithelial sheet tension, 

wound size, growth factors or even the profile of ECM proteins at the wound site.

~ embryonic epithelial cells are capable of crawling when placed in vitro
If chick embryonic epithelial cells are removed and cultured as a monolayer in vitro at a 

stage (E5) where a purse-string drives epithelial repair in vivo, the cells crawl to repair a 

wound when damaged (Vaughan & Trinkaus, 1966). Thus, embryonic epithelial cells are 

perfectly capable of crawling but they choose not to in vivo. Radice ( 1980) wounded 

neurulae sidigt Xenopus embryos by plucking epithelial cells from the skin without 

disturbing the basal lamina and demonstrated that the epithelial cells around the wound 

margin rapidly repair the wound by extending lamellipodia within seconds and crawling 

across the basal lamina. This suggested that ability to adhere to substratum may be crucial
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for successful crawling. Both the epithelium and the underlying mesenchyme are 

changing their adhesion molecule expression patterns throughout development and it may 

be that exposed mesenchyme early in development is not adhesive for epithelial cells with 

their complement of integrins and one or both may change at the transition stage. Finding 

out when an epithelium ceases to assemble actin cable and instead uses lamellipodia to 

repair a wound, may additionally help determine how the epithelium uses a cable in the 

embryo.

~ studying a rapid response by wounded epithelial cells requires 
development of a new wound healing model
Earlier studies in our lab using chick and mouse embryo wound healing models have 

described and investigated repair of excisional wounds. In the chick these square 

excisional wounds take several minutes to make perfectly using a tungsten needle to pare 

away tissue. We believe that the early events of actin cable polymerisation and 

accumulation of associated contractile apparatus are well under way by the time such a 

wound is completely made and so these excisional wound models may miss most of the 

key early events. Many questions have arisen out of the original studies which require the 

development of a technique for looking at the rapid changes in the cytoskeleton in 

response to wounding. The wound healing model I have used for this is the E4 chick 

wing bud, but instead of making a square excisional wound, the tungsten needle is used 

to make three parallel incisional wounds to the wing bud. Each wound is a slash which 

takes just seconds to make and if necessary can be fixed within seconds of making it by 

dropping ice-cold paraformaldehyde fixative onto the embryo in ovo using a pipette.
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R esu lts

In this chapter I outline my characterisation of the wound-induced actin cable based 

contractile machinery and describe my experiments which demonstrate that cable 

contraction is necessary for embryonic re-epithelialisation. I then investigate the transition 

point when cabling as a mechanism of repair changes to lamellipodial crawling in later 

stages of chick development.

Description of my wound healing model
The general wounding technique I use consists of making three incisional cuts to the 

dorsum of the right wing bud of chick embryos at 4 days of gestation (E4), specifically at 

stage 23 (Hamburger & Hamilton 1951)(Fig \a, Aa). These are usually made at three 

different times to enable the study of different stages of repair within the same 

experimental tissue (Fig la). To determine the general pattern of healing in incisional 

slash wounds, embryos are fixed at different time points following wounding and the 

embryos prepared for light microscopy, scanning electron microscopy (SEM) and 

phalloidin stained to enable visualisation of actin filament distribution using the laser 

scanning confocal microscope.

~ incisional slash wounds take approximately 6 hours to heal
The mean length of tungsten needle slash wounds made to the dorsum of a wing is 

approximately 400 |im  as measured from scanning electron micrographs (Fig lb). 

Epithelial edges gape open to a varying extent (between 10 - 100 )im) along the wound 

probably reflecting elastic recoil of the mesenchyme and release of tension within the 

epidermis. I find that the tungsten needle does not always cut cleanly through the tissue 

often leaving a ragged appearance with some periderm cells cleanly bisected by the needle 

(Fig 2a), but very little, if any, tissue is lost from the wound site. By 3 hours following 

wounding, the average length of open wound has shortened to about 200 |Lim (51 % 

closed) (Fig Ic). Wound margin cells look smooth and taut with perideiTnal cells often 

arranged radially around the endpoints of wounds with their long axes peipendicular to 

the wound margin (Fig 2b, 2c). At 6 hours following wounding, virtually all wounds are 

completely re-epithelialised (Fig Id). The mean length of open wound is only 8 fxm (98% 

closed). Wounds vary in their appearance at this stage with occasional specimens 

showing almost no trace of where the wound has been. However, more often there 

remains a raised epithelial ridge of peridermal cells demarcating the original wound 

length, and occasionally there is mesenchymal and peridermal cell debris pushed upwards 

preventing complete resealing of the epithelium; this explains why occasional wounds are 

not re-epithelialised by 6 hours. Incisional slash wounds heal by apparently shortening
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from both ends of the wound towards the middle at a rate of about 70 |im /hour rather like 

two zip fasteners closing on the same zip.

Transverse sections through wing buds with Ohr, 3hr and 6hr wounds reveals that on 

average, the initial wound at Ohr has cut approximately 120 |im  deep, just deeper than the 

80-100 |Lim thick avascular zone underlying the epithelium (Fig 3a, 3Z?). Cells are clearly 

damaged both in the mesenchyme and in the epithelium, with dead cells detached from 

the epithelium and mesenchymal cell debris in the trough of the wound (Fig 3b). Three 

hours following wounding, the epithelium is blunt faced and rounded (Fig 3c, 3c) and 

there is no evidence of epithelial cells extending lamellipodia. The original trough in the 

mesenchyme has filled in and "knitted" together. Trapped dead cells and an occasional 

blood vessel are visible in the mesenchyme (arrow). High magnification of the epithelium 

reveals a bilayer consisting of an upper flattened, squamous periderm layer and a lower 

basal cuboidal layer of cells (Fig 3c). By 6 hours, superficially there is little evidence of 

the original wound site (Fig 3d). The epithelium is completely repaired often without a 

trace of disorganisation, but occasionally there is a small extrusion of dead cells (Fig 3d). 

The wounded mesenchyme is indistinguishable in organisation from adjacent unwounded 

mesenchyme except for occasional pockets of red blood cells or dead cells remaining 

there (Fig 3d).
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Fig 1

Scanning electron m icrographs to show re-epithelialisation 
of norm al incisional slash wounds

(a) Low magnification SEM of wounded dorsum of wing bud at stage 23. 1 fie lesion 
most anterior was allowed to heal for 6hrs, the middle lesion for 3hrs, and a third 
wound, positioned most posteriorly, was made Just prior to fixing (Ohr). (b) A typical 
Ohr wound w ith variable gaping width, (c) A wound allowed to heal for 3 hours 
(approximately 50% closed) revealing that wounds repair from both ends by zipping 
up and leaving a wound seam, (d) A healed 6 hr wound visible as a raised epithelial 
ridge and extruded cell debris.
Scale bars: (a) = 100 //m: (b), (c). (d) same magnification = 100//m.



Fig 2

Scanning electron m icrographs of norm al repairing  wounds at 
high magnification

(a) High niagnificatioii of a Ohr wound edge showing the uneven, rough appearance of 
wound margin cells and the occasionally cleanly bisected periderm  cell (asterisk).
Sm all m icrovilli are visible covering the surface o f all periderm  cells w hich ha\ e a regular 
"crazy pacing" appearance. A trough in the wound m esenchym e indicates where the needle 
has cut through the underlying connective tissue, (b) M argin o f a wound healed for 3 hrs 
dem onstrating a sm ooth, taut edge, w ithout apparent attachm ent at the edge to the 
underlying m esenchym e, (c) High m agnification o f the zipping up wound end dem onstrating  
both the radial morphology o f som e cells and apparent bunching up of other cells around  
the end of a purse-string healing wound at 3 hr. Scale bars: (a), (b), (c), (d) = 10 /m i



Fig 3

Resin histology of repairing incisional slash wounds

L .̂

mm
(a) Transverse Araldite section through a wounded wing bud with the Ohr wound positioned most 
posteriorly (left), a 3 hr wound in the m iddle and a 6 hr wound m ost anteriorly (right), (b),
(c) and (d) are all higher m agnitlcation o f incisional wounds, (b) Detail o f a Ohr wound revealing an 
approxim ately 120 //m  deep incision which has dam aged both epithelial and m esenchym al cells 
leaving cell debris in the trough o f the wound, (c) 3 hr follow ing wounding, the epithelium  wound  
edge is rounded, blunt-faced w ithout evidence o f lam ellipodia extending from the epithelial cells.
The earlier wound trough has filled in. The arrow marks a sm all blood vessel, (d) Detail o f a com pletel) 
repaired 6 hr w ound only distinguishable as a form er wound site by an extrusion of cell debris on 
the epithelial surface (black arrow ), trapped blood cells and occasional dead cells in the m esenchym e  
(white arrow I .  (e) High m agnification o f a blunt ended epithelial wound m argin revealing a 
bila) ered epithelium  consisting o f an upper squam ous periderm  layer and low er basal cuboidal layer. 
Scale bars: (a) -  200 //m ; (b), (c), (d) = 50 //nr, (e) = 10 //m



Characterisation of the contractile apparatus 

~ wounded tissue organises a purse-string of actin in the basal layer of the 
bilayer within 2 minutes of wounding
To accurately determine the dynamics of actin cable assembly, wounds are fixed and 

stained with fluorescently tagged phalloidin at a series of time points after wounding. The 

wound is visualised as thin optical sections using a confocal laser scanning microscope. 

Cells in the two epithelial layers can be clearly distinguished by their size, shape and actin 

filament distribution. Each periderm cell is large and flattened with a marginal ring of 

actin which reveals their characteristic pavement-like shape (Fig Ab). The periderm cell 

marginal actin ring anchors into the tight junction complexes responsible for limiting 

transfer of substances across the epithelium by the paracellular route (reviewed in 

Gumbiner, 1987). The lower cuboidal basal cells have cortical actin - a thin region of 

filamentous actin closely apposed to the plasma membrane around the entire periphery of 

the cell (Fig 4c, Ad).

In all slash wounds fixed within 30 seconds after cutting, phalloidin staining the cut 

epithelial edge shows no evidence of actin polymerising in the wound margin cells to a 

greater extent than cortical actin, either in the basal or periderm layer of the epithelium, or 

in the mesenchyme (Fig 5a,). However, specimens fixed at about 2 minutes after 

wounding unveil the first signs of actin polymerising in the basal layer wound margin 

cells (Fig 5b). At this time point, the actin cable is patchy and very thin, like a thickening 

in the basal cell cortical actin. By 5 minutes the actin cable appears continuous from cell 

to cell at the wound margin and very distinct (Fig 5c). The cable thickens over a period of 

30 minutes when it reaches its maximal thickness ranging from 0.5-2 pm as calculated 

from fluorescent images on the confocal microscope (Fig 4c, Ad). The cable is retained 

throughout the repair process until the wound is re-epithelialised at 6 hours.

-  myosin II colocalises to the wound front with actin within 7 minutes of 
wounding
The actin filaments clearly require myosin motors if they are going to generate tension 

and contract. Non-muscle myosin II protein is found decorating stress fibres and is 

responsible for mediating their contraction, so if the actin cable is contractile we would 

predict myosin II motors to be involved. Similarly, myosin is required for actin cable 

driven dorsal closure in Drosophila. Immunolabelling wounded tissue with a 

fluorescently tagged monoclonal antibodies to non-muscle myosin II antibody (Sigma) 

reveals a rapid localisation of myosin protein to the basal epithelial cells at the wound 

front when visualised in optical sections on the confocal laser scanning microscope. In 

embryos fixed immediately after wounding (Ohr), fluorescently tagged antibodies to
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myosin II reveals very diffuse and very low myosin II protein levels in all periderm and 

basal cells in the cytoplasm and in a region close to the plasma membrane where the 

cortical actin is (Fig 6a, 6b). There is no indication that myosin protein is localising at this 

time to the wound front. However, within 7 minutes there is a clear localisation of 

myosin to the basal epithelial cells of the front row (Fig 6c). A slightly patchy but thick 

"cable" of myosin is seen clearly in the same location as where the actin cable organises. 

The distribution varies slightly from an almost punctate appearance (Fig 6<7*) to a thick 

continuous band-like appearance (Fig 6Jarrow) often within the same wound margin. 

Like the actin cable itself, myosin II protein localisation persists in the basal layer 

throughout the repair period until the wound is healed.

~ cadherins cluster at the wound margin in the basal layer where the cable 
is located
Cadherins comprise the "heart" of adherens junctions and as such are a good marker for 

determining junction distribution and approximate size in the epithelial cell plasma 

membranes at the wound margin. A polyclonal anti-pan-cadherin antibody (Sigma) 

recognises all species of cadherins including E-cadherin found in chick embryonic 

epithelial cells (Takeichi 1988). Embryo wounds are immunolabelled in whole mount for 

cadherins at various times after wounding and secondarily stained either to reveal nuclei 

(7AAD) or for actin (TRITC-Phalloidin).This is an excellent way to visualise adherens 

junction organisation in relation to the polymerising actin cable.

Immunostaining reveals small cadherin dots around cell peripheries in both the basal and 

peridermal layers of the epithelium and also in wound mesenchymal cell membranes at all 

time points studied (Fig 7). Immediately after wounding there is no obvious preferential 

localisation of cadherin staining to the basal epithelial wound edge cells (Fig la ). 

However, within one minute, 2-3 small cadherin clusters can be seen along the leading 

' edge of the basal layer of wound margin cells, coincident with cell-cell boundaries (Fig 

lb ). It is not clear whether these cadherins were previously along the newly free edge of 

the wound margin cells before wounding and have subsequently redistributed to the cell

cell boundary, or whether they are moving to the wound margin from other parts of the 

cell. Actin staining from the same specimen suggests that the actin purse-string is starting 

to polymerise since the cortical actin at the free wound edge is distinct and thickening 

where the cadherins can be seen clustering but is absent where cadherins are not yet seen 

clustering (Fig lb ). At later time points, large clusters of cadherins are seen in the front 

row cells, presumably part of the anchor system into which the actin cable inserts during 

the wound closure process (Fig 7c). These large clusters of cadherins are never seen in 

the periderm layer; nor are they seen in the plasma membrane of cells located back from 

the wound front. In regions of wound where epithelial fronts have recently zipped
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together, several large clusters of cadherins localise at the cell-cell boundaries extending 

back between 2-6 cell diameters from the still open wound (Fig Id).

-  vinculin also clusters in the basal layer at the wound margin
Vinculin is another of the cytoplasmic proteins localising at adherens junctions mediating 

the link between cadherins and filamentous actin. It is important in the regulation of 

junction formation (see introduction Chapter 1). Wounds immunolabelled with anti- 

vinculin antibodies show a very similar staining pattern to that revealed by anti-cadherin 

staining. Clusters of punctate immunostained vinculin protein are seen localised to the 

wound margin cell-cell boundaries in basal epithelial cells within a few minutes of 

wounding (Fig le ). Staining for vinculin protein in tissue culture cells is routine and 

gives a consistent staining pattern, (C.Nobes, Per. Comm.) but in my hands, staining of 

embryonic tissues gave very inconsistent results - in some specimens there was clear 

localisation of vinculin visible in the basal layer clustering at the wound margin, but even 

in well established wounds with obvious actin cables, vincluin clusters were not always 

apparent.
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Fig 4

In ovo photography and confocal laser scanning microscopy of 
repairing epithelial wounds made to the dorsum of chick wing buds

(a) View down a dissecting m icroscope o f an E4 chick em bryo in ovo just prior to wounding  
the dorsum  of the right wing bud. (b) High m agnification o f the upper epithelial layer 
of periderm  cells at the wound edge fixed 30 m inutes after wounding and stained w ith 
FITC-tagged phalloidin to reveal actin filam ents (green) and the nuclear dye 7AAD (red). All 
periderm cells are flattened having a m arginal ring of actin which gives them a characteristic  
"crazy paving" shape, (c) Low m agnification o f basal wounded epithelium  allowed to heal 
for 30 m inutes and stained to reveal actin (green) and nuclei (red). The wound m argin is clearly  
distinguished by the presence o f a thick cable o f filam entous actin (arrows) found only in the 
wound edge epithelial cells of the lower basal layer, (d) Basal epithelial wound m argin of 
the same wound edge as in (b) and at the sam e m agnification reveals basal cells assem bling  
actin filam ent based cable up to 2 //m  thick in all basal wound edge cells (arrows), but never 
in periderm wound m argin cells. Cells undergoing m itosis are visible in the basal epithelium , 
m = m esencinm e. Scale bars: (a) = 1 mm; (b), (c), (d) = 50 //m



Fig 5

Confocal laser scanning microscopy of wounded epithelium  to reveal 
the time course of actin redistribution into a cable in basal wound 
m argin cells

actin

0 min

2 min

5 min

(a) Phalloidin stained (green) Ohr wounded basal epithelium revealing cortical actin 
present in all cells, but no localisation of filamentous actin to the uneven edge of wound 
margin cells, (b) Tissue fixed within 2 minutes following wounding unveiling the 
first signs of actin polymerisation into a cable at the basal epithelial wound margin.
The cable is thin, patchy and not yet present in all wound margin cells, (c) Wounded 
epithelium fixed at 5 minutes following wounding revealing a thicker actin cable 
present in all cells.
Scale bars: (a), (b), (cl. same magnification = 10//m



Fig 6

Confocal laser scanning microscopy of wounded epithelium revealing 
a time course of myosin localisation to the basal wound margin

myosin 1 1)

basal Ohr periderm Ohr

o .»■ # '

basal 7min basal 30mln #  (ÿ

(a) Basal layer of wound margin fixed immediately after wounding (Ohr) and immunostained 
for myosin II protein (green). Faint cytoplasmic myosin protein staining is visible in most 
cells. There is no evidence of myosin localising to the wound margin, (b) Periderm layer 
of same wound front as in (a), revealing a similar faint cytoplasmic myosin protein 
staining, (c) Basal epithelial wound edge fixed 7 minutes after wounding, myosin stained 
(green) and nuclei stained with 7AAD (red), reveals myosin II localising to the wound 
front as a slightly patchy cable in a location similar to that of the actin cable, (d) Wounded 
epithelium fixed 30 minutes following wounding and stained as in (c). The myosin cable 
in the basal epithelial w ound margin appears to reach maximum thickness by 30 minutes 
follow ing w ounding and is retained until the wound is completely repaired. Some 
regions of the myosin cable appear punctate (*) and others appear continuous (arrow ).
Scale bars: (a), (b) same magnification = 25 ;/m; (c), (d) = 25 f i m



Fig 7

Confocal laser scanning microscopy of wounded epithelium to reveal 
cadherin distribution at the repairing epithelial wound edge

cadherincadherin I  n

cadherincadherin

2 min
(a) Basal epithelial wound edge at Ohr im m uno
stained with a pan-cadherin antibody (green) and 
stained with rhodam ine phalloidin (red) to reveal 
actin niam ent distribution. Sm all num bers of 
cadherin clusters are very faintly visible around 
the periphery o f all cells. There is no obvious 
localisation o f cadherin clusters to the cell-cell 
boundaries o f wound m argin cells, (b) Detail of 
basal epithelial wound edge fixed w ithin 2 
m inutes o f w ounding and stained for cadherins as 
in (a). Actin has polym erised into a cable at the 
wound m argin and w here it anchors at the cell-cell 
boundaries, several large clusters of cadherins 
localise (arrow ), (c) W ounded epithelium  fixed 
after 3 hours, im m unostained for cadherin. Very 
large clusters o f cadherins indicative o f adherens 
junctions clustering are clearly visible at the
basal epithelial wound m argin along the length o f the wound at each cell-cell boundary, (d) 
Detail o f a zipping up wound end dem onstrating cadherins (green) clustering along the seam  
o f the newly zipped up epithelial edges as well as along the still open wound m argins. Cadherin  
clusters extend back 2 cell diam eters from the still open wound (arrows), (e) W ounded basal 
epithelium  allow ed to heal for 3 hrs and then im m unostained to reveal vinculin protein 
distribution (green). Low levels o f vinculin protein are visible in the cytoplasm  and 
sm all clusters o f \ inculin are visible localising to the cell-cell boundaries at the wound edge 
(a rro w s). Scale bars: (a), (b), (c), (d), (e) = 25 //m

vincu in



A functional actin cable is required for epithelial repair
Cytochalasin D (cD) blocks polymerisation of new actin filaments and so can be used to 

test whether actin polymerisation into a cable is essential for re-epithelialisation. To 

optimise the dose of cD applied, a series of different concentrations was dropped onto the 

wing bud. The affects of three different doses are described here; 0.02, 0.08, 0.15 pg/ml 

henceforth described as low, medium and high respectively. Needle pressure on the 

dorsum of the wing bud during wounding causes a slight depression in which reagents 

such as cD collect, thus ensuring its exposure to wound epithelium.

~ cytochalasin D prevents polymerisation of actin into a cable at the wound 
margin
At the lowest dose of cD applied, no difference in actin distribution is seen when 

compared with untreated specimens and wound closure is unaffected when assessed by 

SEM (Fig Sfl, 86, 10a). At the medium cD dose there is no apparent disruption of the 

marginal ring of actin in the periderm layer, but in the basal epidermal layer, actin cable 

fails to assemble in the wound front cells (Fig 8c, 8<i). Often there remain clumps of actin 

around the cell-cell boundaries at the basal cell wound margin suggesting that the cells are 

attempting to assemble actin cable there but cannot (Fig M  arrows). Wounds treated with 

medium dose cD, when visualised by SEM fail to repair, and have not started to re- 

epithelialise within 3 hours (Fig 106). Wound margins of such wounds do not look 

ragged as a Ohr wound does, but are relatively smooth (Fig lOcf); the superficial perideiTn 

cells look healthy but never appear bunched up at the wound margin as is often seen in 

untreated healing wounds. At the highest dose of cD tried, actin cable fails to localise to 

the wound margin and additionally the normal cortical actin distribution in both the basal 

and peridermal cell layers is severely disrupted (Fig 9a, 96). As expected these wounds 

completely fail to re-epithelialise (Fig 10c). Loss of periderm marginal actin bands is 

indicative of a loss of tight junction function and epithelial functional integrity,

(Stevenson & Begg, 1994) and indeed the surface epithelium during preparation for SEM 

looked fragile and damaged (Fig 10c).

~ cadherins still cluster at the wound margin in the presence of cytochalasin 
D
No difference can be seen in actin distribution between control and cD treated wounds 

immediately after wounding. The same is true for cadherin distribution (Fig 9c).

However, whilst cD treated wounds 2 minutes after wounding fail to assemble a marginal 

actin cable, they do appear to cluster cadherins in front row junctional groups just as in 

control wounds (Fig 9d). The cadherin distribution at the wound margin 30 minutes after 

wounding in cD treated wounds shows small clusters of cadherins in the basal cells, 

where the actin cable would normally anchor (Fig 9c). However, cadherins never
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accumulate into clusters as large as those seen in the later stages of nonnal re- 

epithelialising wounds. At all time points studies, cadherins localise with an apparently 

normal distribution around cell peripheries in basal and peridermal cells back from the 

wound front.

~ contraction of the actin cable is required for re-epithelialisation
BDM - a myosin ATPase inhibitor has been used extensively to study the mechanism of 

muscle contraction and to investigate the effects of pharmacological agents on muscle 

contraction. Recently it has been used by Cramer and Mitchison (1995) to investigate the 

underlying basis of spreading in kidney epithelial cells in vitro. The cytochalasin D study 

reported earlier in this chapter clearly demonstrates that the presence of an actin cable in 

basal epithelial cells is necessary to effect wound repair. However, this does not address 

whether the actin cable is actively contractile during the process of re-epithelialisation. 

Since BDM should not affect assembly of an actin cable, but will prevent its contraction, 

it provides a way of testing whether the actin cable is driving epithelial movement by 

actively contracting.

At all BDM dilutions tested (5mM, lOmM and lOOmM), actin localises to the wound 

front basal epithelial cells with the normal time course and cable thickness. However, 

actin cable in basal epithelial cells shows an unusual pattern in treated wounds within the 

first 2hr following wounding. Cells at the wound margin fail to constrict and the effect of 

this is especially noticeable around the ends of the slash wound where the epithelial edges 

appear to be gaping and uneven (Fig 12a). In some specimens, "wavy" actin cable can be 

seen at the free epithelial wound margin (Fig 12a). At Ihr, the margin is neither smooth 

nor taut, suggesting that there is a loss of contractile ability in the BDM treated wound 

front basal epithelial cells (Fig 1 la). However, at 3 hours all BDM treated wounds appear 

to have a normal looking cable with similar numbers of constricted cell apices as in 

untreated wounds (Fig 1 Ic). These 3hr BDM treated wounds appear to be zipping up as 

normal, but are somewhat delayed by comparison to 3hr control wounds (Fig 116), and 

subsequently are not fully re-epithelialised after 6 hr (Fig \ \d . We).

BDM appears to delay the time course of healing having a dose dependent affect on the 

rate of epithelial repair. After 6 hours, at the highest BDM dose (lOOmM) wounds are 

70% closed. 6hr after lOmM BDM exposure, wounds are 78% closed and after 5mM 

BDM exposure, wounds are 88% closed. Thus at the optimal dose of I OmM when I can 

be sure that there is disruption of only the myosin ATPase, BDM exposed wounds are 

20% more open than control wounds at 6 hours translating as approximately 1 hour delay 

in the repair process. This is calculated from the rate of re-epithelialisation which is about 

70 jim/hr since a 400 |im  wound zips up over 5 1/2 hr.
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~ actin cable remains transiently in epithelial cells for a short time after 
they have resealed
As epithelial cells zip together at the ends of a slash wound, at all time points during the 

healing period, phalloidin staining cells reveals actin cable remaining in cells 2-6 cell 

rows back from the current "zip-fastener location" (Fig \3a). Since these wounds zip up 

at about 70 pm/hour, and average basal cell length is 10 |im  in width, this suggests that 

cells retain remnants of an actin cable for up to 1 hour after they are no longer part of the 

wound margin. Immunostaining of wounded tissue with cadherin antibody reveals a 

similar seam of cadherin clusters along the zipped up margin suggesting that cadherin 

clusters are retained along with actin filament remnants following zipping up (Fig \3b, 

13c).

There are very clear basal cell shape changes occurring along the slash wound margin 

which correlate with changing patterns of actin cable filaments. Cell apices in some cells 

along the length of the wound constrict until there is just a narrow wedge of the cell 

exposed as a free edge at the wound margin (Fig \2b  arrows). Actin cable is very thick 

and prominent at the constricted apices in these cells. In some situations the wedge 

shaped cell can be seen apparently dropping back from the wound margin so that its two 

neighbouring cells along the wound front now make a new connection with each other 

and the cable almost appears to form a loop (Fig 126*). The wedge shaped cell is still 

transiently left with the remnants of actin cable at its apex even though it is no longer at 

the wound front. This changing pattern of actin is rather analogous to the way a river 

shortens its course across a valley cutting out an unwanted river loop by forming an 

oxbow lake which then rapidly dries up.
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Fig 8

Confocal laser scanning microscopy of cytochalasin D treated epithelial 
wounds to dem onstrate the role of actin cable in re-epithelialisation

(a) Superficial periderm layer at a 3hr wound margin after hourly doses of 10 //I 
of 0.02 //g/ml cl). Tissue is stained with FITC-tagged phalloidin (green) and 
7AAD (red nuclei). Marginal rings of actin appear normal and there is no obvious 
disruption of actin distribution in this layer, (b) Basal epithelial layer of same 
wound edge as in (a) demonstrating apparently normal assembly of actin cable 
at the leading edge (arrows), (c) Superficial periderm layer of epithelial wound 
edge 3hr after wounding in the presence of hourly doses of 10 ;/l of 0.08 //g/ml 
cD. Filamentous actin (green) appears normally distributed with marginal rings of 
actin not obviously disrupted by the presence of medium dose of cD. (d) Basal 
epithelial layer of same wound edge as in (c) revealing loss of actin cable in the 
w ound front cells and the frequently observed clumping of actin at this dose at 
the cell-cell boundaries along the wound margin (arrows). Cortical actin at this 
dose of cD appears normal. Scale bars: (a), (b), (c). (d) = 25 //m



Fig 9

Confocal laser scanning microscopy of wounds showing actin and 
cadherin d istribu tion  following wounding in the presence of cable 
d isrupting doses of cytochalasin D
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(a) Superficial periderm layer of epithelial wound edge stained with phalloidin (green 
for filamentous actin) and 7AAD (red nuclei) 3hr after wounding in the presence of hourly 
doses of I0//1 of 0.15 /<g/ml cD. Marginal rings of filamentous actin are visibly disrupted 
in the periderm cells at this high dose of cD. (b) Basal epithelial layer of the same wound 
edge as in (a). Cortical actin appears clumped and there is no evidence of actin cable 
assembling at the wound margin, (c) Basal epithelial wound margin fixed immediately after 
wounding in the presence of 10/d of 0.08 //g/ml cD, stained with phalloidin (red) to 
visualise filamentous actin and anti-pancadherin antibody (green). Cadherins are 
dotted around the peripheries of cells, but there is no obvious localisation of cadherin clusters 
to the wound margin cell-cell boundaries; neither is there any localisation of filamentous 
actin to the wound edge, (d) Basal epithelial layer of 2 minute wound margin in the 
presence of 10//1 of 0.08 //g/ml cD; there is no actin localisation to the wound margin (red), 
however, small numbers of cadherin clusters (green) localise around some of the wound 
margin cell-cell boundaries (arrows), (e) Basal epithelial wound margin fixed 30 minutes 
after wounding in the presence of 10//1 of 0.08 //g/ml cD. Both around cell-cell 
boundaries where residual clumps of actin (green) cable are visible (arrows) and at 
remaining regions of the w ound margin cell-cell boundaries, cadherins are clustering in 
small numbers (red). Scale bars: (a), (b), (c), (d), (e) = 25 //m



Fig 10

Scanning electron m icrographs to show im paired w ound healing of 
cytochalasin D treated  wounds

\  0.02Mg/mfcp

(a) Low m agnification view o f incisional wound fixed 3 hr after w ounding in the presence of 
hourly doses o f  10/d of 0.02 //g/m l cD. At this low dose o f cD, wounds repair with a normal 
tim e course and this wound is indistinguishable from a control wound both in rate of repair and 
superficial periderm  cell m orphology, (b) Sim ilar view o f 3hr wound exposed to hourly doses 
of 10//1 o f 0.08 //g/m l cD. At this cable disrupting dose o f cD, re-epithelialisation  
is blocked and wounds appear not to have closed at all. However, the wound margin appears 
sm ooth in contrast to a ragged Ohr wound edge, (c) Low m agnification view o f an incisional 
wound fixed 6 hr after w ounding in the presence o f hourly doses o f 10//1 o f  0.15 //g/m l cD. The 
tissue is fragile and badly dam aged, and wound repair is significantly im paired, (d) Detail 
from (b) show ing the sm ooth regular appearance o f wound m argin cells in the presence o f actin  
cable disrupting doses o f cD. The wound m argin does not appear as taut as in control wound  
m argins at 3 hrs. Scale bars: (a), (b), (c) = 100 //m ; (d) = 10 //m



Fig 11

Scanning electron micrographs of BDM treated epithelial wounds

(a) High m agnification of wound fixed Ihr follow ing w ounding in the presence of lOniM  
BDM . W ound m argin cells appear uneven and rounded suggesting that there is no contraction of 
the wound edge cells occurring, (b) Control wound fixed 3hrs after wounding dem onstrating the 
standard (50% ) extent o f re-epithelialisation after 3 hours, (c) Low m agnification view 
of a w ound fixed 3hr after wounding in the presence o f lOmM BDM  revealing a slightly im paired  
rate o f re-epithelialisation w ith wounds approxim ately 1 hour delayed. At this time, the w ound  
m argin cells appear normal, (d) Control wound allow ed to heal for 6 hours, fully re-epithelialised  
re\ea ling  a zipped up wound seam, (e) W ound allow ed to heal for 6hr after wounding in the 
presence of 10 inM  BDM. This wound show s im paired re-epithelialisation (78% versus 98% in 
control specim ens). Scale bars: (a) = 25 //m ; (b), (c). (d), le) = 100 //m



Fig 12

Confocal laser scanning microscopy of BDM and control wounds early 
in the wound healing response

BDM treated BDM treated
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(a) Basal epithelial wound m argin 1 hr after wounding in the presence o f 10 niM  BDM . Phalloidin  
stained (green) and nuclei stained with 7A A D  (red). The actin cable assem bles norm ally but appears 
not to be contractile since wound m argin cells do not appear to constrict, and epithelial edges gape 
and are uneven. The actin cable at this tim e point appears wavy at wound ends (arrows), (b) Basal 
epithelial wound m argin 2 hr after wounding in the presence o f 10 niM  BDM . The actin cable is 
present as in (a), but the wound edge appears norm al at this tim e, (c) Control basal epithelial 
w ound m argin 1 hr after w ounding dem onstrating the com m on appearance o f w ound m argin cells 
containing actin cable which have clearly constricted their apices (arrows) into a wedge shape.
I his is consistent w ith the theory that the w ound perim eter decreases by cells dropping out o f the 
wound m argin and here a wedge shaped cell (asterisk) can be seen apparenth dropping out o f the 
wound margin bringing its two neighbouring cells into contact with each other form ing a loop o f  
cable. Scale bars: (a), (b). (c) = 25 /mi



Fig 13

Confocal laser scanning microscopy and cartoon to demonstrate the 
mechanism of zipping up at the end of incisional slash wounds using 
actin cable and anchoring adherens junctions
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actin cable

(a) Repairing epithelial wound (3hr) stained with 7 A AD (red) and phalloidin to reveal actin filam ents 
(green) retained along the zipped up seam o f recently apposed cells for up to an hour after they are 
no longer part of the wound margin, (b) Repairing epithelial wound (3hr) im m unostained w ith 
cadherin antibodies (green) and 7AAD (red). Cadherins cluster along the wound margin especially  
at the zip fastener |)oint and also along the zipped up seam  coincident w ith rem nants of actin cable. 
These extend between 2-6 cells along the seam, (c) Cartoon drawing o f zipping-up end of a slash  
wound. At the "zip-fastener point " contraction o f the cable pulls together the two cells on either side 
of (he slash wound. Scale bars: (a), (b) = 25 //m



A transition in mechanism of re-epithelialisation occurs at E9
Actin purse-string closure of embryonic epidermal wounds was first described in E4 

chick embryos (Martin and Lewis, 1992) and has also been described in limb bud stage 

mouse embryos (McCluskey and Martin, 1995), and in Xenopus embryos (P. Martin, 

unpublished observation). Use of the cable mechanism therefore appears widespread in 

embiyonic epithelia. When does this mechanism of repair cease during development and 

adult-like crawling begin? In answering this question, for ease of access and wounding, I 

have made incisional slash wounds in later developmental stage chick embryos to the 

right hind limb.

~ the chick epithelium up to and including E8, repairs a wound solely by 
assembling an actin cable.
Approximately 800 pm  long slash wounds made to the right hind limb of a chick at E8 

and allowed to heal for 6 hours, still appear to re-epithelialise using a purse-string (Fig 

14a). The epithelium is still a bilayer at this stage in development and is essentially 

indistinguishable when using fluorescent confocal microscopy to observe the actin 

filament distribution, from the smaller incisional wounds made to the dorsum of chick 

wing buds at E4. There is no evidence of lamellipodia protruding from the wound margin 

epithelial cells.

~ between E9-10 epithelial wounds heal both by actin cable and 
lamellipodia] crawling mechanisms
The epithelium of E9 chick leg is bilayered and lacking feather buds, but by ElO, small 

feather bud placodes are beginning to develop, the epithelium is starting to stratify and 

various sensory organs including Herbst corpuscles (Saxod, 1978) are present in the 

intercellular spaces between epithelial cells (Fig 16a, 166). Incisional wounds made to the 

thigh region of the E9 chick right hind limb at these stages appear to repair by a 

combination of purse-string contraction and lamellipodial crawling. Phalloidin staining of 

whole mount tissue fixed 6 hours following wounding shows wounds using both an 

actin purse-string to repair (Fig 146), and also extending lamellipodia from some leading 

epithelial cells (Fig 14c). Optical sections suggest that the lamellae are extending across 

the wound substratum from the basal epithelial cells, whilst periderm cells still appear 

inactive and characteristically rounded. In ElO chicks, a similar actin distribution is seen 

at the wound margin with clear regions of both actin cable arcs around the wound margin 

and cells extending lamellipodia (Fig \Ad).

Light microscopy of an ElO 6hr wound confirms the confocal observations reported 

above and reveals strikingly different epithelial morphology in different regions of the 

wound front (Fig 15a). In some regions, the front appears rounded and blunt edged (Fig
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15c), whilst in others it is tapered towards the substratum looking like the front end of a 

Eurostar train (Fig 156). Transmission electron microscopy (TEM) reveals that the blunt 

edged wound fronts have basal lamina tightly adherent to basal epithelial cells right up to 

the wound margin (Fig 17a, 176). There are no lamellae extending from any of the 

epithelial cells either at the wound front or further back. A cross-section of a thick cable 

of actin microfilaments can sometimes be seen in the leading basal epithelial cell just 

lower than the capping periderm cell which wraps the free epithelial front giving the 

wound its blunt appearance (Fig 176). Large desmosomes are clearly visible linking cells 

containing cable with adjacent epithelial cells. By contrast, tapering epithelial wound 

fronts contact mesenchyme directly and do not sit on a basal lamina (Fig 18a). Rather, the 

basal lamina is found at least four cell rows back from the leading edge (Fig 186). Basal 

epithelial cells up to 4 cell rows back are clearly extending lamellipodia, contacting 

wound mesenchyme and apparently crawling, pulling the epithelium behind them. Basal 

cells still seem quite tightly adherent to each other displaying many desmosome 

attachments close to the wound margin. However, just as with the purse-stringing 

epithelial fronts, periderm cells appear to be passively riding on the basal epithelial cells.
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Fig 14

Confocal laser scanning microscopy of repairing epithelial wounds 
made to the right hind limb of late stage chick embryos (E8-E10)

actin cable
actin
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lamellipodia
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(a) Basal epithelial wound m argin o f an E8 chick enibrvo fixed 6 hours following w ounding  
and stained with FITC-tagged phalloidin (green). The original wound (800 //in) made to the right 
hind lim b flank gaped upon wounding. All basal epithelial wound m argin cells assem ble actin  
cable and appear indistinguishable from E4 wing bud wound m argins, (b) Basal epithelial wound  
m argin o f an E9 chick em brvo fixed 6 hours after wounding, phalloidin stained (green) revealing 
wound m argin cells which have assem bled actin cable, (c) Basal epithelial wound m argin o f an ElO 
chick em bryo hind limb flank wound fixed 6hr after wounding, phalloidin stained (green) revealing 
many cells along the wound m argin extending sm all lam ellipodia out across the wound substratum , 
(d) High power basal epithelial wound m argin o f a different region of the same wound as in (b) 6 
hours follow ing wounding an E9 chick em bryo hind limb. A basal epitlielial cell is clearly extending  
an actin filam ent based lam ellipodium  across the wound substratum .
Scale bars: (a), (b) = 10 //m ; (c), (d) = 25 //m



Fig 15

Resin histology of repairing wound made to the right hind limb flank 
of an ElO chick embryo

JP

■ 4<-
f ■>

*

r

7

#

t  • • W '  '

6hr

f •

' • C ,
v - V

0hr ' • —  6hr

(a) L o w  m ag n i f i c a t i o n  l ight m i c r o s c o p y  o f  incis ional  w o u n d  a l l o w e d  to r epai r  for  6 hr. T h e  t wo  
epi thel i al  w o u n d  e d g e s  have  c lear l y  d i f ferent  m o r p h o l o g y ;  the  left  be ing  t h i ck en ed  and  t aper ing  
t owa r ds  the w o u n d  s u bs t r a tu m and  the r ight  ha ving  a r ou n de d ,  b l un t  end.  (b) Hi gh  m ag ni f i ca t i on  
o f  left w o u n d  ep i the l i a l  e dge  in (a) s h o w i n g  epi thel i al  b i layer  t h i c k e n i n g  at the w o u n d  margin.
(cl  Hi gh  m a g n i f i c a t io n  o f  right  w o u n d  epi thel ial  e dg e  in (a) s h o w i n g  the r oun de d e nd  c rea te d  b\  the 
pe r i de rm cel l s  at the w o u n d  edge.  Sca le  bars:  (a) = 100 /mi ;  (b).  (c) -  10 / i m



Fig 16

Transmission electron microscopy to show morphology of hind limb
flank epithelium from an ElO chick embryo
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(a )  E p i t l ie l i i im  a t t a c h e s  to m e s e n c h y m e  v ia  b a sa l  l a m in a  a n d  at th is  s t ag e  in d e v e l o p m e n t  the  e p i t h e l i u m  
is m o s t ly  st ill a b i l a y e r  of  u p p e r  f la t te n e d  p e r i d e r m  c e l l s  a n d  lo w e r  c u b o i d a l  basa l  cel ls .  T h e  f ir s t s ig n s  
of s t r a t i f i c a t io n  a n d  th ic k e n in g  o f  the  e p i t h e l i u m  a re  p o s s i b h  e v id e n t  in th is  p ic tu re  as  a d iv id in g  cel l 
p ro d u c e s  a d a u g h t e r  cel l w h ic h  d o e s  no t  c o n ta c t  b o th  b a sa l  la m in a  a n d  p e r id e r m  cel ls ,  (b )  H i g h e r  m a g n i f i c a t i o n  
o f  E lO  h in d  l im b  f l a n k  e p i th e l iu m  d e m o n s t r a t i n g  the  p re s e n c e  o f  s e n s o r )  o r g a n s  in the  e .x trace l l ida r  
s p a c e s  o f  the  e p i th e l iu m .  T h e  H e rb s t  c o r p u s c l e  is a r a p id  1\ a d a p t in g  m e c h a n o r e c e p t o r  a p p e a r i n g  like a 
s l ic ed  o n io n  in T E M .  S c a le  bars : (a ) =  10 / n n ;  (b )  =  1 /m i



Fig 17

Transmission electron microscopy to show detailed morphology of
cabling repairing epithelium from incisional wounds made to the hind
limb thigh of ElO chick embryos
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(a) TEM  of blunt ended wound front shown in Fig 15a and 15e fixed 6hr after wounding. Periderm  
cells cap the basal layer which does not attach directly to the wound substratum , but
instead attaches to basal lamina e\ en at the leading edge. There is no evidence o f epithelial
cells extending lam ellipodia across the wound substratum  either at the wound edge or back from it.
(b) Detail from la) showing basal lam ina attaching to basal cuboidal cells, several desm osom e  
attachm ents between the epithelial cells. The leading basal wound m argin cell has a dense 
region o f filam ents in the cytoplasm  where fluorescence confocal m icroscopy invariably localises 
the actin purse-string. Scale bars: (a) = 5 //in; (b) = 1 //m



Fig 18

Transmission electron microscopy to show detailed morphology of
crawling repairing epithelium from incisional wounds made to the
hind limb thigh of ElO chick embryos
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(a) TEM  o f tapering wound front show n in Fig 15a and 15b fixed 6hr after wounding. The 
wound edge is thickened and the basal lam ina extends only up to 4 cell rows behind the leading 
edge cell. Basal epithelial cells in the first 4 cell rows appear to contact the underlying wound 
m esenchym e directly and long finger like lam ellipodia protrude from these basal epithelial 
cells onto the wound substratum , (b) High m agnification o f region 4 cell rows back from the 
leading epithelial wound edge to dem onstrate that basal lamina attachm ent to the epithelium  ends 
abruptb h a lfw ay  along a basal epithelial cell which clearly extends a lam ellipodium  down  
onto the wound m esencln me. Scale bars: (a) = 1 0 //m ; (b) = 1 //m



D iscussion  And C onclusions

In 1992, Martin and Lewis demonstrated the presence of an actin cable at excisional 

wound fronts made in the E4 embryonic chick wing bud. This actin cable localises in the 

basal epithelial layer forming a continuous ring around the periphery of a wound and is 

described as a purse-string. The absence of any other obvious mechanism driving 

epithelial repair such as lamellipodia extending from the wound front led them to propose 

the actin cable was responsible for driving the epithelial movement by its contraction.

~ summary of results obtained in Chapter 3
In my first experimental chapter I have investigated the dynamics of the actin cable 

looking initially at the time course of assembly and finding that actin begins to polymerise 

into a cable at the wound front within two minutes of wounding. I show that the presence 

of an actin cable is necessary for epithelial repair by treating wounds with cytochalasin D 

which blocks new actin polymerisation. Actin cable formation is selectively sensitive to 

cytochalasin D and at optimal doses of this drug, actin cable fails to assemble and 

consequently wounds fail to re-epithelialise. The cable is proposed to be contractile; for 

this it has to be associated with contractile machinery, particularly myosin motors. I show 

that myosin II protein co-localises with actin at the wound front and is visible as a cable 

within 7 minutes of wounding. The intracellular segments of actin cable anchor at the 

cell-cell boundaries into adherens junctions. These can be identified and labelled by their 

constitutive proteins including cadherin and vinculin. Both of these proteins can be seen 

clustering at the wound margin in the basal layer within 2 minutes of wounding and 

throughout the wound closure period, remaining for an hour or so at regions of zipped up 

epithelium.

The actin cable is evidently required for re-epithelialisation and associates with myosin II, 

but is it actually contractile? This has been tested using a myosin ATPase inhibitor 

(BDM), which prevents filament contraction. BDM treated wounds still organise a thick 

actin cable, but at least for the first hour following administration, cell apices are never 

seen to constrict and this is especially noticeable around the two ends of a slash wound. 

Tissue in which the cable has lost its tension and ability to contract is clearly different 

from normal re-epithelialising wound and wound repair is delayed during the period of 

BDM activity.

The transition point in the chick epithelium is at stage E9/E10 when wounded epithelium 

still assembles actin cable in places, but epithelial cells additionally become capable of 

organising lamellipodia and crawling forward to repair a wound. Cable and lamellipodia
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can exist in adjacent cells at the same healing wound front although not apparently within 

the same cell.

~ the dynamics of organising a functional actin purse-string
Actin polymerises at the wound front within 2 minutes of wounding, suggesting that the 

cable filaments polymerise from an already existing pool of monomeric actin. Cable 

assembly is too rapid to be in response to gene upregulation or enhanced actin monomer 

protein translation. The time taken for wounding to induce gene transcription and 

translation into functional protein is at least 10-15 minutes (Martin & Nobes, 1992). One 

immediate early gene, c-fos has been shown to be rapidly upregulated after wounding 

embryonic skin and expression is seen up to 4 cell rows back from the wound front 

(Martin & Nobes, 1992). Many immediate early genes (lEGs) including EGR-1, NAK- 

1, gro and c-fos are upregulated in vitro with similarly rapid timecourse after wounding 

monolayers of tissue culture cells (Pawar et al, 1995). Actin gene expression is also 

likely to be upregulated as an PEG response at the embryonic epithelial wound front to 

replenish actin monomer stocks and maintain the critical concentration within cells at the 

repairing wound front. In vitro wound healing studies by Hoock et al (1991) 

demonstrated a 2-3 fold upregulation of beta actin mRNA within 15-60 minutes at the 

wound margin of endothelial cells following wounding.

Epithelial movement is not obvious during the first 30 minutes following wounding 

(Martin and Lewis, 1992b) and it is possible that it takes approximately 30 minutes to 

organise functional contractile apparatus. This reveals a lag phase when the actin-myosin 

contractile machinery is apparently assembled and in place, but the wound margin has not 

yet started to move. Immediate early gene (lEG) upregulation may play a role in initiating 

epithelial movement rather than contractile apparatus organisation. For example, "Effector 

EEGs" such as the actin/spectrin binding arc protein of neuronal dendrites, which appears 

to mediate rapid actin-based motility, may be the initiating factor in the onset of actin 

cable contraction (Lyford et al, 1995; Fosnaugh et al, 1995). Such a protein in the 

embryonic wound margin may exist and the time taken for its expression might partly 

account for the lag phase observed.

There are a large number of actin binding proteins which I have not investigated that may 

play key regulatory roles in assembly and subsequent functioning of the wound cable.

Gel sol in and other "actin depolymerising factors" such as cofilin bind monomeric actin 

but also bind actin filaments and uncap the barbed (growing) ends of actin filaments. In 
the presence of either of these proteins and actin bundling proteins such as a-actinin, 

filaments can then rapidly polymerise. In fact in Dictyostelium, over-expression of cofilin 

stimulates membrane ruffle formation (Aizawa et al, 1996), thus, it is possible that rapid
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actin cable assembly may be stimulated by such proteins. Another possible component 

along this pathway of actin cable assembly is profilin - an actin monomer binding protein 

which acts as a nucleating site, hugely increasing actin filament elongation rates (Pring et 

al, 1992).

Adherens junction clustering clearly occurs within seconds of wounding, however, we 

do not know whether the junctions are the result of clustering of small established 

junctions or alternatively are inserted into the membrane as new junctions from pools of 

cytoplasmic constituent cadherins and catenins etc. In tissue culture, fonnation of newly 

assembled junctions which assemble in a tyrosine phosphorylation dependent manner, 

are initially "weak". Such new, weak junctions are easily disrupted from the membrane 

before developing, after at least 10 minutes, into "stronger" mature junctions (McNeill et 

al, 1993). If this is true also of new junctions at an embryonic wound margin, then 

regardless of whether they are newly inserted or just redistributed in the membrane, they 

may only be strong enough to withstand the contractile tension generated by cable driven 

epithelial movement after a maturing lag period of at least 10 minutes. Restrictions on 

adherens junction strength may well be an early inhibitory influence contributing to the 

lag period before contractile apparatus becomes functional.

~ adherens junctions may act as nucléation sites for actin Hlament 
polymerisation
0.08 jig/ml of cD is just sufficient to block assembly of intracellular segments of actin 

cable at the wound edge and to block re-epithelialisation, but often residual clumps of 

actin cable remain at the cell-cell boundaries. This suggests that possibly, adherens 

junctions "protect" actin filaments against cD because they provide a strong nucleating 

stimulus for any remaining ATP-actin-monomers in the cell cytoplasm. Interestingly, the 

marginal ring of actin filaments in the periderm cells which have veiy dense anchors into 

tight junctions are the least susceptible to cD. Rapid clustering of cadherins within 

seconds of wounding even in the presence of cD, together with the residual clumps of 

actin apparent at wound margin cell-cell boundaries suggests that adherens junction 

clustering is a step prior to actin filament polymerisation and that the initial signal to 

cluster may not be dependent upon extensive new actin polymerisation.

Unfortunately, this study does not identify if adherens junction clustering is an upstream 

or downstream event on the same pathway as actin polymerisation, or whether it sits on 

an independently regulated pathway. However, related in vitro studies have shown that 

actin polymerisation and adhesion assembly can be dissected apart. Small GTP binding 

proteins Rho and Rac are known regulators of actin based motility, controlling focal 

contact assembly and actin polymerisation in fibroblasts and epithelial cells (Ridley &

101



Hall, 1992; Ridley et al, 1992; Nobes & Hall, 1995; Ridley et al, 1995). By 

microinjecting Rho into Swiss 3T3 fibroblasts and treating cells with cD or 

staurosporine, Nobes and Hall (1995) showed that cells will assemble focal adhesions 

without actin stress fibres, or polymerise actin in the absence of focal adhesions 

respectively. These results suggest that the molecular switch Rho proteins may be a key 

signal in the actin reorganisation and adherens junction clustering in response to 

wounding and are thus investigated in chapter 4 of this thesis.

~ BDM - a Myosin-ATPase inhibitor is a useful tool to block purse-string 
contraction
While it is difficult to extrapolate from tissue culture studies precisely the optimal dose of 

BDM for my in ovo chick wound experiments, all 3 of the doses I used appeared to be 

functional blockers of actin-myosin contraction at least for the first period following 

wounding. The lowest 2 doses applied are used to block specifically myosin ATPase 

function in vitro tissue culture experiments (Brotto et al, 1995). Unfortunately BDM is 

inactivated in vivo in aqueous solution after 60-90 minutes (Cramer & Mitchison, 1995). 

To fully test the affects of BDM, repeated applications of BDM throughout the normal 

time taken for an incisional wound to heal rather than the early single dose applied, might 

result in a more complete block of epithelial repair being obtained since BDM is 

membrane soluble and should enter wound margin cells rapidly.

~ a possible mechanism of "zipping-up”
Incisional wounds appear to heal both by zipping up from the two ends of the cut 

epithelium and by contraction of some cable containing basal cell apices along the length 

of the wound margin. Often wedge shaped cells containing actin cable are visible just 

back from the marginal cells (Fig 126). The wound margin shortens by cell apices 

contracting and cells rearranging their adherens junctions thus enabling cells to leave the 

wound margin. When such a cell is no longer under tension, it can then disassemble its 

segment of actin cable. When BDM is added to the extra-embryonic fluid just prior to 

wounding, wedge-shaped cells are not seen and healing is delayed suggesting that cable 

contraction and thus apical constriction of cells is a normal part of the healing event, and 

that the actin cable is not merely a structural support or providing a counter-isometric 

force to the stretch-induced tension at the wound margin.

In an incisional slash wound, a contracting actin cable will generate at the "zip fastener 

point" two acute angled forces which may act to pull together the two cells on either side 

of the slash wound at the zip fastener point (illustrated in reality and cartoon in Fig 13). 

This would require significant rearrangement of cadherins or their "sliding" along 

adjacent cell membranes to bring wound margin cell membranes into contact with each
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other. Indeed, many cadherins cluster at this zip-fastener point and along the zipped up 

seam, and remnants of actin cable are visible in cells which have recently been brought 

into contact with each other at the zipped up ends of wounds. All these data support this 

proposed mechanism of zipping up (Fig 13).

~ what happens to the actin cable at the transition point?
Clearly at some stage in development, the mechanism of re-epithelialisation changes from 

purse-string contraction to the adult mode of lamellipodial crawling. I have found that 

confocal images of phalloidin stained wounds and histology place this transition stage at 

approximately E9-E10 in the chick. At this stage the actin cable appears discontinuous 

around the wound periphery. The remaining arcs of cable still appear by TEM to be 

similar to E4 chick epithelial wound fronts and by analogy able to drive epithelial 

movement presumably by arc cable contraction much as Bement's Caco2BBE cells can 

(Martin & Lewis, 1992a; Bernent et al, 1993; Chapter 6 this thesis). However, the 

wound margin also has regions where cells clearly extend lamellipodia across the wound 

substratum. How the same wound margin can "cope" with two apparently conflicting 

mechanisms of repair is unclear. Perhaps communication between cells at this stage is 

different from that found in earlier epithelial sheets so that co-ordination of wound margin 

cell activity around the wound front is not necessary. It would be interesting establish the 

state of gap junction communication between epithelial cells at the wound margin at this 

stage and compare it with wound margins in the E4 chick wing bud.

The underlying cause for transition from an actin purse-string based movement to 

lamellipodial crawling is difficult to discern. I suspect that a cell has an either/or choice 

governing whether to assemble lamellipodia or cable, since I have not observed a cell 

with both cable present and extending a lamellipodium at the wound margin, although 

within the same wound adjacent cells can clearly behave differently (Fig 15). The size of 

wound may be relevant to the overall mechanism of healing around the transition point 

described. At E9, small wounds seem more often to repair by means of an actin cable. 

This correlation of wound size and mode of re-epithelialisation is also found by Bement 

et al (1993) in wounds made to confluent monolayers of Caco2BBE cells. I find that 

larger wounds in E9-E10 embryos are much more likely to also extend lamellipodia from 

the epithelial edge as well as assembling cable arcs.

Complexity of the epithelium correlates well, but of course may be completely unrelated 

to, the mode of motility at the transition point. At ElO, the epithelium is beginning to 

stratify into three layers and feather buds are growing. It is easy to imagine that the 

strength of a contractile cable in a basal cell might be insufficient to pull an epithelium 

across wound mesenchyme when it consists of several layers riding passively on top of
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the active basal cell. Nothing is known of the precise adhesion molecule expression 

patterns in the developing chick epithelium or substratum, but it is possible that immature 

epithelial cells find the substratum difficult to adhere to early in development. Certainly 

repair appears to occur in the absence of any normal adhesion between epithelial integrins 

and RGD-containing substratum ECM, since RGD peptides added to the extra-embryonic 

fluid do not impair tissue repair in E l 1.5 mouse embryo wounds (Martin & Lewis, 
1992b). Aside from transient expression of TGF-P, little is known of the growth factors 

involved in early embryonic tissue repair. Amniotic fluid is rich in growth factors 

including EGF, however, since mouse embryos cultured in growth factor-free and 

serum-free medium repair their wounds by purse-string contraction (McCluskey & 

Martin, 1995; McCluskey, 1995), it seems unlikely that a changing profile of growth 

factors external to the embryo may initiate cable organisation in wound front cells. This 

does not rule out an inhibitory affect on purse-string assembly by a growth factor found 

in the amniotic fluid from ElO onwards and it would be interesting to test a few possible 

candidate growth such as Scatter Factor/HGF, to see whether they might alter the normal 

cable organisation at an early embryo wound site.

Whatever the initial wounding trigger that activates assembly of an actin cable in wound 

margin cells, it is fascinating to discover the molecular switches that signal cable 

assembly. In an effort to determine what they might be, I have investigated the role of 

Rho and Rac in repair of incisional wounds. These two small GTPases have been shown 

to mediate growth factor triggered actin reorganisation in tissue culture cells. These 

studies form the basis of my next chapter.
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M aterials and M ethods

~ wounding method for cable dynamics studies looking at actin localisation, 
myosin distribution and cadherin immunostaining
Following limb-bud exposure, incisional or slash wounds were made to the E4 

(stage23), (Hamburger and Hamilton, 1951) chick wing bud at different time points, 

usually 6hr, 3hr and Ohr or Ihr, 30 min and 15 min, or 15 min, and any of 10 min, 7 

min, 5 min, 2 min, 1 min, Ohr. This permited comparison of different stages of the repair 

process within the same experimentally treated tissue. For the time-course of actin 

polymerisation, myosin localisation and cadherin distribution experiments, all wing buds 

were wounded in this manner.

~ wounding method for cytochalasin D studies
Cytochalasin D (Cd, Sigma) was obtained as a 1 mg desiccate and dissolved in 1ml 

DMSO (dimethyl sulphoxide) before diluting to 10 ml in distilled water to form a 

0.1 mg/ml (100 ng/ml) stock which was stored in 100 |il aliquots in the freezer. Dilutions 

were made up on the day of use and warmed to 38°C just before adding to the extra- 

embryonic fluid over the limb bud. Warming solutions before addition to the amniotic 

fluid avoided the possibility of temperature shock affecting dynamics of the wound 

healing response in the embryo. 100 |Lig/ml stock was diluted to 0.02 pg/ml (low), 0.08 

}ig/ml (medium) and 0.15 jig/ml (high) in PBS.

For each cD dilution, 10 p.1 of cD solution was dropped over the wing bud a few seconds 

prior to wounding. In these experiments, three wounds were made within seconds of 

each other to the wing bud surface to enable comparisons between wounds allowed to 

heal for the same time period and receiving exactly the same dose of cD throughout the 

incubation following wounding. For wounds incubated for periods greater than 1 hr, 

additionally 10 |xl of cD was dripped onto the limb bud at hourly intervals to maintain cD 

in the environment of the “repairing” wounds.

105



~ table of numbers of embryos (3 wounds per embryo) used to assess affects 
of cD on rate of wound repair by SEM

Cytochalasin D treated embryos prepared for SEM were fixed following wounding at 

time points outlined in the table below. Control experiments consisted of pipetting on to 

wing bud limbs prior to wounding, 10 pi of appropriate dilutions of DMSO in PBS.

conc. cD SE M  time Ohr Ihr 3hr 6hr

0.02ug/ml{cD} no. em bryos 3 3 9 6

ave .leng th .% open 373um 290um (77%) 194um (52%) 14um (3.7%)

0.08ug/ml{cD)a no. em bryos 3 3 7 6

ave .leng th .% open 384 um 369um (96%) 327um (85%) 353um (92%)

0.15ug/ml{cD}a no. em bryos 3 3 9 6

ave .leng th .% open 375um 365um (97%) 359um (96%) 356um (95%)

~ table of total number of embryos used (3 wounds per embryo) in the study 
to assess actin and cadherin distribution at the wound margin in the 
presence of cD

Phalloidin stained cD treated embryos and those additionally prepared for anti-pan- 

cadherin immunolabelling were fixed following wounding at time points outlined in the 

table below.

tim e
{cD}

2 min 5 min 15 min 30 min Ih r 3 hr 6 hr

0.02
U.g/ml
0.08

p g /m l

0.15
U.g/ml

~ wounding method for BDM studies
BDM (Sigma) was made up on day of use from desiccate stocks to give final 

concentrations of 100 mM, 10 mM and 5 mM BDM dissolved in PBS. 10 pi of BDM 

solution at 37°C was dropped onto wing buds prior to wounding and each embryo had 3 

wounds made to the wing bud at the same time point to ensure identical BDM exposure 

throughout the healing process for a more accurate comparison. In all experiments I 

employed a "blind application" of solutions to the embryos, such that at the time of
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wounding I did not know which embryos had received BDM just prior to wounding and 

which had received 10 |il of PBS.

~ table to show number of embryos (3 wounds per embryo) assessed for rate 
of repair by SEM in the presence of BDM

{BDM}

Tim e a fte r  
w o u n d in g I h r 3 h r 6 h r

lOOmM BDM
no. of embryos 
mean length 

& % open

4
391pm open 

96%

10
221pm open 

54%

6
107pm open 

26%

lOmM BDM
no. of embryos 
mean length 

& % open
---------

6
240pm open 

59%

6
84pm open 

27%

5mM BDM
no. of embryos 
mean length 

& % open
---

6
269pm open 

66%

12
45pm open 

11%

Control
no. of embryos 
mean length 

& % open

4
344pm open 

85%

16
187pm open 

46%

18
7pm open

2%

BDM does not prevent actin localising to the wound margin, but the repairing wound 

reveals characteristic cell shape changes which may not be present if the actin cable 

cannot contract in the presence of BDM. Therefore it is pertinent to study carefully the 

appearance of the wound margin cell shape during the period of wound repair in the 

presence of BDM. Embryos are treated with BDM of different concentrations, wounded 

and phalloidin stained for visualisation of actin under the laser scanning confocal 

microscope.

~ table of chick embryo numbers (3 wounds per embryo) used in BDM study 
and stained for actin visualisation

T im e

{BDM}

Ohr 2 m in 15m in 3 0 m in I h r 3 h r 6 h r

lOOmM 2 2 1 1 4 3 3

lOmM 2 3

5mM 2 2 3

~ w o u n d in g  m e th o d  fo r  e p ith e lia l t r a n s i t io n  p o in t  w o u n d  h e a lin g  s tu d ie s

From E7 during development, chick embryos no longer lie in the egg with their right 

wing bud uppermost. Instead they rotate head down to expose their right hind limb. For
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this reason, I wounded the region of skin uppermost at this time i.e. the right hind-limb. 

Following de-membranation between E8 and ElO, I used an electrolytically sharpened 

tungsten needle to make 2-3 small incisional cuts approximately 800 pm long to the right 

thigh region of the chick embryo. The embryo was returned to the incubator and tissue 

fixed after healing for 6 hours. Quite often, the original wound site was very hard to see, 

but careful drawings made upon wounding ensured that the correct region of tissue could 

be excised after fixing and prepared in the normal way for actin filament visualisation or 

resin histology described in General Materials and Methods (Chapter 2).

~ table to show total numbers of embryos assessed for determining the 
transition stage in mechanism of epithelial repair

ch ick  stage E 8 E 9 E lO
resin histology 5 wounds 5 wounds
phalloidin stained 2 embryos (5 

wounds)
5 embryos (11 

wounds)
5 embryos (1 0  

wounds)

No evidence of lamellipodia was seen in any of the 5 wounds made to the 2 x E8 embryo 

hindlimbs although no resin or EM histology studies were done to confirm this. In all the 

E9 and ElO embryos which were phalloidin stained following wounding, there was 

evidence of both cable assembly and lamellipodia at the wound margin. Only 2 wounds 

from the E9 embryos (in different embryos) appeared to be repairing solely by an actin 

cable. In all other wounds, both lamellipodia and cable were apparent at the wound 

margin. None appeared to be repairing solely by lamellipodia. In all ElO wounds studied, 

cable and lamellipodia were present in phalloidin stained embryos; one of these wounds 

appeared to be repairing solely by cabling; no wounds appeared to be closing solely using 

lamellipodia. No EM histology was performed on E9 wounds, but resin sections of 

wounds showed both tapering epithelial wound edges characteristic of crawling and blunt 

epithelial edges characteristic of cabling. Similarly, resin histology of ElO wounds 

showed both tapering wound edges and blunt wound edges.
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Chapter 4

The G TP B inding Protein Rho R egulates A ctin C able A ssem bly  

In tro d u ctio n
In this chapter I investigate the signalling mechanism which mediates wound induced 

actin cable assembly. I describe a role for the small GTPase Rho family of proteins which 

may act as molecular switches regulating actin polymerisation into a cable and adherens 

junction clustering at the margin of an embryonic wound. As a means of introducing 

reagents into wound margin epithelial cells to test Rho function I illustrate that epithelial 

cells are transiently permeabilised at the wound front in a non-fatal manner and can, as a 

result of this leakiness, be efficiently loaded with reagents added to the extra-embryonic 

fluid.

Chapter 3 has presented evidence demonstrating that the actin cable is rapidly assembled 

within 2 minutes of wounding a chick wing bud epithelium. The cable is found only in 

the basal layer of the bilayered epithelium, the periderm layer appearing to ride passively 

on top of the active basal layer. The underlying mesenchyme never shows any sign of 

organising an actin purse-string. The cable is associated with myosin II motor proteins 

and anchors into cadherin-based adherens junctions. The cable's sensitivity to 

cytochalasin D illustrates its presence is necessary for epithelial repair. The lack of cell 

shape change and unusual actin cable pattern combined with delayed healing in the 

presence of BDM - a myosin ATPase inhibitor suggests that the actin cable is actively 

contractile during re-epithelialisation. The order of assembly of contractile machinery 

components is indicated by the presence of adherens junctions apparently clustering 

before cable has polymerised and their clustering even in the presence of cable inhibiting 

doses of cD.

This chapter investigates the molecular signals regulating epithelial cell actin 

reorganisation into actin cable at the basal epithelial wound front.

I am addressing two questions directly:

1] Can reagents added to the extra-embryonic fluid be efficiently loaded into wound 

margin cells during the wounding process?

2] Do small GTP binding proteins play a role in contractile apparatus assembly and 

embryonic wound repair?
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~ cells in vitro and in vivo can tolerate membrane disruptions which rapidly 
re-seal and are non-fatal
Many cell biological studies rely on the fact that cells can survive minor membrane 

damage without suffering any apparent ill health. For example, microinjection of cells 

disrupts the cell membrane in a non-fatal way. Such cells have been wounded and reseal 

leaving them indistinguishable from uninjected cells. Only if a fluorescently tagged 

macromolecular tracer such as dextran which is normally membrane impermeant is added 

to the extracellular fluid can the cell with the "damaged" membrane be detected. This kind 

of damage-reseal mechanism is not unique to cells in vitro. Cell wounding without death 

is commonly found in the gastrointestinal tract. In mice fed with fluorescent dextrans, 

subsequently labelled superficial epithelial cells are found throughout the stomach, small 

intestine and especially the colon (McNeil & Ito, 1989). This uptake of dextrans is not 

associated with a pinocytic pathway and is proven to be a result of mechanical stress such 

as occurs during passage of food along the gut, transiently permeabilising epithelial cells 

which then reseal. This phenomenon has been used to load dextran markers normally 

impermeant to membranes into gastrointestinal epithelial cells and is the basis for our 

belief that we can similarly label wound margin cells as a result of the mechanical stress 

inflicted on cells during wounding. Similarly disrupted cell membranes in giant cells such 

as amphibian eggs, amoebae and coenocytic green algae reseal by localised contraction of 

the cytoskeleton. This is calcium dependent and has been described as a drawstring 

which closes the wound (reviewed in McNeil, 1993).

~ cells in tissue culture and in 3D collagen matrices can he scrape-loaded 
with reagents in the extra cellular fluid
Dragging a pipette tip across a monolayer of cells in culture to make a scrape wound is a 

simplified version of our needle slash wounds made in vivo to chick wing buds.

Errington and Martin (manuscript in preparation) have demonstrated that the wound 

margin cells of a tissue culture monolayer of fibroblasts or epithelial cells are transiently 

permeabilised and rapidly reseals within seconds. This briefly exposes the cytoplasm of 

wound margin cells to extracellular fluid and any reagents or dextran markers contained 

in it. In the presence of extracellular fluid containing 44 KD fluorescent dextrans bathing 

the cells, the cells at the wound margin are loaded with dextrans. Extrapolating this 

mechanism to our in ovo chick system it should be possible to load small molecular 

weight reagents into wound margin cells simply by dripping the reagent into the amniotic 

fluid overlying the limb bud just prior to wounding. Grinnell has recently reported that a 

similar process occurs with fibroblasts cultured in 3D collagen gels where stretch-release 

of the matrix "damages" cells sufficiently to result in dextran loading of the cells (F. 

Grinnell, Pers. Comm.).
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~ small Ras-like GTP binding proteins regulate formation of different 
organisations of actin in fibroblasts and epithelial cells
Small GTP (Guanine nucleotide) binding and hydrolysing proteins are implicated as 

molecular "switch" controls regulating actin filament organisation. This was 

demonstrated by Ridley and colleagues (Ridley & Hall, 1992; Ridley et al, 1992) using 

Swiss 3T3 fibroblasts where they showed two different organisations of actin filaments 

within cells are regulated by Rho subfamily members of the Ras family of GTP binding 

proteins. Stimulation of lamellipodia protrusion and membrane ruffling observed when 

serum starved Swiss 3T3 fibroblast cells are exposed to PDGF is mimicked by 

microinjection of constitutively active Rac protein (V12Racl) and the affect of PDGF in 

inducing membrane ruffles is blocked if a dominant negative inhibitor of Rac function 

(NlVRac protein) is microinjected into the cells (Ridley et al, 1992). Dominant negative 

N17 Rac protein has had amino-acid 17 mutated from threonine to asparagine ensuring 

that Rac protein is locked in a GDP bound state (Menard et al, 1992). This sequesters 

GEFs (GTP exchange factors) which try to reactivate it but cannot. By contrast, when 

3T3 fibroblasts are semm starved and then treated with serum or its active constituent 

LPA (Lysophosphatidic acid), they organise actin filaments into stress fibres within 

minutes. This affect can be mimicked by microinjecting constitutively active V14RhoA 

protein, and blocked by introduction into the cells of C3 transferase - an exoenzyme 

which directly ADP ribosylates and thereby inactivates endogenous Rho protein 100 

times more efficiently than it does Rac (Ridley & Hall, 1992).

Later work has studied Ras family protein function in epithelial cells in culture. This has 

confirmed that active RhoA GTPase also stimulates stress fibre foiTnation in MDCK cells 

and induces a ring of actin to polymerise around the periphery of cell clusters within 5 

minutes (Self et al, 1993). Stress fibres and peripheral bundles in epithelial cells are lost 

when cells are microinjected with C3 transferase suggesting that Rho protein function is 

similar in both epithelial cells and mesenchyme cells (Ridley et al, 1995). Rac function in 

epithelial cells is less clear. Injection of recombinant Racl protein into MDCK cells 

causes a rapid increase in cortical actin, but does not cause precocious membrane ruffling; 

neither do peripheral bundles and stress fibres disassemble (Ridley et al, 1995).

~ Rho protein activity is tightly regulated by activating and inactivating 
groups of proteins
Rho proteins bind GTP and hydrolyse it to GDP, cycling between a GTP bound "active" 

state and GDP bound "inactive" state and thus acting as a molecular on/off switch. This 

cycling is controlled by three different groups of proteins - GAPs (GTPase activating 

proteins) which stimulate the intrinsic GTPase activity of the GTP-bound protein thereby 

converting them to the GDP-bound form (Bourne 1991); GEFs (Guanine nucleotide
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exchange factors) which catalyse GTP/GDP exchange activity and are thought to generate 

the active GTP-bound protein (Boguski & McCormick, 1993), and GDIs (GDP 

dissociation inhibitory factors) which form a complex with GDP bound protein 

preventing conversion to a GTP-bound form (Fukumoto et al, 1990) (see diagram). In 

the active GTP bound state, Rho proteins can then bind effector proteins such as the 

recently identified WASP (Wiskott-Aldrich immunodeficiency syndrome protein) which 

binds to the Rho family member Cdc42 in tissue culture fibroblasts and effects changes in 

cytoskeletal actin (Symons et al, 1996).

~ many effects of active Rho are mediated via phospholipids
Both Rho and Rac's role stimulating actin polymerisation into filaments either into stress 

fibres, or to form lamellipodia is likely to be mediated through phospholipids. Active Rho 

and Rac stimulate production of phosphatidyl inositol 4,5-bisphosphate (4,5 PIP2) by 

activating phosphatidyl inositol 4-phosphate 5-kinase which regulates the formation of 

PIP2 (Chong et al, 1994; Hart wig et al, 1995). Using a permeabilised platelets model, 

Hartwig et al (1995) recently demonstrated that active Rac effects actin polymerisation by 

uncapping the barbed end of actin filaments, and this process is dependent upon 4,5 PIP2 

since mopping up 4,5 PIP2 with sequestering peptides blocks the stimulatory effect of 

active Rac on actin polymerisation (see diagram).

-  Rho family proteins regulate focal contact assembly in addition to actin 
filament reorganisations
The small GTPases appear not only to mediate actin polymerisation processes, but also 

signal the formation of the adhesion complex into which actin filaments insert. Classical 

focal contacts forming the anchor between stress fibres and extracellular matrix and the 

small focal contacts which organise at the leading edge of a lamellipodia attaching it to the 

underlying substrate are induced by microinjection into fibroblasts of constitutively active 

Rho and Rac respectively (Nobes & Hall, 1995). This suggests that in addition to 

regulating actin polymerisation, Rho proteins also regulate focal contact formation. In fact 

Nobes & Hall (1995) discovered that if cytochalasin D is used to remove stress fibres 

from 3T3 cells, and they are then injected with active Rho protein, classical focal contacts 

are induced in the cell even in the absence of actin stress fibres, unmasking a dual 

independent regulation of both focal contact formation and actin polymerisation into 

stress fibres by Rho. This possibility is strengthened by the report that active-Rho 

stimulated 3T3 cells still polymerise thin actin filaments even in the presence of 

staurosporine (a broad spectrum tyrosine kinase inhibitor) which blocks focal contact 

foiTnation (Nobes & Hall, 1995). Thus, it is likely that phospholipid kinases and tyrosine 

kinases regulate both actin polymerisation and focal contact formation respectively in 

response to Rho GTPases.
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Very little is known about regulation of adherens junction formation and GTPases. A 

recent study looking at Rho function in intestinal polarised epithelia in vitro reported loss 

of peri-tight junctional rings of actin filaments in the presence of C3 transferase (Nusrat et 

al, 1995). Nusrat et al demonstrated E-cadherin associated with the tight junctional ring 

of actin remained localised at the membrane, despite a loss of ZO-1 the tight junction 

protein, concurrent with actin filament disassembly. It is not clear yet whether adherens 

junctions differ markedly in their regulation from focal contacts, which apparently in both 

human and 3T3 fibroblasts disassemble within 5-10 minutes in the presence of C3 

(Hotchin & Hall, 1995).

~ Rho proteins are ubiquitously expressed in many cells and tissues
Just as with the related small GTPase protein Ras, it is generally believed that the Rho 

family of small GTPases are ubiquitously expressed in all cells, although already there 

are proving to be exceptions to this rule. For example, it appears that RhoA and RhoC are 

indeed ubiquitously expressed in the young chick embryo, but that RhoB is specifically 

upregulated in migrating neural crest cells (Serena Liu, Jessel Lab, Pers. Comm.). In 

mammalian tissues Racl has a broad distribution, but Rac2 expression is restricted to 

myeloid cells (Moll et al, 1991; Shirsat et al, 1990). In Caenorhabditis Elegans, RhoA 

expression is ubiquitous at low expression levels throughout embryonic and larval 

stages, but there are higher levels expressed in the nerve ring and sensory neurones 

during larval development. In all cells in C.Elegans, the majority of RhoA throughout 

development is associated with the membrane and cytoskeleton, the remainder being 

cytoplasmic (Chen & Lim, 1994). During Drosophila development, Rho and Rac 

mRNAs are expressed uniformly throughout the various tissues (Hariharan et al, 1995), 

but from studies in the developing imaginai disc, it appears that Dracl localises to 

adherens junctions (Eaton et al, 1995).

Ras and Rho proteins contain a membrane targeting sequence (CAAX box) and it is 

believed that members of the Rho subfamily (i.e. Cdc42, RhoA and RhoC) remain 

cytosolic in an inactive GDP bound state complexed with RhoGDI (Adamson et al, 1992; 

Backlund, 1992). It is postulated that activation of Rho leads to its dissociation from Rho 

GDI and activated GTP bound Rho is then targeted to membrane (Yamochi et al, 1994). 

Recent attempts by Robertson et al (1995) using epitope tagged proteins to more carefully 

localise GTPases in MDCK cells, have reported RhoA and RhoC localising to the actin 

cytoskeleton which would suggest an intimate relationship with contractile actin filament 

dynamics; this contrasts with active Ras distribution, which they observed localising only 

to cell membranes.
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~ Rho proteins are involved in regulating contractile actin microfilament 
organisation
Recent evidence implicates Rho as a regulator of more than just actin stress fibre 

assembly in fibroblasts. Rho is also required for contractile ring assembly during cell 

division and indeed the Rho blocker C3 transferase completely inhibits cytokinesis in 

tissue culture, Dictyostelium  and in Xenopus embryos (Takaishi et al, 1995; Kishi et al, 

1993; Moorman et al, 1996; Larochelle et al, 1996; Drechsal & Hall, 1997). A recent 

study has demonstrated that Rho is also essential for early pre-feitilisation stages of 

Drosophila egg development. Nurse cells squeeze their cytoplasm into the oocyte. This is 

achieved by contraction of a network of cortical actin filaments and this contraction has 

been shown to require Rho protein activity (Murphy & Montell, 1996). Similarly it 

appears that neurones require RhoA protein in order to retract n eu rites and round up in 

response to various growth factors (Jalink et al, 1994). These examples suggest that it is 

quite possible that one of the Rho proteins may be responsible for coordinating both 

assembly of actin cable and possibly subsequent contraction of the purse-string during 

embryonic tissue repair.

~ Ras proteins are clearly implicated in regulating wound healing
Other small GTPases are known to have key roles in activation of a repair response after 

wounding. In 1993, Sosnowski et al injected dominant negative NlVRas protein into a 

monolayer of bovine comeal endothelial cells before scrape wounding the monolayer 

with a pipette. Blocking endogenous Ras function in this way reduced the c-fos 

immediate early gene upregulation normally observed at the wound margin and resulted 

in a failure to migrate, with wounds remaining open
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D iagram  of the Ras-like G TP binding protein Rho, showing its activators, 
inhibitors, and some of the effectors of active Rho-G TP
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R esults

In this chapter I describe a method of loading fluorescent dextrans and other small 

molecules into wound margin cells by simply adding them to the chick extra-embryonic 

fluid in ovo prior to wounding. Only cells which lie initially along the wound margin are 

marked and can thus subsequently be tracked. This reveals significant re-arrangement of 

cell-cell contacts and cell movements during the repair process. Using this method of 

introducing dextrans into wound margin cells, I co-load these cells with the Rho inhibitor 

C3 transferase, to test a role for Rho in regulation of actin purse-string assembly. Rho 

proteins may also regulate adherens junction clustering and/or anchorage of actin 

filaments. I assess whether Rho GTPase may regulate this and make preliminary 

investigations into the signals mediating connective tissue contraction.

~ epithelial wound margin cells are efficiently loaded with dextrans during 
the wounding process
Just prior to wounding, I drip 10 pi of 2 mg/ml lOKD or 40KD lysine-fixable 

rhodamine-tagged dextran (molecular probes) onto the wing bud of stage 23 chick 

embryos. Confocal imaging of tissue fixed immediately following wounding, reveals 

individual wound margin cells in the basal epithelial layer clearly loaded with rhodami ne 

dextran (Figla). The majority of periderm cells along the wound margin are loaded in this 

way (Fig \b), but consistently fewer wound margin cells (60%+) in the basal layer are 

labelled with dextrans. Varying the technique of wounding by making slower incisional 

strokes, multiple stroke wounds or using more blunt needles, does not seem to affect the 

percentage of wound margin cells loaded. Occasionally a periderm cell is loaded with 

dextrans in the second row back from the wound margin (Fig \b), but basal cells back 

from the front row are almost never loaded with dextrans.

At both Ihr and 3hr following wounding intracellular segments of actin cable are visible 

in basal wound margin cells in both dextran loaded and dextran-free wound margin cells 

(Figlc, 2b), suggesting that neither membrane damage nor dextran loading perturbs the 

capacity of a cell to assemble a cable and participate normally in wound closure (Fig Ic 

arrow). Such dextran loaded wounds appear to repair with a normal time course 

compared with control wounds when assessed by both confocal microscopy and SEM.

In a repairing wound, cells formerly at the wound margin and loaded with dextran form a 

visible seam delineating an otherwise invisible zipped up wound (Fig Ic asterisk). This is 

especially obvious 6hr following wounding, when wounds have completely re- 

epithelialised and fluorescent red dextrans mark the former site of the wound in both
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basal and periderm layers, often as the only indication of the prior wound site (Fig 2c, 

2̂ f).

~ basal epithelial wound margin cells co-loaded with Rho inactivator and 
rhodamine-dextran fail to assemble an actin cable
C3 transferase (27KD) at various dilutions is added concurrent with 10 pi of rhodamine 

dextran (lOKD or 40KD) to the wing bud just prior to wounding in an attempt to block 

Rho protein function in wound margin cells. When C3 is administered at a concentration 

of 50 pg/ml and above, and the wounded tissue examined by confocal microscopy 

following wounding, it is clear that the vast majority of basal wound margin cells have 

completely failed to assemble an actin purse-string in response to wounding the 

epithelium (Fig 3a, 3c). A failure to assemble actin cable at the wound margin is 

consistently found in all specimens studied at all time points studied following wounding 

in the presence of doses of C3 greater than 50 pg/ml. Cortical actin remains in all basal 

and peridermal cells in the presence of C3, and the peri-tight junction ring of actin in 

periderm cells appears normal (Fig 3b) suggesting that only new actin polymerisation 

appears to be blocked by application of Rho inhibitor.

~ individual dextran/C3-free wound margin ceils can still assemble cable
Since the wounding process consistently leads to transient exposure of extracellular fluid 

to about 60-70% of the basal and periderm wound margin cells, there are cells along the 

wound margin which are not exposed to C3 transferase. These cells can be identified as 

the cells along the wound margin which are not dextran labelled. These cells appear to 

assemble an actin cable as observed in specimens at 30 minutes of wounding (Fig 3d). 

The discontinuous patches of cable which assemble at this time appear much thinner than 

control basal wound margin actin cable and there is little evidence of constriction of the 

few actin cable containing cell apices. However, in some wounds allowed to heal for 3 

hr, such actin cable containing cells, despite being surrounded by wound margin cells 

failing to assemble cable, can still use their own actin cable to contract their own cell 

apices at the wound margin (Fig 3a). In these C3 loaded wounds, the wound edge 

appears uneven by SEM.

In dextran/C3 loaded wounds, the presence of brightly fluorescent dextran somewhat 

obscures confocal imaging of the changing actin filament distribution in wound margin 

cells. I get around this problem by wounding a number of specimens in the presence of 

C3 transferase without dextran as a marker. In such C3 treated wounds, the basal wound 

edge (Fig 3c) is easy to see when viewed alongside an image of overlying periderm to 

define the wound edges (Fig 3b). There are distinct borders between the majority of 

cable-free cells in the basal wound margin and those few cable containing cells which
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escaped permeabilisation during the wounding process and have not been loaded with C3 

(Fig 3c arrows). The entire length of the wound margin is slack at all time points looked 

at following wounding. This is in strong contrast to control wounds which within 30 

minutes are even, smooth and taut, a feature which is retained throughout the repair 

process.

~ C3 treated wounds fail to re-epithelialise
Clearly the small number of dextran/C3-free cells observed at a treated wound margin are 

insufficient to repair the wound, since there is no sign of zipping up, as viewed either by 

confocal or SEM. When C3 treated 3hr wounds are visualised by SEM, they appear as 

open as a Ohr wound (Fig 4). Even at 6hr C3 treated wounds (at least at 50 |ig/m l and 

100 |ig/ml) completely fail to repair. This is in contrast with control wounds which 

usually are completely re-epithelialised within 6hr (Fig 5). The cell morphology of C3- 

treated wounds as viewed by SEM reveals the normally smooth and taut wound margin 

periderm cells to instead appear slack and uneven; the cells also appear relatively 

flattened. Peridermal cells at the margin of C3 treated wounds retain their microvilli and 

although some regions of wound margin appear relatively normal with smoother, taut 

cells, the generally uneven morphology of epithelial cells is similar at Ihr, 3 hr and 6hr 

following wounding (Fig 6). In some 6hr C3 treated wounds visualised by SEM, the 

epithelium is still gaping open, and occasionally the wound mesenchyme appears to 

expand out of this gaping epithelial wound margin (Fig 5). Even 24hr after wounding, 

very few C3 treated wounds show significant wound closure, although very rarely I find 

wounds have fully closed in that time.

-  concentrations of C3 lower than 10 |ig/ml fail to fully block actin cable 
assembly and subsequent re-epitbelialisation
When administered at lower concentrations of C3 (10 ]Lig/ml), treated wounds show a 

variable capacity to assemble an actin cable; some of the loaded basal cells organise cable 

and a proportion of wounds appear to repair about half as efficiently as normal. However 

the majority of treated wounds that are subsequently phalloidin stained for actin, appear 

not to assemble cable and 70% of wounds visualised under SEM are still almost fully 

open at 6hr (Fig 5). The majority of 3hr wounds treated with 1 |ig/ml C3, seem capable 

of assembling actin cable in all cells including those clearly loaded with C3/dextrans.

Such wounds appear to be zipping up and capable of repairing (Fig 4). SEM analysis of 

6hr wounds shows some variability with some being completely repaired but most still 

open an average 23% (Fig 5).
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F i g l

Confocal laser scanning microscopy dem onstrating dex tran  loading 
of wound m argin cells

periderm

(a) K hodaniinc-dextran loaded (red) basal epithelial wound m argin at Ohr, stained with phalloidin  
to visualise filam entous actin (green). Approxim ately 60% of the basal wound margin cells are 
labeled; rareh are basal cells back from the wound m argin loaded. Som e dam aged m esenchym e  
cells h a \e  also loaded with dextran. (b) R hodam ine-dextran loaded (red) periderm epithelial wound 
margin at Ohr. The m ajority of wound m argin cells are labeled and occasionally periderm  cells in the 
second row back from the wound m argin are also labeled, (c) Dextran loaded wound (red) allowed to 
repair for 3 hr and phalloidin stained (green) dem onstrating that dextran loaded cells assem ble an 

actin cable (arrow ) and contribute to the repair process norm ally. Som e dextran loaded cells initially 
at the wound m argin now lie along the zipped up seam  (asterisks).
Scale bars: (a) = 10 //m ; (b) = 50 //m ; (c) = 10 //m .



Fig 2

Confocal laser scanning microscopy demonstrating normal repair of 
dextran loaded wounds

-  L

(a) D e x t r a n  lo a d e d  ( r e d ) ,  p h a l lo id in  s t a i n e d  ( g r e e n )  p e r i d e r m a l  w o u n d  m a r g in  f ix e d  1 h r  a f t e r  w o u n d i n g  
d e m o n s t r a t i n g  l o a d in g  o f  w o u n d  m a r g in  ce l ls ,  (b )  B as a l  e p i t h e l i u m  o f  s a m e  w o u n d  as  in (a )  d e m o n s t r a t i n g  
ac t in  c a b l e  a s s e m b l y  ( g r e e n )  in d e x t r a n  lo a d e d  ( r e d )  w o u n d  m a r g in  ce l ls ,  (c )  D e x t r a n  lo a d e d  an d  p h a l lo id in  
s ta in e d  w o u n d  c o m p l e t e l )  r e - e p i th e l i a l i s e d  at 6  hr. A ll  tha t  r e m a in s  v i s ib le  o f  the  w o u n d  s ite  is a s e a m  o f  
red  f l u o r e s c e n t  c e l l s  in the  p e r id e r m  w h ic h  e a r l i e r  lay a lo n g  the  w o u n d  m a rg in ,  (d )  B asa l  e p i th e l iu m  
o f  s a m e  r e p a i r e d  w o u n d  as in (c).  R e m n a n t s  o f  a c t in  c a b l e  lie in d e x t r a n  lo a d e d  ce l l s  a lo n g  part o f  the  z ip p e d  
up  s e a m ;  as w i th  the  p e r id e r m  l a se r .  onl> red  f l u o r e s c e n t  ce l l s  m a r k  s o m e  r e g io n s  as the  s ite  o f  a p r e c i o u s  
w o u n d .  S ca le  ba i s :  (a ) ,  (b )  =  20  / n n ;  (c ) .  (d )  =  5 0  /m i .



Fig3

Confocal laser scanning microscopy of incisional epithelial wounds, 
C3 transferase treated to block endogenous rho activity

periderm 3hr C3 I basal 3hr C3

>  _
(a) Basal epithelial wound m argin fixed and 
phalloidin stained (green) 3hr after wounding 
in the presence o f rhodam ine-dextran (red) 
and 100 //g /m l C3 transféras^. W ound m argin  
cells which have loaded with dextran and C3 
can not assem ble actin cable (arrows), 
suggesting rho is required to signal actin  
purse-string assem bly in response to 
w ounding. W ound m argin cells w hich are not 
dextran/C3 loaded can assem ble actin cable 
and clearly constrict their apices in an attem pt 
to re-epithelialise the wound (asterisk).
(b) Superficial periderm  layer o f wound fixed  
and phalloidin stained (green) 3 hr after wounding in the presence o f 50 //g/m l C3 dem onstrating  
norm al appearance o f periderm al m arginal rings o f actin and clear epithelial wound edge, (c) Basal 
epithelial layer o f sam e wound as in (b) wounded in the presence o f C3, but without dextran clearb  
show ing failure o f the m ajority of wound m argin cells to assem ble cable. Those cells not loaded  
with C3 still assem ble cable as seen in (a), are marked with arrow s here, (d) Phalloidin stained  
(green) basal epithelial wound m argin fixed 30 m inutes follow ing wounding in the presence of
50 //g/m l C3 and rhodam ine-dextran (red). As in (a), all dextran/C 3 loaded wound m argin cells 
fail to assem ble cable, but small num bers o f unloaded cells can still assem ble a thin cable at 30 
m inutes follow ing wounding. Scale bars: (a), (b), (c), (d) = 10 //m .



Fig 4

Scanning electron microscopy of epithelial wounds fixed 3 hr after 
wounding in the presence of Rho inactivating C3 transferase or 
dominant negative NlTRac

(a) Low inagnincation o f a typical Ohr wound showing variable gape and rough, uneven wound  
edges, (b) Control wound repairing normally and closed about 50% when fixed 3 hr after wounding.
(c) W ound fixed 3 hr after wounding in the presence o f 50 //g/m l C3 dem onstrating no change  
in wound length com pared with a Ohr wound; i.e. clearly failing to re-epithelialise. (d) W ound 
fixed 3 hr after w ounding in the presence o f 10 //g/m l C3. Although there is som e sign o f the w ound  
beginning to zip up from the left, re-epithelialisation is still significantly impaired in wounds 
treated w ith this dose of C3. (e) Wound fixed 3hr after w ounding in the presence of 1 //g/m l C3.
The wound is re-epithelialising, but com pared with controls such wounds are still slightly delayed.
(f) W ound fixed 3hr after wounding in the presence o f 1000 //g /m l N lTRac to block endogenous Rac 
function in wound m argin cells. Such treated wounds repair at the same rate as controls and the wound  
m argin cells appear to h a \e  normal m orphology. Scale bars: (a), (b), (c), (d), (e). (f) = 100 //m .



Fig 5

Scanning electron microscopy of epithelial wounds fixed 6 hr after wounding 
in the presence of Rho inactivating C3 transferase or dominant 
negative NlTRac

(a )  C o n t r o l  in c i s io n a l  w o u n d  c o m p l e t e l y  r e - e p i th e l i a l i s e d  a f t e r  6 h r  w i th  ju s t  a s m a l l  e x t r u s io n  o f  cel l  d e b r i s  
m a r k in g  the  p r e v i o u s  w o u n d  site , (b )  W o u n d  f ix e d  6 h r  f o l l o w i n g  w o u n d i n g  in the  p r e s e n c e  o f  5Ü /^g/m l C 3  
d e m o n s t r a t i n g  tha t  e v e n  a f te r  6 hr. the  w o u n d  h a s  no t  s t a r t e d  to  r e p a i r  a n d  in th is  e x a m p l e  is a p p a r e n t ly  
g a p in g  o p e n  no t  u n l ik e  a Uhr w o u n d .  T h e  w o u n d  m a r g in  is no t  s m o o t h  o r  tau t  a n d  the  e x p o s e d  m e s e n c h y m a l  
ce l l s  a p p e a r  s w o l l e n  a n d  to h a v e  e x p a n d e d  o v e r  the  e p i th e l i a l  b o r d e r s  in s o m e  p la ces ,  (c) W o u n d  f ix ed  6 h r  
fo l l o w i n g  w o u n d i n g  in the  p r e s e n c e  o f  IÜ / / g /m l  C 3 .  T h e  w o u n d  is no t  g a p in g  a n d  ha s  c le a r ly  b e g u n  to 
z ip  up.  but  is st ill o p e n  c o n s id e r a b ly  m o r e  t h a n  a c o n t ro l  3 h r  w o u n d ,  (d )  W o u n d  f ix ed  6 h r  fo l l o w i n g  
w o u n d i n g  in the  p r e s e n c e  o f  I / /g /m l  C 3  d e m o n s t r a t i n g  s ig n i f i c a n t  r e - e p i th e l i a l i s a t io n .  bu t  still a ty p ic a l  
s l igh t  d e lay  in r e p a i r  at th is  C 3  d o s e  c o m p a r e d  w i th  c o n t r o l  w o u n d s . ( e )  R e p a i r e d  N 1 7 R ac  t r e a te d  6 h r  w o u n d .  
S c a le  bars :  (a ),  (b ) .  (c ) .  (d )  =  100 //m .



Fig 6

Scanning electron microscopy to show epithelial wound edge morphology
in control and C3 treated wounds

(a) Hi gh  inagni t ' icat ion o f  s mo o t h ,  r egu la r  and  taut  3 hr  w o u n d  epi t he l i al  e dg e  (b) W o u n d  ed ge  at 
3hr  e x p o s e d  to 5 0  //g, ml C3  d u r i n g  wo un d i n g .  In con t r a s t  to n o r ma l  w o u n d  m ar g i n  cel ls ,  these  
a p p e a r  s l ack,  i r r egu l ar  and  f l a t t ened t o wa r d s  the w o u n d  m e s e n c h y m e ,  (c) W o u n d  e d g e  at 3 hr  aftei  
e x p o s u r e  to 10 / /g ml  C3 dur i ng  w o u n d i n g .  S im i l a r  to (b) the w o u n d  m ar g i n  a pp ea r s  s l ack and 
u n c \ en.  l acki ng the  t ens ion visible  at n o r ma l  w o u n d  margi ns .  Sc a le  bars;  (a),  (b).  (c)  = 10 /mi



-  incisional wound mesenchyme contraction does not appear impaired in 
C3 treated wounds
The "overgrown" appearance of mesenchymal cells in some wounds at later stages 

following wounding is common enough to suggest that C3 introduced into cells in the 

mesenchyme during the wounding process may also disrupt the noimal pattern of events 

in the mesenchyme during the repair process. Confocal microscopy of dextran loaded 

wound fronts fixed immediately after wounding reveals that a few mesenchymal cells are 

also damaged and loaded with dextrans at the time of wounding (Fig \a). Does this 

variable loading of mesenchymal cells with C3 disrupt the mesenchymal component of 

wound closure? In an attempt to answer this question, light microscopy of C3 treated 

incisional wounds at 6 hrs following wounding reveals epithelium still gaping open, but 

mesenchyme apparently knitted together and indistinguishable from control, untreated 

wound mesenchyme (Fig 7). This suggests that during incisional wound healing the 

overall contraction of mesenchyme, is not significantly disrupted by the few cells in the 

mesenchyme which have been loaded with C3.

~ the extensive mesenchyme contraction required during healing of 
excisional wounds is disrupted hy C3
In a simple study to further test the role of Rho as a possible signalling molecule initiating 

mesenchymal contraction during embryonic wound healing, I applied C3 to excisional 

rather than incisional wounds. This experiment is performed in Hamburger and Hamilton 

(1951) stage 23 chick wing buds and involves cutting a square excisional wound 

approximately 400 jim x 400 pm, using a tungsten needle, in the presence of a cable 

inhibiting dose of 10 pi of 50 pg/ml C3 (Fig 8a, 8Z?). The extent of mesenchyme 

contraction in mouse embryo hind-limb amputation wounds can be accurately quantified 

since the limb bud does not regrow and contraction changes in the exposed wound 

mesenchyme area are directly a result of the healing process only. Quantification of 

contraction is not so easy in wounds made to the dorsum of the chick wing. The limb is 

still growing out and over a period of 24 hours doubles in proximo-distal length, thus 

distorting measurements of mesenchyme contraction in the proximo-distal axis during 

tissue repair. For this reason, the following study is just a subjective comparison between 

control and C3 treated excisional wounds.

The process of wounding takes several minutes and many mesenchymal cells are 

damaged by the needle during the paring away of epithelium. Lipophilic dye O il which is 

lipid soluble and binds cell plasma membranes without spreading from cell to cell is used 

to demarcate the mesenchymal boundaries of the wound by labelling approximately 8 

small clumps of cells at the wound margin immediately after wounding (Fig 8c). W ing 

buds fixed 18-24hrs after wounding are visualised with a fluorescent microscope and the
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extent of mesenchyme contraction is judged by the area bounded by the D il dots. Such 

square excisional wounds made to wing buds repair completely within 24hr (Martin and 

Lewis, 1992) and despite significant outgrowth of the limb it is clear that the area 

bounded by the D il dots on the mesenchyme has decreased in size especially in the 

anterior-posterior axis, indicative of mesenchyme cell contraction (Fig Se). C3 treated 

wounds are still not re-epithelialised by 18 or 24hrs following wounding, and 

additionally there is no clear decrease in size of the mesenchyme area bounded by the Dil 

dots, suggesting a lack of mesenchyme contraction (Fig Sd, Sf).

~ cadherins do not appear to cluster at the wound margin early in the 
wound healing response in the presence of C3
1 have clearly demonstrated a role for Rho protein in regulating assembly of the actin 

cable segments in each cell of the basal epithelial wound margin. Rho proteins are also 

regulators of focal contact formation anchoring stress fibres in fibroblasts in vitro, so it is 

pertinent to investigate whether the adherens junctions which I have demonstrated (see 

Chapter 3) clustering at wound margin cells, might also be dependent upon Rho 

signalling. Incisional slash wounds made in the presence of 50 )Lig/ml C3 are fixed 

following wounding, stained with phalloidin and immunostained to reveal cadherin 

distribution for visualisation on the confocal microscope. At all time points studied (Ohr,

2 min, 15 min, 30 min) as expected there is no evidence of actin cable assembling in the 

overwhelming majority of basal layer wound margin cells, and the epithelial edge remains 

uneven (Fig 9a, 9b). Cadherin distribution away from the wound margin in both layers 

of the epithelium appears normal and indistinguishable from the pattern observed at early 

time points in control wounded epithelium, consisting of very small cadherin clusters 

visible around the periphery of cells, both back from the wound front and in the wound 

margin cells. However, there does not appear to be any significant clustering of cadherins 

at the wound margin cell-cell boundaries in any basal cells. Periderm wound margin cells 

visualised on the confocal microscope appear similar to control wound margin cells and 

do not cluster cadherins at the wound margin. Therefore, it appears that in contrast to the 

effect of cytochalasin D on contractile apparatus assembly, C3 also blocks the new 

clustering of cadherins needed to anchor an actin cable. This raises the possibility that 

Rho may regulate both cable assembly and adherens junction clustering in response to 

wounding.

~ dominant negative N17Rac loaded wounds assemble an actin cable and 
repair normally
Rac GTPase regulates a different type of actin filament organisation i.e. membrane ruffles 

and lamellipodia in fibroblasts; however, its role in epithelial cells in vitro  is less clear. 

Ridley et al (1995) report that constitutively active Rac microinjected into M D C K  cells
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causes a rapid increase in cortical actin, so it is important to test the possibility that Rac in 

addition to Rho may also play a role in actin purse-string assembly and re- 

epithelialisation. To discover whether Rac plays any role in the assembly of an actin cable 

or subsequent purse-string contraction, I assessed the affect on cable assembly and rate 

of wound repair of introducing dominant negative N17Rac into wound margin cells, 

which will block any endogenous Rac activity. As with C3 transferase experiments, 

wound edge cells are loaded with N17Rac simply by dripping this reagent onto the limb 

bud surface just prior to wounding. Since the N17Rac is myc-tagged, there is no need to 

co-load with fluorescent dextrans since N17Rac cells can easily be revealed by staining 

with an anti-myc antibody. Embryo wing buds are wounded in the presence of 10 jil of 

1000 |ig/ml myc-tagged N17Rac - a dose which is 10 times the active dose in tissue 

culture 3T3 fibroblasts (Catherine Nobes, Per s. comm.).

N17Rac treated 30 minute and 3hr wounds reveal loaded basal cells to be capable of 

organising a normal looking actin cable identical to adjacent cable-containing wound 

margin cells which have not been loaded with N17Rac. Actin cable assembles in all basal 

wound margin cells as thickly as is seen in control wound margins and such N17Rac 

loaded wounds have an actin filament distribution which is indistinguishable from control 

wounds (Fig 9c, 9d). When similarly treated tissue is prepared for SBM, it is clear that 

wound repair occurs at the same rate as control wounds. N17Rac exposed wounds repair 

with a normal time course and in all cases studied are fully re-epithelialised at 6hr (Fig 

5c). The epithelial wound margin appears normal in morphology at 3 hr with periderm 

cells looking taut and smooth just as a normal repairing wound margin looks (Fig 4/).
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Fig 7

Resin histology of C3 treated incisional wounds
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(a) Transverse section through an incisional wound fixed 6hr after exposure to 100 //g/nil C3 
during wounding. The m esenchym e has apparently knitted together leaving trapped pockets 
of red blood cells and cell debris in the wound m esenchym e indistinguishable from control 
wounds at 3hr or 6hr. Contraction of the m esenchym e does not appear disrupted by the 
few cells in the m esenchym e which have been loaded w ith C3. C learly the epithelium  is still 
gaping open though, and confirm s SEM data (Fig 6b) that the periderm  appears to be 
flattened towards the wound substratum , (b) Detail from (a) to show tapering epithelial wound  
edge still not repaired at 6hr. Scale bars: (a) = 50 //m ; (b) = 20 /m i.



Fig 8

Fluorescent microscopy of Dil labelled excisional wounds made to the 
dorsum of chick wing buds in the presence of C3 transferase, to assess 
affect of blocking Rho activity in wounded mesenchyme cells.
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(a) Control 400 //in  square excisional wound made to the dorsum  o f a stage 23 chick wing bud and 
Dil labeled to dem arcate tire m esenchym e wound boundary at Ohr. (b) 400 //m  square excisional 
wound m ade in the presence of 50 //g/m l C3 and D il labelled as in la). (c) Sam e wound as in (a), 
but viewed under the fluorescent microscope to reveal fluorescent D il (red) labelling o f 8 sm all 
clusters o f  mesenchy mal cells dem arcating the wound boundary at Ohr. (d) C3 treated wound sim ilar 
to (b) allow ed to repair for 18 hr and then viewed under the fluorescent m icroscope. The area 
bounded by the clusters o f Dil labeled cells (red) does not appear to have decreased suggesting
an absence o f m esenchym e contraction in the presence of C3. (e) Control wound initially sim ilar  
to (a), but allowed to heal for 24hr dem onstrating that despite significant outgrowth o f the 
lim b-bud in the proxim o-distal axis, there is a clear decrease in the area bounded by the Dil 
labeled cells indicative o f m esenchym e contraction, (f) C3 treated wound initially sim ilar to
(b). but allow ed to repair for 24hr. Com pared to (e) it appears that there is little change in the
area bounded by the D il labelled cells dem onstrating that there is \ isibly less m esenchym e contraction  
in C3 exposed wounds than in normal wounds over a 24 hr period.
Scale bars: (a), (b), (c). (d), (e), (f) = 100 //m.



Fig 9

Confocal laser scanning microscopy of C3 treated epithelial wounds 
and N17Rac exposed wounds
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(a) Basal  epi t he l i al  w o u n d  m ar g i n  f ixed 15 mi nu t es  a f te r  w o u n d i n g  in the p r esence  o f  5 0  / /g /ml  
C3.  T is s ue  has b een  s ta ined  wi th r h o d a m i n e - p h a l l o i d i n  to reveal  act in f i l ament  d i s t r ibu t ion  (red)  
and  i m m u n o s t a i n e d  wi th c ad he r i n  a n t ibo di es  (green) .  Act in  c ab le  fai ls to a s s e mb le  at the  w o u n d  
e dg e  ( a r ro ws)  in r es po ns e  to wo un d i n g .  Sma l l  c adh er in  c lus te r s  dot  the per ipher y o f  all basal  cel ls ,  
but  there  is no s ign o f  t h em a s s e m b l i n g  large c lus te r s  at cel l -cel l  b ou n da r ie s  in w o u n d  mar gi n 
cel ls,  (b)  Basal  ep i the l i a l  w o u n d  m ar g i n ;  t i s sue  p r ep ar ed  as in (a) but  f ixed 30  mi nu te s  
fo l lo wi ng  w o u n d i n g .  In the p r es enc e  o f  R h o  inhibi tor ,  ne i t he r  act in  cabl e  a s se m bl y  or  large c a dh e r i n  
c lus te r i ng  o ccu rs  in the basal  w o u n d  m ar g i n  cel l s  (a r rows) ,  (c) Basa l  epi thel i al  w o u n d  mar gi n 
30 m i nu t es  f o l lo w i ng  w o u n d i n g  in the p r es enc e  o f  m y c - t a g g e d  N 1 7 R a c  (red)  and  s ta ined wi th 
pha l l oi din  (green) .  Bot h labe l led a nd  un l abe l l e d cel l s  at the w o u n d  mar gi n a s se m b l e  cable.
(d) L o w  m ag n i f i c a t i o n  o f  w o u n d  f ixed 3 hr  af te r  e x p o s u r e  to 1 m g / m l  N 1 7 R a c  (red) and 
F lT C - p h a l l o i d i n  s ta ine d (green)  to d e m o n s t r a t e  a s s e m b l y  o f  th ick  act in  c ab l e  in all w o u n d  mar gi n 
cells.  N 17Rac  t rea ted  w ou n d s  are i nd i s t i ng ui sh ab le  f r o m  cont r ol  w o u n d s  both  in 
m o r p h o l o g )  ol w o u n d  mar gi n cel l s  and  in rate o f  repair.  Sca le  bars;  (a),  (b),  (c),  (d) = 10 ; /m.



D iscussion  And C onclusions

The actin purse-string organises rapidly in the basal layer in response to wounding and its 

contraction clearly provides the driving force for epithelial movement. Growth factor 

stimulated actin microfilament reorganisations in tissue culture cells is regulated by the 

Ras related Rho family of small GTPase proteins. In vitro, Rho protein regulates rapid 

polymerisation of actin into stress fibre filaments in both cultured fibroblasts and 

epithelial cells and thus it is a candidate molecular switch regulating actin reorganisation 

and cable assembly at the wound margin. It is clear from the tissue culture wounding 

studies of McNeil & Ito (1989; 1990) and the same group's observations of gut 

epithelium in vivo, that sub-lethal mechanical damage of cells often results in uptake of 

small molecules (e.g. FITC-dextrans) present in the fluid bathing the damaged cells. This 

turns out to be an excellent method for introducing small molecules into embryonic 

wound margin epithelial cells - precisely those cells which are active in the repair process.

~ summary of results obtained in Chapter 4
In my fourth chapter I have loaded wound margin cells with reagents which affect the 

pathway we believe to be important in controlling re-epithelialisation. Scrape loading 

fluorescent dextrans into wound margin cells simply by adding them to the extra- 

embryonic fluid prior to wounding effectively labels all those cells along the epithelial 

wound margin, which are damaged and transiently permeabilised, but which survive the 

wounding insult. Dextran-labelled basal wound margin cells appear to assemble cable 

normally and repair normally when their movements are tracked.

Blocking Rho function in basal wound margin cells is achieved simply by adding the Rho 

inactivator, C3 transferase, to the extra-embryonic fluid prior to wounding. Using 

dextrans as a marker of permeabilised C3-loaded cells, the affect on cable assembly and 

repair of wounds is clear. In the presence of 50-100 |Xg/ml C3, actin cable fails to 

assemble in the basal epithelial cells in response to wounding suggesting that actin 

polymerisation into a cable is mediated by Rho. A small population of cells which do not 

get damaged and therefore not loaded with C3, can still form actin cable but are 

insufficient in number to allow repair of wounds. Blocking Rho function with C3 also 

appears to block the clustering of cadherins in wound margin basal celkcell borders 

which would normally cluster at celkcell boundaries within a minute of wounding. These 

data suggest that Rho protein may regulate both actin polymerisation and adherens 

junction clustering at the wound margin.
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When Rac function is blocked by scrape-loading wound edge cells with dominant 

negative N17Rac, treated wounds assemble actin cable and heal with a time course 

similar to control wounds, suggesting that Rac is not required to assemble an actin cable 

or for cable contraction. The N17Rac dose used in my experiments is 10 times that used 

effectively in tissue culture experiments on 3T3 fibroblasts and epithelial cells (P. Martin 

and C. Nobes, Per s. comm.). Unfortunately without a positive assay in chick epithelial 

cells, I can not prove that Rac function is blocked by this dose in the embryonic wound 

margin cells. However, when the same batch of N17Rac was microinjected into Swiss 

3T3 fibroblasts, it was effective at blocking Rac function at concentrations as low as 0.1 

mg/ml, at which dose the myc-tag was just at too low a concentration to visualise by 

immunofluorescence (P. Martin and C. Nobes, Pers. comm.). If visibility of the myc tag 

corresponds to a sufficient concentration of N17Rac to block endogenous Rac as it 

appears to in 3T3 fibroblasts, then the levels of N17Rac I have loaded into wound edge 

epithelial cells are clearly visible and sufficient to demonstrate that Rac is not required for 

re-epithelialisation of embryonic wounds.

Blocking Rho protein function in the few mesenchymal cells loaded with C3 during 

incisional wounding does not measurably impair the normal wound connective tissue 

contraction and knitting together of tissue. However, when excisional wounds are made 

in the presence of C3, a larger proportion of mesenchymal cells are damaged and loaded. 

In these wounds, the normal contraction of mesenchyme is visibly reduced suggesting 

fibroblast contraction may also require Rho function.

~ tracking cell fate confirms that cells drop out from the wound margin 
during repair
Following dextran loaded cells during epithelial repair reveals significant rearrangement 

of cell-cell contacts during the healing process. Whilst all loaded basal cells are initially in 

the front row, 3hr later, dextran positive cells are found in the second and third cell row 

back from the wound margin. These could only have got there by cells initially at the 

wound margin constricting their apices and dropping out from the leading row of cells - a 

mechanism proposed in the discussion of Chapter 3 (see Chapter 3, Fig 12b). Also of 

interest are dextran-loaded cells visible in the basal layer along the line of a zipped-up 

wound front. Such labelled cells provide more definitive proof that wound edges really 

do zip up from both ends.

~ Rho and Rac are likely to regulate actin anchorage into adherens 
junctions
Tissue culture experiments investigating Rho GTPase regulation of focal contacts suggest 

that both Rho and Rac can induce assembly of new focal contacts depending on the
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different actin organisations concurrently stimulated (classical focal adhesions for stress 

fibre attachment and smaller focal contacts for lamellipodial actin anchorage). If there is 

any analogy to be made between focal adhesion and adherens junction regulation by Rho 

GTPases, then one would predict a similar regulation is possible i.e. both Rho and Rac 

might be capable of inducing adherens junction formation in the appropriate place. Two 

recent studies implicate such a role for Rho and Rac as regulators of adherens junctions.

Eaton et al (1995) provide in vivo evidence that assembly of actin-anchoring adherens 

junctions might be regulated by GTPases. Transgenic Drosophila embryos expressing the 

Drosophila equivalent of N17Rac, Dracl N17 in the wing imaginai disc, develop wings 

with normal cadherin/catenin localisation in cell membranes, but without actin anchoring 

into these adhesion sites. These results complement results from an in vitro study 

introducing C3 transferase into polarised gut epithelial cells demonstrating that 

established junctions also require the activity of Rho to maintain actin anchors (Nusrat et 

al, 1995). Nusrat et al reported a loss of actin anchoring into adherens junctions and tight 

junctions after C3 exposure concurrent with a loss of the tight junction transmembrane 

protein ZO-1. As found in Drosophila, adherens junction components still assembled but 

there was no actin anchorage. Together these studies suggest that Rho and Rac GTPases 

can both regulate actin anchorage into newly assembling junctions and maintain 

established junction interaction with actin filaments. My own data show that the new 

clustering of adherens junctions in response to wounding does not occur in the presence 

of C3, suggesting that Rho might be needed as a signal in adherens junction clustering as 

well as in regulating actin filament anchorage into adherens junctions and actin 

polymerisation.

~ Rho regulates actin polymerisation and cable assembly in the basal 
epithelial layer
In vitro studies on down stream effectors of Rho and Rac GTPases have revealed that 

activation of either of these proteins leads to increased levels of polyphosphoinositides 

including PIP2 (Hartwig et al, 1995; Chong et al, 1994). PIP2 removes capping proteins 

including gelsolin from the barbed end of actin filaments thus permitting actin filament 

elongation and leading to actin polymerisation. Gelsolin is implicated, at least in Rac- 

stimulated platelet actin polymerisation, as the key capping protein because a peptide 

corresponding to the gelsolin PIP2 binding site blocks filament elongation (Hartwig et al, 

1995). The stages between Rho family activation and filament uncapping have been less 

clearly characterised, but are also believed to be PIP2 dependent (Janmey et al, 1987; 

Chong et al, 1994). In addition to influencing filament elongation via uncapping 

filaments, active GTPases may also induce nucléation of actin filament polymerisation by 

directly influencing monomer sequestration by proteins such as profil in. The Cdc42
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effector protein WASP described in the introduction to this chapter shows weak 

homology to V AS? (Chakraborty et al, 1995; Pistor et al, 1994; 1995; Schindelhauer et 

al, 1996), the profilin-binding protein used by Listeria monocytogenes to propel it 

through the cytoplasm (reviewed in Theriot, 1995). This raises the possibility that 

GTPases may induce actin polymerisation via profilin.

~ Rho family members are important regulators of morphogenesis
Research on GTPase function in vivo has focused on Drosophila embryogenesis, 

particularly on the morphogenetic movements of dorsal closure and eye development. 

Harden et al (1995) placed a mutant NlVDracA (Dracl) gene under heat shock promoter 

control in order to over express the transgene during particular phases of embryonic 

development. They observed that expression of NlTDrac. produced dismptions in dorsal 

closure, such that the lateral epidermis failed to elongate and subsequently the embryo 

formed holes and folds instead of sealing up. Failure to elongate correlates with a loss of 

the actin/myosin contractile band from the leading edge cells of the lateral epidermis, and 

this experiment suggests that Rac may regulate dorsal closure by controlling cell 

elongation, perhaps by regulating actin localisation to the leading edge. It would be 

interesting to know whether this movement in Drosophila is also dependent on Rho, but 

since loss of function Rho mutants have proven difficult to produce in Drosophila, this 

question currently remains unanswered (Hariharan et al, 1995).

Over expressing Rho protein during Drosophila imaginai disc development leads to 

defects in the eye imaginai disc (Hariharan et al, 1995). The retina normally increases its 

thickness during the late pupal stage by cells spanning the length of the retina rearranging 

their cytoskeleton, but these cytoskeletal reorganisations fail in the presence of excessive 

R hol. The resulting retina is disrupted, with those cells which should elongate failing to 

do so. This does not confirm a role for Rho in normal retina development, but it does 

suggest that a tight control over endogenous GTPase activity may be cmcial during many 

of the epithelial morphogenetic movements of embryogenesis.

I have shown that actin purse-string driven epithelial sheet movements following 

wounding of the vertebrate embryo are mediated by Rho. Natural morphogenetic 

movements such as gastrulation and neurulation in embryos are likely to use actin/myosin 

contractile apparatus to drive movement (see discussion Chapter 7), so it interesting to 

consider the possibility that Rho family members might also regulate these morphogenetic 

movements. An example already discussed is in Drosophila where dorsal closure is 

regulated by Drac (Harden et al, 1995). I predict that Rho proteins will regulate various 

actin assemblies necessary for driving many variations of cell shape changes during 

moi-phogenesis. For example, neural tube fold rising, tube zipping up, movement of the
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epithelium over the dorsal blastopore lip in Xenopus, and the contractile rings in bottle

neck cells which drive various placodal invaginations. The primary difficulty in testing 

such a speculation is the practical problem of how to load the appropriate cells with 

blockers of Rho and Rac function, or constitutively active forms of Rho and Rac protein 

at the precise moment when these movements are occurring. To get a reagent such as C3 

into the cells, an approach used by Nusrat et al (1995) might be applicable, whereby the 

C3 gene is fused to DNA encoding a modified diphtheria toxin. In this way C3 could be 

introduced non-specifically into various embryonic cell populations.

~ studies in Drosophila reveal information about signalling upstream and 
downstream of Rho family GTPases
As described already, N17DRac mutants in Drosophila suffer a block in lateral epidermal 

cell elongation and fail to localise an actin-myosin purse-string in the leading edge cells 

preventing dorsal closure sheet movement (Harden et al, 1995). The genetic pathway 

controlling lateral epidermal cell elongation involves a recently identified, new MAP 

kinase signalling pathway homologous to the stress-activated JNK- MAP Kinase (Jun-N 

terminal kinase) pathways first identified in Yeast (Herskowitz, 1995). The yeast JNK 

kinase pathway activates nuclear gene transcription and itself is activated in response to 

the GTPases Cdc42, Racl and stress stimulants such as protein synthesis inhibitors, UV 
light, and TN Fa (Bagrodia et al, 1995). Glise et al (1995) have discovered that the gene 

hemipterous (hep), a JNK kinase kinase homologue is essential for all but the earliest 

events of dorsal closure. Once the dorsal edge cells are aligned and have started to 

spread, hep and another gene it activates called puckered (Ring & Martinez-Arias, 1993) 

are required to elongate lateral epidermal cells and maintain sheet movement. As yet it is 

not established whether Drac activates directly the hep JNK kinase pathway to maintain 

dorsal closure, but recently Harden et al (1996) demonstrated that DPAK is the target of 

DCdc42 and DRacA in Drosophila and this in turn activates the JNK-MAP Kinase 

pathway. Specifically Harden et al (1996) also demonstrated DPAK localising to focal 

adhesions and to the dorsal edge of the lateral epidermis. It will also be interesting to 

establish what is the initiating signal for dorsal closure, and whether it directly activates 

Drac. In view of the MAP kinase pathway identified as active during dorsal closure it 

may be that re-epithelialisation of wounds and some similar moiphogenetic movements in 

embryonic vertebrates will also utilise a MAP kinase pathway to activate gene expression.

~ do small GTPases regulate actin filament contraction?
There is an interesting connection between the MAP kinase pathway and actin filament 

contraction which may provide a regulatory link between GTPase activation, the MAP 

kinase pathway and actin purse-string contraction, at least during Drosophila dorsal 

closure. Phosphorylation of the myosin ATPase head by myosin light chain kinase
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(MLCK) and phosphorylation of caldesmon regulates actin/myosin filament contraction 

(reviewed in Kamm & Stuhl, 1989). Both processes are sensitive to calcium levels and 

contraction is triggered by calcium. The kinases which regulate caldesmon 

phosphorylation in fact regulate actin/myosin contraction, and the MAP kinase signalling 

cascade of kinase proteins phosphorylates and activates caldesmon (Adam et al, 1992; 

Childs et al, 1992; Khalil & Morgan, 1993). This may well be the path through which 

DRac regulates actin-myosin band contraction during dorsal closure. Intriguingly 

Renshaw et al (1996) recently demonstrated that Rho A is involved in the integrin- 

dependent activation of MAP kinase in NIH 3T3 fibroblast cells. A recently identified 

new Rho effector protein kinase may also provide a clue how Rho could directly regulate 

filament contraction. Protein kinase N (PKN) is activated by Rho GTP and its catalytic 

domain is very similar to Protein kinase C (PKC), the kinase which regulates smooth 

muscle contraction via the MAP kinase pathway (Palmer et al, 1995; Watanabe et al,

1996; Amano et al, 1996). It remains to be seen whether Rho activated PKN is capable of 

activating a kinase cascade which could regulate cable contraction or whether a MAP 

kinase pathway is involved. Alternatively, MAP kinase independent pathways may be 

active in embryonic epithelial cells. For example, the serine/threonine kinase p i 64 Rho 

kinase which binds specifically to GTP-Rho in vitro (Ishizaki et al, 1996; Matsui et al, 

1996; Leung et al, 1995) may directly interact with contractile actin-myosin filaments.

P I 64 Rho kinase is stimulated by constitutively active Rho and inhibits the myosin light 

chain phosphatase (Noda et al, 1995). Inhibition of this phosphatase actually stimulates 

actin filament contraction and induces tension and may be a means by which Rho can 

regulate cable contraction in the embryonic wound margin.

Recently, the discovery of a new unconventional myosin protein called myr-5, which has 

both an actin binding domain in its head and a Rho family GTP binding domain in its tail, 

has raised the slim possibility that Rho itself or another GTPase may play some role in 

regulating contraction of actin filaments by directly influencing myosin function without 

the requirement for kinase cascade activation (Reinhard et al, 1995). It would be very 

difficult to dissect out the two events of cable assembly and cable contraction and further 

investigate Rho function in vivo since both events occur concurrently, so it remains 

unclear whether Rho plays any direct role triggering contraction.

~ mesenchyme contraction may be effected by Rbo regulated stress fibre 
contraction
The major player in contraction of adult wound granulation tissue is a specialised 

contractile cell, the myofibroblast, which characteristically expresses a-sm ooth muscle 

actin (Gabbiani et al, 1979). However, myofibroblasts are not found in embryonic 

wound connective tissue and it appears that embryonic fibroblasts have sufficient
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contractile abilities to mediate mesenchyme contraction without transforming into 

myofibroblasts (McCluskey, 1995). Embryonic fibroblast mediated connective tissue 

contraction is clearly actin microfilament based since cD blocks contraction (Ihara & 

Motobayashi, 1992; McCluskey & Martin, 1995) and is presumably driven by 

contraction of fibroblast stress fibres. My incisional wounds seem to inflict damage only 

to a small proportion of fibroblast cells at the wound site and it is likely that mesenchyme 

contraction is less important in repairing incisional wounds. For this reason, C3 loading 

during the wounding process is presumably very inefficient and does not visibly alter 

mesenchyme contraction. However, a square excisional wound in chick wing bud similar 

to that described by Martin and Lewis (1992a) and analogous to the well characterised 

repairing of hind limb excisional wounds in mouse embryos (McCluskey & Martin,

1995; Chapter 4, this thesis) causes more mesenchymal damage and therefore is a better 

test of Rho function in the wound mesenchyme. My preliminary findings suggest that 

Rho is indeed essential for triggering connective tissue wound contraction as well as re- 

epithelialisation. It would be very interesting to test the role of Rho in fibroblast 

contraction further, by culturing embryonic fibroblasts in a collagen gel similar to the 3D 

model described by Grinnell (He & Grinnell, 1995). In this model it appears that 

stretch/release transiently permeabilises cells (F. Grinnell, Pers.Comm.) - this would 

permit introduction into the fibroblasts of C3 transferase to test whether fibroblast 

contraction of the collagen gel is Rho dependent.

~ the expression of specific "co-ordination genes" is required to co-ordinate 
epithelial sheet movements in morphogenesis
Co-ordination of sheet movement in Drosophila is regulated by genes distinct from those 

controlling individual cell shape changes. Folded gastrulation (fog), which encodes a 

short range diffusible factor, is expressed transiently preceding sheet invagination and 

appears to be one of the co-ordination genes (Costa et al, 1994). In fog  mutants, several 

small regions of the ventral furrow epidermal cells still elongate and constrict their apices, 

but many cells along the invaginating furrow do not follow suit and so gastrulation fails. 

Fog released by elongating/apex-constricting cells, probably signals to neighbours 

triggering a program of cell shape change. Another member of this signalling pathway 

has also been identified - concertina (eta ). Cta encodes a large heterotrimeric GTP 

binding protein a-subunit which is ubiquitously expressed; Cta mutant flies demonstrate 

a phenotype identical io fog  (Parks & Wieschaus, 1991). It is likely that the artificially 

activated morphogenetic movement of wound re-epithelialisation may also utilise 

"coordinating genes", but since/og and cta have not yet been cloned in Xenopus, mouse 

or chick it is not possible to test whether they are important in vertebrate repair. An 

alternative approach would be to wound Drosophila mutants of these genes and those 

experiments have recently begun in this lab.
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Rearrangement of the actin cytoskeleton is a rapid response to wounding the embryonic 

epithelium and I have shown that this change is clearly regulated by Rho. Contraction of 

the actin cable driving epithelial repair forces significant changes in the shape of cells at 

the wound margin, and is a test of the integrity and strength of wound margin cells. The 

structural integrity of cells within an epithelial sheet in both the adult and developing 

embryos is believed to depend very much on another family of cytoskeletal proteins, the 

intermediate filament keratins. Indeed, keratins have been shown to be essential in 

providing strength during morphogenetic movements in Xenopus embryos (Torpey et al, 

1992) and, when non-functional they leave adult skin fragile and prone to debilitating 

blistering pathologies with severely compromised wound repair (Fuchs, 1994). A study 

on the role of intermediate filament keratins in embryonic tissue repair forms the basis of 

my next experimental chapter.
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M aterials and M ethods

~ demonstrating that the transient permeabilisation during wounding 
results in dextran uptake by wound margin ceils
10 and 40KD lysine-fixable rhodamine dextrans (Molecular Probes) were dissolved in 

PBS to a dilution 0.2 mg/ml. The dextran is lysine fixable, ensuring that it binds to 

proteins in the cytoplasm and avoids clumping during tissue fixation. 10 pi of dextrans 

were pipetted onto the wing bud just prior to wounding. Two wounds were made in 

succession and the tissue fixed either immediately by dripping on about 5 ml of ice-cold 

4% paraformaldehyde in PBS, or the embryo in ovo was returned to the incubator for 

later fixation at 30 mins, 3hr or 6 hr following wounding. Tissue was then prepared as 

described in the General Materials and Methods (Chapter 2) for visualisation of actin 

filament distribution with FTTC-tagged phalloidin staining.

If dextrans were added to the extra-embryonic fluid 5 minutes after wounding they were 

not taken up by the wing bud epithelial cells suggesting that the epithelial permeabilisation 

is only transient. In this series of experiments it proved especially important that the limb- 

bud remained deep within amniotic fluid and never was at the air/am ni otic fluid interface, 

because even the most transent drying damage resulted in large numbers of superficial 

periderm cells (even those well away from the wound) becoming loaded with dextrans. 

Aproximately 10% of specimens suffered this fate and all these were discarded for the 

purpose of this study.

~ blocking Rho and Rac function in basal wound margin cells
The bacterial exo-enzyme C3 transferase was a gift from Catherine Nobes (LMCB,

UCL). C3 ADP-ribosylates Rho at Asn41 and thus inactivates endogenous Rho proteins 

(Sekine et al, 1989; Paterson et al, 1990). The dominant negative N17Rac has threonine 

mutated to asparagine at position 17 and it acts by mopping-up endogenous Rac GEFs, 

thereby preventing endogenous Rac from being activated (Menard et al, 1992). The 

N17Rac that I used was myc-tagged and could be directly visualised by "triple" labelling 

with FITC-tagged goat anti-mouse antibody (1:300) and mouse anti-myc antibody 

(1:300). All Rac reagents were a gift from David "Dusty" Drechsel (LMCB, UCL).

C3 transferase is active when microinjected into tissue culture Swiss 3T3 fibroblasts at 

0.1-10 p.g/ml (C Nobes, Pers. Comm.). Since 10 |il is a small volume compared with the 

total extra-embryonic fluid volume bathing the chick embryo, I found that the effective 

cable blocking C3 dose added to the extra-embryonic fluid was much higher than that 

which is active in blocking stress fibre formation in microinjected fibroblasts. I tested 1,
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10, 50, 100 and 200 |ig/ml of C3 transferase dropped onto the wing bud as a lOul 

solution prior to wounding. C3 transferase remains active in tissue culture cells for at 

least 24hr at 37°C, so there is not likely to be any temperature dependent inactivation of 

C3 throughout the period of healing studied (C. Nobes, Pers.Comm.).

The batch of N17Rac used when tested on 3T3 fibroblasts blocks membrane ruffling 

when injected at 0.1 mg/ml (C. Nobes and P. Martin, Pers.Comm). This concentration is 

so low that N17Rac is not visible when immunolabelled to reveal its presence suggesting 

that at least in 3T3 cells, if it is visible, it is at a dose which blocks endogenous Rac 

function. The N17Rac was tested at 1 mg/ml to be as sure as possible of getting a Rac 

blocking dose into wound margin cells.

Embryos were wounded immediately after dripping on lO pl of either C3 containing 

dextran solution (for confocal studies), C3 diluted in PBS alone (for SEM studies and 

phalloidin/7AAD confocal studies), myc-tagged N 17Rac alone (both confocal and SEM 

studies). Since all solutions were made up in PBS, my controls were 10 }il of PBS 

dripped on the limb-bud for both SEM and confocal studies.

For studies assessing actin distribution in the presence or absence of C3 transferase, 

tissue was fixed either immediately, or after 30 minutes, 1 h r , 3 hr or 6 hr in 4% 

paraformaldehyde in PBS. Specimens were then stained with FITC-tagged phalloidin 

before mounting on slides under coverslips and visualising on the laser scanning confocal 

microscope. N 17Rac exposed wounds were fixed at either 30 mins or 3hrs following 

wounding, before staining with TRITC-tagged phalloidin. A small number of embryos 

were used in the N17Rac study due to limited amounts of N17Rac available to us. 

Embryos prepared for SEM for C3 and control studies were fixed either immediately 

following wounding, or after 1 hr, 3hr or 6hr. A second batch of N 17Rac exposed 

embryos were fixed 3 hr and 6 hr following wounding and prepared for SEM as 

described in Chapter 2.

Altogether 209 embryos were stained with phalloidin and visualised on the confocal 

microscope for the C3/N17rac study. Of these, 89 were C3 treated at different doses of 

C3 (100 pg/ml, 50 pg/ml, lOug/ml or lug/ml) and fixed at different time points 

following wounding (Ohr control; n = 18, 30 min control; n = 12, 1 hr control; n = 25, 

3hr control; n = 30, 6hr control; n = 27, C3 treated 30 min; n = 13, C3 treated Ihr; n = 

23, C3 treated 3hr; n = 32, C3 treated 6hr; n = 21). 8 embryos were used to assess the 

effect of N17Rac on cable assembly and dynamics, 4 being fixed 30 minutes following 

wounding and 4 after 3 hours.
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-  Table of numbers of wounds exposed to C3 transferase or NlTRac, and 
the extent of wound closure at various timepoints after wounding

Scanning
EM

timepoint Ihr 3hr 6hr

control no. embryos
mean % open 
SEM

83%
±8

17
42%
±7

16
2.51%

±3
C3
lOOpg/ml

no. embryos

mean % open 
SEM

97%
±7

18

87%
±5

15

91%
±5

C3 50|ig/ml no. embryos
mean % open 
SEM

92%
±5

93%
±6

C3 lOjig/ml no. embryos
mean % open 
SEM

14
75%
+10

10
50%
±9

C3 Ifig/ml no. embryos
mean % open 
SEM

62%
±8

23%
±14

NlTRac
Im g/m l

no. embryos
mean % open 
SEM

30%
±14

closed

Extent of wound repair was judged by measuring open wound length in |L im  from 

Scanning EM photographs; the extent of wound remaining open at each time point was 

calculated as a percentage of the mean Ohr wound length for each set of experiments.

SEM = standard error of the mean calculated for each dose and timepoint.

~ investigating adherens junction clustering in basal cells at the wound 
margin in the presence of C3 transferase
To assess the role that Rho may play in signalling adherens junction clustering in 

response to wounding, I looked at the distribution of cadherins in C3 treated wound 

margins. I used a dose of 50 |ig/ml C3 which had proven the most consistent at blocking 

cable assembly (see table 4). Embryos were wounded with incisional slashes after 

pipetting 10 |il of 50 |ig  ml C3 transferase onto the limb surface, and subsequently tissue 

was fixed by dropping on ice-cold 4% paraformaldehyde in PBS at 2 minutes, 15 

minutes or 30 minutes following wounding. Tissue was TRTTC-phalloidin stained to 

reveal actin and double-immunolabelled to reveal cadherin distribution using protocols 

described in my General Materials and Methods (Chapter 2), before mounting under 

sealed coverslips on slides. The wounded tissues were then visualised using the confocal 

laser scanning microscope.
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~ experiments investigating Rho blocking effect on mesenchyme contraction
The effect of C3 transferase on mesenchyme contraction was assessed using standaid 

resin histology techniques described in Chapter 2. In transverse sections of slash 

wounded limb-buds, I saw no effect on the mesenchymal component of incisional wound 

repair, therefore I tried to address the question in excisional wounds my making square 

excisional wounds in the presence of C3.

50 mg/ml of C3 (optimal dose for blocking cable assembly) was applied to wing buds 

before using a needle to pare away the dorsal limb-bud epithelium to a size approximately 

400 jxm square. A clean wound takes about 5 minutes to make and involves significant 

mechanical damage of underlying mesenchyme fibroblasts and hence their loading with 

C3. Normal excisional wounds repair in 24 hours and during this time period the limb is 

growing in a proximo-distal direction, usually keeping developmental pace with 

unwounded limb buds (Martin & Lewis, 1992a).

~ assessing the extent of mesenchyme contraction in C3 treated chick 
embryos by Dil labelling of the wound mesenchyme
To measure the extent of mesenchyme contraction occurring at the site of excisional 

wounds, small groups of mesenchymal cells at the wound perimeter in both C3 exposed 

and normal embryos were labelled with the lipophilic fluorescent dye Dil (Molecular 

Probes) (stock 0.5% Dil in absolute ethanol, diluted 1:9 in 0.3 M sucrose solution on the 

day of use). Using a capillary needle of approximate diameter 15 pm controlled by mouth 

pipette, I placed 8-10 dots of Dil on the wounded mesenchyme close to the cut edge of 

the epithelium, thus marking the area of mesenchyme exposed at the time of wounding. 

Specimens were photographed down the dissecting microscope before returning to the 

incubator. After 18 and 24 hours in the incubator, the extent of mesenchymal contraction 

was observed by assessing the area bounded by the Dil labelled cells compared with 

labelled specimens fixed or photographed at Ohr. I have not attempted to quantify the 

extent of mesenchyme contraction in C3 treated versus control chick wing bud wounds 

because of the small numbers, and because it is not possible to accurately make wounds 

of reproducibly similar initial size. However, I have tried to make an objective, visual 

assessment of contraction in treated versus control embryos. Treated (n = 3) and control 

(n = 3) were fixed in ice-cold 4% paraformaldehyde in PBS for 2 hours, rinsed in PBS 

and then mounted in SlowFade/PBS solution in a slide chamber sealed under a coverslip. 

Wounds were visualised and photographed using the rhodamine filter block on a Leitz 

DiaPlan fluorescent microscope.
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Chapter 5

The Role O f Interm ediate F ilam ents In E pithelia l R epair  

In trod u ction
Chapter 5 describes an investigation into the role of intermediate filament keratins in 

embryonic re-epithelialisation. The vertebrate cell cytoskeleton consists of three distinct 

networks of proteins - the actin microfilament network mediating cell motility and 

described in detail in Chapters 1-3, the microtubule network which transports intra

cellular organelles around a cell, and the intermediate filament (IF) family so called 

because they are intermediate in diameter (lOnm) between actin microfilaments and 

microtubules. The keratin intermediate filament network is clearly required at various 

stages during development. For example, it seems essential during the morphogenetic 

movement of gastrulation in frog embryos, as cells invaginate at the blastopore lip 

(Torpey et al, 1992). In the same early Xenopus embryo, it seems keratins may be 

necessary for repair of small epithelial wounds. Thus, mammalian embryonic wounds 

which repair rapidly by a mechanism believed to be analogous to that used during 

epithelial sheet morphogenesis might also be expected to utilise keratin heterodimers to 

effect epithelial repair. I demonstrate that Keratin-8 is distributed at the epithelial wound 

margin in a pattern reminiscent of the actin cable described earlier, suggesting that 

keratins may indeed play a structural supporting role in the re-epithelialisation of 

mammalian embryo wounds. I test this possibility by investigating the wound healing 

capacity of embryonic mice deficient in the keratin-8 gene which leaves the embryonic 

skin without functional keratin heteropolymers and as such is the perfect model during 

early development for testing the role of keratins during re-epithelialisation.

~ keratins assemble as obligate heterodimers of type I and type II subunits
There are five major types of intermediate filaments (IFs), the first four of which are 

cytoplasmic (reviewed in Fuchs & Weber, 1994). Type I and II are keratins, type III 

consists of vimentin, desmin, GFAP (glial fibrillary acidic protein) and peripherin, type 
IV IFs are neurofilament proteins including a-intemexin; the remaining type V are the 

nuclear lamin group. IFs self assemble into 10 nm diameter filaments from dimer 

subunits. All but the keratin IPs found in epithelial cells, can form homodimers; the 

keratins instead form obligatory heterodimers from the type I and type II groups.

-  expression of keratin genes is developmentally regulated
The keratins are the largest group of IFs, with at least 30 different keratin members 

ranging in size from 40-67KD. Type II keratins are basic (pKi = 6-8). Epithelial type II 

filaments are numbered K1-K8 and hair type II keratins are known as H bl-H b4. Type I
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keratins are acidic (pKi = 4-6). Epithelial type I keratins are labelled K9-K20 and hair 

type I keratins Hal-Ha4. Preferential heteropolymers form between the type I and type II 

subunits according to location of expression and need for tensile strength or flexibility. 

For example, the basal proliferating layer of adult squamous skin epithelia expresses a 

heterodimer of filaments - K5 and K14 (Nelson & Sun, 1983). However, upon 

commitment to differentiation, the supra-basal layers switch expression of heterodimers 

to K1 and KIO (Fuchs & Green, 1980) and these filaments are especially tough.

K8 and K18 are the first skin keratins expressed, coincident with the development of a 

single ectoderm layer. Embryonic bilayered skin and adult simple epithelial tissues 

express K8 heterodimerised with either K18 or K19 in both layers of the bilayer (Jackson 

et al, 1981; Wu & Rheinwald, 1981; Lindberg & Rheinwald, 1990). In embryonic skin, 

the switch from simple epithelial keratin expression to adult-like expression occurs over a 

period of several days in mouse embryos. A small number of epithelial cells in a mosaic 

pattern over the somites and in the head at F9.5 express small amounts of K5 gene as 

judged by expression of a K5 promoter driven P-galactosidase transgene in mice (Byrne 

et al, 1994). The endogenous protein levels at this stage are too low to be detected by 

antibody immunostaining; however, expression gradually spreads until F  14.5 when all 

proliferating skin epithelial cells express K5 and K14. The first detection of K1 and KIO 

occurs at F  13.5 in differentiating cells of the nasal region and this spreads rapidly to the 

whisker pads before gradually being expressed in the rest of the embryo supra-basal 

epithelial cells.

~ keratin anchors at the plasma membrane into desmosomes and 
hemidesmosomes
Keratin filaments anchor both into the nuclear and plasma membranes. These anchor 

points especially at the plasma membrane are potent nucléation sites for filament assembly 

although filaments can nucleate within the cytoplasm as well (Eckert et al, 1982). 

Intermediate filament networks can assemble without apparent polarity or can be oriented 

along lines of stress in a cell where they help to resist cell deformation (Fuchs, 1995). 

Keratin filaments are bound and anchored at the plasma membrane at two classes of 

specialised keratin binding plaque - hemidesmosomes and desmosomes (Fig 1).

Hemidesmosomes bind keratin IFs to the underlying basal lamina in basal cells in both 

adult and embryonic epithelia. The hemidesmosome is based around a transmembrane 

integrin receptor (Stepp et al, 1990) which attaches extracellularly to 125KD 

laminin-5 based anchoring filaments (AFs) spanning the basal lamina. Anchoring fibrils 

containing collagen type VII underlie the lamina densa and anchor the complex into 

connective tissue (Sakai et al, 1986).
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F ig l

Cartoon diagram of the intermediate filament mechanisms of 
anchorage at the cell membrane

hemidesmosome plaque

epidermal 
cell

desmogleins/desmocollins

desmosome plaque

cell membrane
keratin filament anchoring 
into desmosome
BPAGl; BPAG2;
anchoring filaments

lamina densa
(laminin 1/type IV collagen) 
anchoring fibrils 
(type VII collagen) 
anchoring plaque

Keratin intermediate filaments in epidermal cells anchor into cell-cell 
desmosome junctions based around cadherin-related transmembrane 
glycoproteins, desmoglein and desmocollin. Epidermal cell anchorage via 
keratin heteropolymers to underlying basal lamina is dependent upon the 
hemidesmosome transmembrane integrin receptor which binds to anchoring 
filaments spanning the basal lamina



Desmosomes are based around two different transmembrane glycoproteins, desmoglein 

(Dsg) and desmocollin (Dsc), both of which are calcium dependent members of the 

cadherin family (Koch et al, 1990, 1991a, 1991b). Simple epithelia express different 

isoforms of desmogleins and desmocollins than, for example, the basal layer of stratified 

epithelia, which in turn will differ from those isoforms expressed in the supra basal 

differentiated layers of stratified epithelia (Schafer et al, 1994; Theis et al, 1993). There 

are two major cytoplasmic plaque proteins, plakoglobin and desmoplakin. Plakoglobin is 

a homologue of both B-catenin found in adherens junctions and the signalling molecule 

armadillo expressed in Drosophila adherens junctions. Plakoglobin binds desmoglein and 

desmocollins (Korman et al, 1989; Troyanovsky et al, 1994) directly, whereas 

desmoplakin appears to bind keratin filaments directly (Stappenbeck et al, 1993).

~ keratin anomalies in humans lead to friction sensitive skin
Studying the role of IFs in vitro has proven difficult simply because disruption of IPs in 

cultured cells does not perturb cell adhesion or cell migration. IPs are not even required 

for tissue culture cell growth (Klymkowsky et al, 1983; Boiler et al, 1987; Baribault & 

Oshima, 1991). Rather, their functions become discernable from studying genetic 

mutations in vivo. Mutations in keratin genes in both humans and transgenic mice 

produce devastating and crippling defects (Puchs, 1994). Mutations in the keratin 14 

gene expressed in the basal layer of stratified epithelium result in a clumping of non

functional keratin heterofilaments, an affect which leads to basal cell degeneration and 

severe blistering of the skin upon mild abrasion leading to epidermolysis (Bonifas et al, 

1991). Clumping of mutant keratin filaments is very likely to cause many of the 

deleterious effects of keratin abnormalities since it will clearly disrupt normal cell 

function, but even when mutant keratin filaments do not clump as with a rare mutation in 

the gene encoding the K5 filament, severe blistering is still common and epithelial 

strength is compromised (Puchs, 1995). Thus keratins impart mechanical strength to 

kératinocytes, without which, cells are fragile and prone to rupturing upon physical 

stress.

~ keratins are needed for structural support in the Xenopus embryo for 
both morphogenetic movements and to repair small incisional wounds
Keratins are clearly required for epithelial morphogenetic movements in Xenopus 

embryos. Torpey et al (1992) injected antisense oligonucleotides specific to the maternal 

K8 mRNA prior to zygotic transcription in an attempt to prevent translation of cytokeratin 

protein and effectively remove functional keratins from the embryo. In these cytokeratin- 

depleted Xenopus embryos, compaction of the epithelium failed leaving cells with a 

raised "cobblestone" appearance. Subsequently, cells which normally in vagin ated at the 

blastopore lip to mediate gastrulation, failed to do so. The importance of keratins in
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Xenopus epithelium was further demonstrated by making small cuts to the superficial 

epithelial cells of the cytokeratin-depleted blastulae. These wounds completely failed to 

repair and remained gaping open. This suggests that despite an intact actin microfilament 

network, Xenopus embryos also need keratins for morphogenesis and to repair wounds. 

It would seem most likely that keratin filaments are important in providing the strength 

for the embryonic epithelium to undergo these strenuous movements.

Further evidence that the keratin intermediate filament network might be required during 

re-epithelialisation comes from in vitro studies of epithelial cells with genetically altered 

hemidesmosomes which are incapable of binding and anchoring IFs. W hen wounding a 

monolayer of such cells in tissue culture, Guo et al (1995) found cells at the wound 

margin still capable of proliferating, but incapable of migrating and re-epithelialising the 

wound. These studies suggest that the structural integrity provided by a keratin network 

might be an equally important contributor to tissue repair in mammalian embryos. This is 

especially so when considering that the embryonic epithelium apparently draws basal 

lamina along with it as it closes over a wound (McCluskey et al, 1993) and this link 

between epithelium and basal lamina presumably requires strong basal lamina contacts via 

hemidesmosomes.

-  gene deletion in transgenic mice is a useful way of testing the role of an 
individual protein in tissue repair
Distribution of a protein in a tissue is insufficient to determine its function. One of the 

most effective ways of testing the role of a protein is to look at the affect of mutating or 

deleting the protein from the system being studied. Creating mouse embryos with specific 

keratin filament mutations has already been used to investigate function of keratins in 

vivo. When mice are engineered to express truncated human K14 protein, the resulting 

phenotype of the mice displays all the symptoms of the genetic disease in humans 

possessing mutant K14 filaments (Dowling Meara Epidermolysis Bullosa Simplex - DM- 

EBS) (Vassar et al, 1991).

Since early embryonic epithelial tissues express just a single type II keratin filament K8, 

which has to form an obligate heteropolymer with either type I keratins K18, or K19, 

removing the K8 gene from the genome of a mouse produces an embryo completely 

deficient in functional embryonic epithelial keratin filaments. Baribault et al (1993, 1994) 

have engineered mice deficient in the keratin-8 gene by introducing a targeted K8 

construct into embryonic stem cells which are then injected into the blastocyst for 

incorporation into the embryo. When the targeted mutation is in the germ line it is then 

transmitted to progeny. The same targeted mutation when expressed in different strains 

has revealed variable penetrance and very different phenotypes. The differences in
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phenotype between the strains of mice reflect the presence of unknown genetic modifiers 

of K8 function which affect the penetrance of the K8"/" embryonic lethality.

In the C57B1/6 genetic background, K8"/ " blastocysts implant noiTnally and develop just 

beyond gastrulation at E8 in a severely growth retarded manner, and at E9.5 are about 

65% normal body weight. This mutation has 94% penetrance with just 6% of K8"/ " 

embryos surviving to adulthood. 94% die between E9.5 and E l2.5 apparently through 

liver rupture most likely attributable to abnormal accumulation of erythrocytes there 

(Baribault et al, 1993). By contrast, in the FVB/N strain of mice, the same targeted 

mutation is embryonic lethal before E l 1.5 in only 55% of all homozygous K8'^ " 

embryos. The K8 null individuals that survive, in later life have an 80% chance of 

developing hyperplasia of the colonic gut epithelial lining (Baribault et al, 1994). Female 

K8"/ “ FVB/N mice are sterile and can not implant fertilized eggs, suggesting that in 

addition to the GI tract problems, the reproductive tract is also affected. K8‘/ " mice 

survive well beyond the period when we study embryonic tissue repair and therefore, are 

ideal for investigating the affect that keratin depletion has on the rate and mechanism of 

repair of hind-limb amputation wounds.

~ excisional wounds made to mouse embryo hind limbs repair 50% by re- 
epithelialisation and 50% by underlying mesenchyme contraction
Our lab has fully characterised the repair of excisional wounds made by removing the 

hind limb-bud of E l 1.5 mouse embryos (McCluskey et al, 1993; McCluskey & Martin,

1995). This method of wounding creates uniformly sized wounds which fully repair 

within 24 hours by a combination of two tissue movements, re-epithelialisation by actin 

purse-string contraction and underlying contraction of the mesenchyme mediated by 

stress fibre contraction of fibroblasts in the wound bed (McCluskey & Martin, 1995).

The rate of wound closure can easily be assessed from scanning electron micrographs of 

the repairing wound at time points following wounding. The extent of mesenchyme 

contraction can be measured by marking the mesenchyme boundary of a wound 

immediately after making it by marking small clumps of cells with the lipophilic dye Dil, 

which only binds the lipid membrane of cells it contacts and does not spread. The area 

bounded by the Dil labelled cells, which are placed as close to the epithelial margin as 

possible without touching it, decreases throughout the period taken to re-epithelialise the 

wound and is indicative of the extent of contraction in the mesenchyme. This area 

consistently halves over a period of 24hr in normally repairing hind limb excisional 

wounds (McCluskey & Martin, 1995). In the lab of Helene Baribault (Burnham Institute, 

La Jolla, CA) I wounded litters of mice derived from K8“/ heterozygote crosses, giving 

a Mendelian pattern of K8+/ +, K8‘/ +, and K8"/ " embryos which could be genotyped 

after assessing their capacity to repair.
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R esu lts

This chapter investigates the distribution of, and requirement for, simple epithelial 

keratins in the bilayered epithelium of a repairing wound made to the mouse embryo. At 

E l 1.5, excision of the left hind limb leaves an oval wound which repairs with a standard 

time course (Fig 3). Just as with chick epithelial wounds, re-epithelialisation is driven by 

contraction of an actin purse-string in the basal epithelial layer. The presence and 

distribution of keratin filaments at the epithelial margin suggests an important role for 

keratins during re-epithelialisation. I test whether this is indeed the case by wounding 

mouse embryos deficient in the keratin 8 gene.

Keratin 8 deficiency (mk8"/ ") was engineered by introducing a targeted mutant mk8 

construct into embryonic stem cells and transfer of the ES cells into blastocysts in the 

standard way. Embryos were selected in which the construct had inserted into the 

germline (Baribault, 1993; 1994). C57B1/6 mk8"/ + heterozygote matings produce mk8"/ 

“ embryos of which 96% die by E l 1.5. For this reason I chose instead to investigate 

progeny of mk8"/ + FVB/N mice which produce mk8"/ " embryos of which 45% survive 

to adulthood. Female and male mk8"/ + heterozygote FVB/N mice are mated to produce 

mk8"/ " , mk8"/"i' » and mk8‘*''̂ '̂  embryos within the same litter. The progeny of such 

crosses are removed from the mother at E l 1.5 days gestation (term = 21 days) and 

prepared for roller culture. All embryos are wounded by excising the left hind limb to 

give a wound of standard dimensions.

-  keratin-8 protein distribution in wounded epithelium suggests a support 
role for keratin Hlaments during re-epithelialisation
W ild type embryos wounded at E l 1.5 by excision of the left hind limb leave a flat oval 

wound of approximate dimensions 500 pm  x 750 pm  (Fig 36). Embryos are fixed 3hrs 

after wounding and prepared either by phalloidin staining for actin filament distribution, 

or for keratin visualisation by whole-mount immunostaining with a keratin-8 specific 

antibody (Kemler et al, 1981). Phalloidin stained embryos viewed on the confocal 

microscope reveal actin localising in a thick cable at the basal epithelial wound margin 

(Fig la )  as reported previously (McCluskey & Martin, 1995) and just as shown for chick 

wounds in my previous chapters. The actin cable reaches maximum thickness by Ihr and 

is retained in basal cells at the wound margin until re-epithelialisation is complete.

Cortical actin is visible around all cell peripheries and the upper squamous periderm layer 

of cells characteristically displays small marginal rings of actin around the tight junctions 

giving the appearance of crazy paving similar to that seen in chick embryo epithelium at 

E4.
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Immunocytochemistry to reveal keratin-8 filament distribution unmasks a substantial 

network of keratin filaments in both the basal and periderm layer cells of the epithelium. 

Basal cells at the wound front are elongated parallel to the wound margin and appear to 

have keratin organised along lines of stress in the stretched basal cells (Fig \b). Many 

cells along the basal wound margin have a thickening in the keratin filaments as if they 

have been drawn into a thin cable very like the actin purse-string which assembles there 

too. The keratin cable is visible at the wound edge within minutes of wounding and 

remains until the wound is healed, just as reported for the actin cable (Martin & Lewis, 

1992a; McCluskey & Martin, 1995), however, in contrast to the continuous band of actin 

found at the wound margin, a minority of cells at the wound edge show no especially 

oriented keratin distribution. K8 immunostaining in the periderm reveals keratin filaments 

forming a branching network throughout the cortical and sub-cortical cytoplasm, but, 

there is no evidence of a similar keratin cable in the periderm wound margin cells, just as 

there is no actin cable in periderm cells (Fig \d). The keratin immunostaining pattern in 

the epithelium suggests that the active basal cells at the wound margin might be aided by 

the keratin cable during re-epithelialisation, possibly by providing a structural support for 

the moving epithelium.

~ keratin-8 deficient mouse embryos can not assemble a keratin-18 based 
heteropolymer wound cable
FVB/N mk8"/ " mouse embryos when immunostained with Troma-1 keratin-8 antibodies 

do not show any positive staining for keratin-8 filaments at any stage in development 

(Baribault et al, 1993, 1994). Since keratins assemble obligate heteropolymers of type I 

and type H filaments, it is important to test whether the normal type I partners to K8 

might still be able to assemble heteropolymers with unidentified and unusual type II 

filaments which might be upregulated in epithelial cells in the absence of keratin-8 

subunits. M k8'/‘ wounds that have been immunostained with Troma-2 antibodies raised 

against type I keratin-18, reveal no evidence of filamentous staining (Fig 2c, 2d). In 

some peridermal cells, small clumps of keratin-18 protein are visible but do not appear to 

assemble into filaments, suggesting that although some protein is transcribed, K18 is not 

assembling into heterodimers with any unidentified type II subunit (Fig 2c). In the basal 

layer of the epithelium there is faint background immunostaining, demonstrating that 

mk8"/ ■ embryos do not organise a keratin-18 based network along lines of stress in basal 

wound margin cells (Fig 2d).

~ keratin-8 deficient embryos can still assemble an actin cable
Progeny of mk8"^ + heterozygote crosses are wounded and cultured for 3 hrs before 

staining actin filaments with phalloidin and assessing their distribution in the epithelial 

bilayer using a confocal microscope. Basal and peridermal cell cortical actin distribution
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appears normal in all embryos studied. All genotypes of embryo, mk8+/ +» m k8 '/ + and 

mk8"/ ■ assembled an actin purse-string in the basal wound margin cells (Fig 2a, Figlb). 

Cable appears to assemble as rapidly in mk8"/ " and mk8‘/ + embryos as it does in their 

wild-type litter mates, and average cable thickness in mk8“/ " embryos does not vary 

significantly from that found in heterozygote or wild-type embryos.

~ wound closure is just as rapid in keratin-8 deficient embryos as in their 
wild-type siblings
The progeny from mk8"/ + matings are wounded (and the amputated limb retained for 

genotyping - see materials and methods) and placed in roller culture to heal either for 12 

or 24hrs. After 12 hrs in culture normal embryos have re-epithelialised 75% of the 

original denuded area and by 24hrs the defect is completely repaired leaving a smooth, 

flat surface where the limb-bud used to be (Fig 3). Wild-type, heterozygote and keratin-8 

deficient embryos from litters are compared for their rate of re-epithelialisation at 12 and 

24 hrs. All embryos appear to have repaired by approximately 75% after 12hrs and it is 

clear that keratin-8 deficient embryos repair their wounds neither faster, nor slower than 

wild-type and heterozygote siblings (Fig 4a, 4c, 4e). All embryo wounds left to repair for 

24 hr in culture have completely re-epithelialised demonstrating that healing of wounds in 

keratin-8 deficient embryos appears to occur at a normal rate (Fig 4b, 4d, 4j). SEM of the 

epithelial wound margin during the healing process reveals no differences in cell 

morphology between the 3 genotypes - all have smooth, taut periderm cells at the wound 

margin visible throughout the period of repair (Fig 5).

-  there is no extra compensatory mesenchyme tissue contraction in keratin- 
8 deficient embryos to facilitate rapid re-epithelialisation of wounds
Embryonic tissue repair is achieved by two tissue movements acting in concert; re- 

epithelialisation as described above and contraction of the underlying mesenchyme. In 

excisional mouse embryo wounds, mesenchyme contraction contributes about 50% to the 

repair process (McCluskey & Martin, 1995). Thus it is possible that mK8~/“ embryos 

may be suffering a reduced ability to re-epithelialise wounds which is masked by extra 

mesenchyme contraction during repair. Such a compensatory increase in mesenchyme 

contraction might then allow mK8‘/’ embryos to keep pace with wild type embryos as 

described above.

To test the extent of mesenchyme contraction in mk8"/ " embryos, groups of 

mesenchymal cells around the wound margin are Dil labelled at the time of wounding and 

contraction of this marked boundary area over the 24hr healing period is assessed. In all 

embryos studied, the average area bounded by the Dil marks has decreased by 50% 

compared with the average size of the original marked area (Fig 6). There is no
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significant difference in the extent of mesenchyme contraction between the three different 

genotypes (Fig 6c, 6d, 6c). This suggests that mesenchyme contraction is occurring at 

the same rate in mk8"/ " embryos as in wild type embryos and therefore, that re- 

epithelialisation of wounds in mk8"/ ’ embryos occurs at the same rate as in mk8"/ + and 

mk8+/ + embryos.
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F ig l

Confocal laser scanning microscopy of hind limb amputation wounds 
made to the E ll ,5  mouse embryo, immunostained to reveal keratin-8 
filament distribution

%

(a) Epi thel i al  w o u n d  mar gi n  at the level  o f  superf i c ia l  p e r id e rm  l ay er  f ixed 3 hr  af ter  w o u n d i n g  
and i m m u n o s t a i n e d  wi th  ke rat in-8  a n t i bod i es  (green) .  Kera t in  f i l am en ts  f or m a b r an ch i ng  n e t w or k  
t h ro u gh o ut  the c y t op l as m. Xb )  Basa l  epi thel ial  w o u n d  m ar g i n  (5 / / m  d eep er )  o f  s a m e  w o u n d  front  
as (a).  As  in the p e r i de r m layer,  a n e t wo rk  o f  cor t ical  a nd  sub- cor t i ca l  f i l a ment s  fills the c y t o p l a s m  
o f  basal  l a \ e r  cel ls.  Basal  w o u n d  marg i n cel l s  are s t re tched  t angent ia l  to the w o u n d  e d g e  and  kerat in  
f i lament s  are pul l ed  into a ke ra t in-cable  o f  va ry ing  t h i ck ne ss  a r o u n d  the w o u n d  e d g e  - preci se l )  
those  cel l s  w hi c h  are a c t i \ e  in dr i \  ing r e-epi the l ia l i sa t ion  b\  pur se - st r i ng  cont ract ion .
Sca le  bars:  (a),  (b) .  = 10 /mi.



Fig 2

Confocal laser scanning microscopy of hind limb amputation wounds 
made to the E l 1.5 wild-type and mk8-/- mouse embryos, immunostained 
to reveal keratin-18 filament distribution and filamentous actin

actin + /+  I b actin

k-18 -A I d k-18 -A

periderm basai

(a) Basal epithelial wound margin from a wild type em bryo (m k8+/ +) fixed 3 hr after wounding  
and stained with FITC-phalloidin dem onstrating actin filam ents assem bled into a purse-string  
at the wound edge, (b) Basal epithelial wound m argin from  a keratin-8 deficient em bryo 
(m k8-/ -) revealing assem bly o f a perfectly norm al actin purse-string at the wound edge.
(c) Periderm  epithelial wound edge (arrows) from a keratin-8 deficient em bryo (m k8-/ -) fixed 
after 3 hr in culture and stained with K eratin -18 antibodies. Som e periderm  cells appear to 
h a \e  clum ps o f m k l8 , but there are clearly no filam ents assem bling in the epithelial 
periderm, (d) Basal la \e i o f same wound front (arrows) as in (c). There is no staining of 
m k l8  based filam ents in the epithelium  dem onstrating that there is no m k l8  based network  
along lines o f stress in the basal wound m argin cells. Scale bars: (a), (b), (c), (d) = 10 //m .



Fig 3

Scanning electron microscopy of repairing hind limb amputation wounds
made to the E l 1.5 mouse embryo

1

(a) E l l , 5 m ouse ciiibrvo im m ediately after wounding by excision o f the left hind lim b bud. (b) Detail 
of the sam e wound (Ohr) as in (a) with approxim ate dim ensions 750 /m i x 500 //m . The epithelial edge 
is rough, u n eien  and gapes open, (c) Excisional wound after 12 hr in culture. The area now rem aining  
denuded has decreased bi approxim ately 75% . The epithelial edge is sm ooth and regular, its m ovem eni 
driven b\ the contracting actin purse-string assem bled in the basal layer, (d) Excisional wound after 
18hr in culture is non about 90% closed, (e) After 24hr in culture the wound is fully re-epithelialised  
leaving a Hat, sm ooth epithelium  where the limb bud used to be. O ften a small wound pimple of 
extruded cell debris (arrow ) remains at the centre o f the repaired wound. Scale bars: (a) = 1 mm; (b), 
(c), (d), (e) = 200 / / 111.



Fig 4

Scanning electron microscopy of repairing wounds made to keratin-8
deficient, heterozygote and wild-type mouse embryos

24 hr

(a) W ild-type <m k8+/ +) em bryo 12hr after wounding; approxim ately 75% repaired, (b) W ild type 
(m k8+/ +) em bryo after 241ir in culture. The original wound has com pletely repaired leaving just a 
sm all area of extruded wound debris, (c) H eterozygote (m k8-/ +) em bryo 12hr after wounding; 
approxim ately 75% closed, (d) H eterozygote (m k8-/ +) em bryo after 24hr in culture. W ound has 
com pletely repaired leading a sm ooth, flat surface and a sm all wound pimple, (e) H om ozygous null 
(m k8-/ -) em b r\o  12hr after wounding. The repairing wound is indistinguishable from a wild 
type wound in rate o f  repair, (f) H om ozygous null (m k8-/ -) em bryo after 24hr in culture. The wound  
is full) re-epithelialised leaving Just a sm all wound pim ple at the centre o f the wound.
Scale bars: (a), (b), (c), (d), (e), (f) = 200 //m .



Fig 5

Scanning electron microscopy showing morphology of repairing epithelial
wound edges in keratin-8 deficient, heterozygote and wild-type mouse embryos

(a) V\ iki-i) pe ( i n k 8+  +) e m b r y o  af te r  12hr  in cul t ure  s h o w i n g  s m o o t h  epi thel ial  w o u n d  e dg e  
cons i s t in g  o f  taut,  r egu la r  pe r i de rm cel ls,  (b) H e t e r o z y g o t e  ( m k 8 - /  +) e m b r y o  12hr af ter  w o u n d i n g  
show ing a s i mi l ar  s m o o t h  ep i t he l i um,  (c) H o m o z y g o u s  null  ( m k 8 - /  -) e m b r y o  a f te r  12hr  in cul ture  
d e m o n s t r a t i n g  that  l ike the w ild type  and  h e t e r ozyg ot e ,  the w o u n d  mar gi n  is s m o o t h  and  a ppear s  
to be r epai r ing  w ith ident ical  mor pho l ogy .  Sca le  bars:  (a),  (b) .  (c)  = 50  / /m.



Fig 6

Fluorescence microscopy Showing similar wound mesenchyme contraction 
in keratin-8 deficient, heterozygote and wild-type mouse embryos 
24hr after wounding

24 hr

24 hr 24 hr

(a )  E l  1.5 m o u s e  e m b r y o  d i s s e c te d  ou t  o f  th e  u te ru s ,  a n d  p r e p a r e d  fo r  c u l tu re .  T h e  left h in d - l i m b  has  
b e en  a m p u ta t e d  an d  7 s m a l l  c lu s t e r s  o f  m e s e n c h y m a l  c e l l s  h a v e  b e e n  l a b e l led  w i th  D il  ( r ed )  ju s t  in s id e  
the  e p i th e l i a l  b o u n d a r y  o f  the  w o u n d ,  (b )  H ig h  m a g n i f i c a t i o n  o f  Ohr w o u n d  in (a ) ,  v i e w e d  d o w n  a f l u o r e s c e n t  
m ic r o s c o p e .  T h e  7 c lu s t e r s  o f  D il  l a b e l led  m e s e n c h y m e  c e l l s  d e m a r c a t e  the  a rea  o f  the  e .x posed  w o u n d  
m e s e n c h y m e  w h ic h  c o n t r a c t s  o v e r  a p e r io d  o f  2 4  h r  in c u l tu re  as  part  o f  the  w o u n d  h e a l in g  p ro c e ss .
(c )  W ild - ts  pe e m b r y o  ( m k 8 + /  + )  a f te r  2 4 h r  in c u l tu r e  a n d  fu l ly  r e p a i r e d .  A re a  n o w  b o u n d e d  by  the  D i l  m a r k e d  
c e l ls  h a s  d e c r e a s e d  b \  ab o u t  507( c o m p a r e d  w i th  a Ohr w o u n d ,  (d )  H e t e r o z y g o t e  ( m k 8 - /  +)  e m b r y o  ( 2 4 h r )  
s h o w i n g  a p p r o . \ i m a t e l \  5 0 ' (  m e s e n c h y m e  c o n t r a c t i o n  s im i l a r  to  w i ld  ty p e  e m b r y o s ,  (e )  H o m o z ) g o u s  
null  (m k8-,/  -) e m b r > o  (2 4 h r )  s h o w i n g  a p p r o x i m a t e l y  509c m e s e n c h y m e  c o n t r a c t io n  iden t ic a l  to  w i ld  
type  and  h e t e ro z )  g o te  l it te r  m a te s  d e m o n s t r a t i n g  tha t  th e re  is no  o b v i o u s  u p r e g u la t i o n  o f  m e s e n c h ) m e  
c o n t r a c t io n  in k e r a t i n - 8 d e f ic ie n t  m o u s e  e m b r y o s  d u r in g  w o u n d  repair .
S c a le  bars ; (a )  =  1 m m :  (b ) .  (c) .  (d ) .  (e) s a m e  m a g n i f i c a t i o n  =  2 0 0  y/m.



D iscussion  And C onclusions  

-  summary of results obtained in Chapter 5
The simple embryonic epithelium expresses just one type II keratin, K8, which forms 

obligate heteropolymers with type I, K18 or K19 filaments. Simple epithelial keratins 

seem to be required in Xenopus embryos to repair small wounds and to complete 

morphogenesis successfully (Torpey et al, 1992). Mouse embryos wounded by excising 

the left hind limb and then allowed to heal in culture, assemble a thin keratin-8 based 

cable in the basal wound margin epithelial cells very reminiscent of the actin cable and 

suggestive that keratins may provide structural support during the normal repair of 

wounds. Mouse embryos deficient in the keratin-8 allele (mk8"/ ") can not assemble any 

simple keratin heteropolymers in the epithelium (Baribault et al, 1994). It is not 

surprising that these embryos fail to assemble a keratin cable in response to wounding. 

However, mk8“/ '  embryos can still assemble an actin cable in basal epithelial cells as 

rapidly and to the same thickness as normal embryos. They also re-epithelialise their 

wounds as rapidly as wild type siblings, being completely healed within 24 hrs. There is 

no increase in the extent of mesenchyme contraction in mk8"/ " embryos demonstrating 

that both re-epithelialisation and mesenchyme contraction occur at the same rate as in 

wild-type and heterozygote litter mates.

~ is murine gastrulation a test of structural integrity or is it less gruelling 
than Xenopus gastrulation?
The distribution of K8 filaments in wild-type embryos at the wound margin suggests that 

as with Xenopus embryos, mouse embryos use keratins as a structural support during re- 

epithelialisation. But, although the keratins may facilitate repair they are clearly not 

essential for normal embryonic repair, at least in the mouse. This raises the question; why 

can mk8”/ " mouse embryos both repair wounded epithelium and undergo morphogenetic 

movements apparently normally?

The early morphogenetic movements of mammalian and amphibian development clearly 

differ significantly and this may be reflected in the structural integrity of the tissues 

required to complete gastrulation in the two species. In mammals, gastrulation involves 

the seeding of individual cells from the epiblast through the primitive sheet streak to 

emerge between the epiblast and difinitive endoderm where they become the new 

intermediate mesoderm (Lawson et al, 1991; reviewed in Gilbert, 1994). This might put 

considerably less strain on the epithelial tissues than the movements associated with 

gastrulation in Xenopus which is preceded by epiboly whereby involuting cells form a 

single thin layer from an initially multilayered animal hemisphere as a result of
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intercalation of cells. The single thin layer then invaginates at the dorsal lip of the 

blastopore (Keller, 1980; reviewed in Gilbert 1994). Quite possibly Xenopus gastrulation 

may put more strain on epithelial sheets than gastrulation in mammals. Klymkowsky has 

reported that in K8 depleted Xenopus blastulae, the intercalation events during epiboly 

appear to fail leading to a thickening of the animal cap, which might secondarily result in 

failed gastrulation (Klymkowsky et al, 1992; Pers.Comm.). By contrast, mk8"^ '  mouse 

mutants in either C57B1/6 or FVB/N backgrounds successfully complete gastrulation.

The earliest signs of tissue disruption in the C57B1/6 strain occur at E l0.5-12.5 and 

appear to primarily involve breakdown of the developing liver (Baribault et al, 1993). 

Such liver disruptions are not found in mk8"^ " FVB/N embryos which appear to require 

keratin-8 protein only after birth in order to maintain the integrity of reproductive and 

gastrointestinal tracts (Baribault et al, 1994).

If such a difference in requirement for structural integrity exists then it also implies that 

repairing a wound to the blastulae surface epithelium in Xenopus requires a greater 

epithelial strength than is needed by a mouse embryo to repair a hind limb excisional 

wound at E l 1.5. This is surprising since in both situations the un wounded epidermis is 

under tension and it gapes as it is wounded, an effect which results in significant 

stretching of all the cells at the wound margin (McCluskey, 1995). Contraction of the 

actin purse-string must also put a strong tugging strain on the cells at the wound margin 

and this strain is transmitted to those epithelial cells lying back from the wound margin. 

Even so, it appears that the actin microfilament network in mouse embryos is sufficiently 

strong to compensate for the loss of keratins in mk8“/ " embryos.

~ is there functional redundancy in the system?
The complete lack of a requirement for keratins during embryonic wound repair is very 

surprising and I have tried to address the possibility that there is an upregulation of an 

alternative type II keratin subunit in the mk8"/ " embryos. Clearly the nornial, obligate 

partners of K8 i.e. K18 or K19, do not appear to assemble filaments with any other 

subunits and their expression is significantly down regulated as has also been reported by 

Baribault in the original mk8“/ " deletion publications (Baribault et al, 1993, 1994). 

Indeed I confirm that K18 does not recruit a novel type II keratin to assemble filaments in 

the wound epithelium. However, it is not possible to rule out that a completely different 

set of keratin heteropolymers might be induced either in the mk8‘  ̂'  embryos from early 

in development or specifically at the wound margin of wounded mk8"/ " embryos.

~ are adult-type keratin heteropolymers upregulated in mkS"/ “ embryos?
The first expression in mouse simple epithelia of the reporter gene Lac Z running off a 

keratin 5 promoter occurs as early as E9.5 in a mosaic pattern in a small number of cells
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across the dorsum of the back and head (Byrne et al, 1994). Expression of K5 is uniform 

from about E14.5 in the mouse epithelium. It is possible that in the mk8"/ " embryos, K5 

and K14 heteropolymer expression, normally associated with proliferating basal epithelial 

cells, might be upregulated precociously although Baribault et al have not reported that 

this occurs. Equally, it is not possible to rule out that K l/K lO  heteropolymers in supra- 

basal cells are induced either earlier in development in mk8"^" embryos or as a response to 

wounding. Upregulation of any pair of adult keratin heteropolymers might easily mask a 

requirement for simple epithelial keratin heteropolymers during embryonic tissue repair. I 

have not had the chance to test this, but immunostaining mk8"/ " embryos with pan

keratin antibodies may be sensitive enough to reveal any alternative keratin filament 

network that is expressed.

An alternative consideration is that a completely different type of intermediate filament 

such as vimentin, which is normally only expressed in mesenchyme cells, might be 

upregulated to replace missing essential keratin filaments. In some tumour cells and 

during development when an epithelial sheet is transdifferentiating into mesenchyme, it is 

possible to have simultaneous expression of both vimentin and keratin filaments (Wollina 

et al, 1992). However, there have never been any reports of type III filaments forming 

heterodimers with type I or II filaments and there is no precedent for this occurring in any 

tissue which is not changing its fate.

~ are wound specific keratins upregulated in the embryonic epithelium?
A recent study of keratin expression has introduced the possibility that novel keratin types 

with specialised functions might be important in epithelial repair. Paladini et al (1996) 

identified an unusual class of keratin heterodimer upregulated in injured adult epithelium. 

Supra-basal differentiating kératinocytes at a wound front down regulate the normally 

expressed K l/K lO  heteropolymers and upregulate expression of K6 and K16 

heteropolymers within 6 hours of wounding. These keratins are not normally expressed 

in basal or supra-basal epithelial cells, suggesting that the properties of these new keratins 

are needed only during the wound healing response. Paladini et al (1996) propose that the 

unusually short K6/K16 heterofilaments are used to compartmentalise the more usual 

K l/K lO  filaments close to the nucleus, keeping them out of the way to facilitate 

keratinocyte migration. This would imply that the normal K l/K lO  properties are not 

suitable or sufficient to permit cell crawling and sheet movement.

If there is any similarity with embryonic epithelial repair, then it is possible that novel, 

unidentified keratins may be upregulated at the wound margin. However, unlike K5/K14 

and K l/K lO  filaments at the adult epithelial wound margin, K8/K18 heterofilaments do 

not appear to be down-regulated at the embryonic wound margin. There seems to be no

161



obvious requirement for "packing away" of normal K8/K18 filaments during wound 

repair. If anything, Paladini's results would imply that any precocious expression of 

adult keratins to compensate in mk8"/ " embryos might be expected to down regulate at 

an epithelial wound margin.

~ what effect do strain variances have on the effectiveness of targeted mk8 
gene mutations?
Genetic modifier loci affect the penetrance of mutant phenotypes in transgenic mice such 

that the same targeted construct (mk8) in two different genetic backgrounds can produce 

two very different phenotypes as described above. This has been identified in other gene 

knock-outs including the Multiple Intestinal Neoplasia (Min) mutation, Mom-1, which 

varies in penetrance when expressed in different strains, from one extreme where 

tumours arise in 50% of mutant individuals, to strains in which there is no tumour 

penetrance (Moser et al, 1992, 1995; Dietrich et al, 1993). Genetic modifiers of K8/K18 

filaments must be differentially active in the FVB/N and C57B1/6 genetic backgrounds, 

but exactly what these genetic modifiers are is unknown. Clearly the m k8^ " mutation in 

C57B1/6 mice is more severe in general, but even within the same C57B1/6 strain 

Baribault et al (1993) reported substantial heterogeneity in the stage of lethality. I 

confirmed this whilst attempting to wound and culture litters from C57/B16 mk8"/ + 

heterozygous crosses at E10.5 (24hr earlier than normal to avoid the E l2.5 lethality). Out 

of 12 litters wounded and cultured, none of the live embryos when genotyped, were 

actually mk8"/ " homozygous at E10.5. It would be fascinating to wound null embryos 

on the C57 background at earlier stages in development to see whether repair is affected 

in a mouse with less "protective" genetic modifiers.

I found that out of 116 FVB/N strain embryos wounded in the keratin study, only 15 

mk8"/ ■ embryos survived to E l 1.5. This is only 12% rather than the expected Mendelian 

25% mk8"/ ■ embryos, suggesting that even in the FVB/N strain, the genetic modifiers 

are variable and not always strong enough to compensate for keratin-8 deficiency. Again 

it would have been interesting to know whether those mk8"/ " mutants which die around 

E8.5-E9.5 could have repaired epithelial wounds earlier in development.

~ do keratins play a purely structural role in cells or do they regulate cell 
proliferation as well?
Keratins have always been attributed roles of mechanical support for epithelia, but when 

considering the effect of absence of K8 on adult mice, it is possible that this simple 

epithelial keratin may instead be playing a role in regulating proliferation in epithelia. The 

FVB/N mutation in keratin-8 shows a phenotype whereby 80% of mkS'/ ” mice develop 

rectal prolapses associated with hypeiplasia in the colon and rectum (Baribault et al,
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1994). Only the large intestine of the GI tract in the animals and the vagina of female mice 

are affected. The cause of hyperplasia is unclear, it could be a result of decreased 

toughness of the large intestine, with abrasion stimulating hyperplasia and a heightened 

immune response. However, since the gut epithelial cells are never internally disrupted, it 

would suggest that abrasion may not be the cause of hyperplasia. Hence, Baribault et al 

(1994) raise the possibility that keratins could be involved in regulating cell longevity or 

cell proliferation.

In conclusion, simple epithelial keratins appear not to be required for repair of excisional 

wounds or during morphogenesis in the mouse embryo. It is therefore likely that the actin 

cytoskeleton in embryonic murine epidermis provides both the structural support and 

contractile machinery necessary for natural morphogenetic movements as well as those 

required to close a wound. Studying transgenic mice deficient in a gene is a superb 

method for assessing the role of key proteins which we, as a lab believe to be important 

in regulating epithelial repair. However, many key proteins we would like to investigate 

have not yet been “knocked out” in a mouse system, or are embryonic lethal. Therefore, 

my last experimental chapter introduces an unusual cell line, which when wounded as a 

monolayer assembles both actin purse-strings at the wound edge and lamellipodia. This 

colonic epithelium derived cell line permits a more thorough dissection of the key 

regulatory proteins involved in epithelial repair.
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M aterials and M ethods

~ mouse embryo dissection, preparation, wounding and method of culture
For this study, I used the inbred mouse strain FVB/N, crossing mice heterozygote for the 

targeted mutant keratin 8 (mkS) (Baribault et al, 1994). 127 embiyos in total were used in 

the study which were the progeny of 14 litters of heterozygote mkS"/+ crosses of which 

16 mkS"/" embryos were identified alive and healthy at E l 1.5. Embryonic day 11.5 

progeny from such crosses were dissected from the uterus in Tyrode's saline using 

jewellers forceps. The embryos were dissected from the yolk sac and decidua by 

breaking and pulling back the decidual tissues and Reicher's membrane down to the 

placenta. To expose the embryo, the yolk sac was cut almost completely around its base. 

Each embryo was delivered from the yolk sac with its placental and yolk sac connections 

intact (Cockroft, 1990).

The left hind limb was amputated using iridectomy scissors to make an open, or 

excisional wound (limb tissue removed is then used for genotyping the embryo). The 

wounded embryo was then transferred to a 50 ml Falcon tube containing 4 ml of a 1:3 

mix of normal rat serum and Tyrode's saline. The tubes were gassed with 

95%02/5%C02 before culturing and gassed again after 12 hours in culture. Tubes 

containing embryos were rotated at 30 rpm in an incubator at 37®C. Cultured embryos 

maintain a healthy heart beat and keep developmental pace with their peers in utero 

throughout the culture period (McCluskey et al, 1993; McCluskey & Martin, 1995).

~ assessing the rate of excisional wound re-epithelialisation by scanning 
electron microscopy (SEM)
The rate of re-epithelialisation was assessed by allowing wounds to heal in culture for 

12hr (n = 25; mkS'^ " = 3) and 24 hr (n = 44; mkS'^ " = 6) and determining the extent of 

mesenchyme still exposed at the wound site. Embryos were prepared for scanning 

electron microscopy (SEM) as previously described for chick embryos in Chapter 2, by 

fixing overnight at 4°C in V2 strength Karnovsky's fixative (Karnovsky, 1965). After 

rinsing in O.IM cacodylate buffer, specimens were post-fixed in Osmium tetroxide and 

then dehydrated through a graded series of alcohols and critical point dried in CO2 in the 

standard fashion. The specimens were sputter-coated with gold and viewed using a Jeol 

5800 Scanning Electron Microscope (Andy Forge, Institute of Laryngology and Otology, 

London).
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~ visualisation of keratin and actin filaments at the wound site in wild type 
andmkS"/" embryos
Keratin filament immunostaining utilised monoclonal antibodies Troma-1 and 2 which are 

specific for K8 and K18 respectively (Kemler et al, 1981) and were obtained from 

Helene Baribault (La Jolla, CA). After 0, or 3 hours in culture, wounded embryos (n = 

25; mk8"/ " = 2) were fixed at 4°C in 4% Paraformaldehyde and then rinsed in PBS. 

Tissues were permeabilised by soaking in 0.3% Triton in PBS and to prevent non

specific binding of the antibody, the embryos were pre-incubated in 10% Normal Horse 

Serum in PBS. Incubation for 1 hour at room temperature and then at 4°C overnight 

ensured good labelling with undiluted Troma-1 or Troma-2 tissue culture supernatant. 

Embryos were rinsed in PBS and then incubated in FTTC-fluorescently tagged rabbit anti

rat IgG secondary antibody (Pierce) for 1 hour at room temperature and then overnight at 

4°C. After thorough rinsing in PBS, specimens were mounted in a solution of 50% PBS 

and 50% SlowFade - an anti-fade reagent (Molecular Probes). Chambers for mounting 

were made by taping a few strips of PVC tape on the slides. Embryos were compressed 

slightly under coverslips to bring wounded hind limb tissue into the same plane, to 

facilitate visualisation under the confocal laser microscope or fluorescent microscope.

As with chick embryos, actin filaments in mouse embryo tissues were stained with 

rhodamine-tagged Phalloidin (Sigma). After 3 hours in culture, embryos (n = 18; mk8"/ '  

= 4) were fixed in ice-cold 4% paraformaldehyde in PBS for 2 hours and rinsed 3 times 

in PBS. Embryos were incubated at 4°C for 2 hours in 50 pg/ml TRITC-Phalloidin in 

PBS, rinsed thoroughly in PBS and then mounted on slides as described for Keratin 

filament staining. All fluorescently labelled embryos were visualised on a Leica confocal 

laser scanning microscope, taking thin optical sections of basal and perideiTn layers of the 

epithelium at the wound edge.

-  assessing the extent of mesenchyme contraction by Dil labelling of the 
wound mesenchyme
To measure the extent of mesenchyme contraction occurring at the wounded site, small 

groups of mesenchymal cells at the wound perimeter were labelled with the lipophilic 

fluorescent dye, Dil (Molecular Probes) (stock 0.5% Dil in absolute ethanol, diluted 1: 9 

in 0.3M sucrose solution on the day of use). Using a capillary needle of approximate 

diameter 15 pm controlled by mouth pipette, I placed 8-10 dots of Dil on the wounded 

mesenchyme close to the cut edge of the epithelium thus marking the area of mesenchyme 

exposed at the time of wounding. After 24 hours of culture, the extent of mesenchymal 

contraction was estimated by measuring the area subsequently bounded by the Dil 

labelled cells. Embryos (n = 15; m k8'/ " = 1) were fixed in ice-cold 4% 

paraformaldehyde in PBS for 2 hours, rinsed in PBS and then mounted in
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SlowFade/PBS solution in a slide chamber sealed under a coverslip. Wounds were 

visualised and photographed using the rhodamine filter block on a Leitz DiaPlan 

fluorescent microscope.

~ genotyping progeny of heterozygote crosses
Genotyping embryos was kindly performed by Marlene Wilson-Heiner in Helene 

Baribault's lab (The Burnham Institute, La Jolla, CA). Amputated limb tissue was used 

to genotype the embryos. Tissue was homogenised and boiled in 100 pi water for 5 

minutes and then cooled before incubating overnight in Proteinase K solution (10 mg/ml 

in dH20) at 55°C. Prior to PGR of the tissue DNA, the sample was boiled for 5 minutes 

and then spun for 2 minutes. The PGR product was then run on a 1% agar gel and 

photographed.
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Chapter 6

A n In Vitro W ound H ealing M odel U sed To Investigate S ignals 
W hich R egulate Purse-Stringing V ersus C raw ling  

In trod u ction
This chapter investigates tissue culture wound healing in a novel intestinal derived 

epithelial cell line Caco-2BBE, which appears able to assemble both actin purse-string and 

to extend lamellipodia at a wound edge (Bement et al, 1993). I describe preliminary 

experiments using this cell line to investigate the mechanisms which underlie a cell’s 

decision whether to purse-string or crawl.

~ an unusual colonic epithelium-derived cell line repairs wounds by both 
purse-stringing and crawling
In chapters 3 and 4 of this thesis I have characterised the actin cable which assembles in 

basal epithelial wound margin cells and whose contraction drives embryonic epithelial 

repair. This mechanism of re-epithelialisation is very different from that used by 

epidermal kératinocytes to repair wounds in adult tissues. Basal kératinocytes extend 

lamellipodia both from wound margin cells and from cells several rows back from the 

leading edge and crawl across the wound bed dragging the epithelium behind them 

(reviewed in Clark, 1996). The transition in mode of re-epithelialisation from purse- 

stringing to crawling occurs over a period of 3 days in the chick embryo between E8-10, 

and during this period, both purse-stringing and crawling cells can be identified around 

the wound margin (Chapter 3, this thesis). Epithelial and fibroblast cells in culture 

characteristically utilise lamellipodial crawling to repair wounds to monolayers, and even 

embryonic epithelial cells which would normally purse-string to repair wounds in vivo 

will crawl when wounded in monolayer culture (Vaughan and Trinkaus, 1966). The 

intestinal derived epithelial cell line, Caco-2BSE characterised initially by Bement et al 

(1993) behaves very differently from all other cell lines, since it repairs stab and slash 

wounds made to monolayers both by extension of lamellipodia from wound margin cells 

and by assembling arcs of actin cable in wound margin cells. Thus, this cell-line serves 

as an in vitro model of the transition stage in embryonic development when wounds can 

repair by both mechanisms within the same wound and as such is a superb system to 

study the regulation of purse-stringing versus crawling during epithelial repair.
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~ why do C a c o - 2 B B E  cells assemble a purse-string?
Gut epithelial cells are exposed to abrasion trauma with frequency and to such an extent 

that the average turnover rate of cells needed to maintain a functioning colonic epithelial 

barrier is just 3 days and intestinal epithelial cells are constantly extruding senescent cells 

from the villus tip (Madara, 1990). Such a highly exposed and specialised epithelium has 

to be able to repair small injuries rapidly to prevent loss of epithelial integrity, both to 

prevent pathogen entry and to ensure regulated exchange of electrolytes and absoiption 

into the body. The Caco-lgBE cells are derived from human colonic adenocarcinoma and 

when grown in monolayer differentiate into an intestinal enterocyte-like monolayer which 

closely resembles its in vivo counterpart including expression and distribution of 

cytoskeletal proteins (Peterson & Mooseker, 1992).

Although large wounds (> 30 cell diameters) in Caco-ZgBE cell monolayers heal by 

lamellipodial extension and cell migration, small wounds use arcs of cable also (Bement 

et al, 1993; my own observations). It is fascinating to consider that a mechanism used 

during development to rapidly repair small embryonic epithelial wounds might also be 

utilised in adult life to rapidly repair relatively small breaches in the gastrointestinal tract.

~ is purse-string assembly regulated in Caco-2BBE cells by Rbo in an 
analogous manner to cable assembly in embryonic wound margin cells?
Bement et al (1993) have established that purse-string arcs contain filamentous actin, 

myosin II, villin and tropomyosin proteins. Since actin cables in vivo in embryos also 

consist of filamentous actin and myosin H, it is interesting to speculate that the Rho 

protein responsible for signalling cable assembly might also mediate actin purse-string 

assembly in Caco-2BBEcells. This in turn raises the possibility that lamellipodial 

extension might conversely be regulated by Rac GTPases as it is in Swiss 3T3 

fibroblasts. The role of Rho and Rac in regulating repair of wounds in Caco-2BBE cells 

can be investigated simply by looking at the ability of cells to repair wounds in the 

presence of Rho or Rac blocking reagents. As with embryonic epithelium in vivo, 

introduction of reagents could either be by microinjection or by "scrape loading" at the 

time of wounding. Transient permeabilisation by mild abrasion and subsequent loading 

has already been demonstrated in gut epithelial cells in vivo, and in monolayers of 

fibroblasts and epithelial cells (McNeil & Ito, 1989; Errington and Martin in prep). 

Therefore, addition of reagents to the culture medium prior to wounding should be 

sufficient to introduce the reagent into the majority of wound margin cells upon 

wounding.
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~ effective tissue repair requires the careful synchronisation of cell 
migration, cell-rearrangements and proliferation in both epithelium and 
underlying mesenchyme
Proliferation of wounded epithelium to facilitate tissue repair has not been a major 

consideration in my studies since repair of incisional wounds in vivo appears to be 

completed without a requirement for proliferation. Upregulation of proliferation in larger 

embryonic excisional wounds is visible only 4-6 hrs after wounding (Thevenet 1984, 

McCluskey, 1995). Whilst various studies have shown that this proliferation burst is not 

absolutely necessary for repair (Ihara & Motobayashi, 1992; McCluskey, 1995), it must 

clearly aid repair in larger wounds simply by replacing missing cells and preventing the 

over-stretch and thinning of cells at the wound margin.

Proliferation has to be synchronised with migration to prevent over or under supply of 

new cells. How do undamaged cells away from the wound margin synchronously 

respond to the wound signal and enter the cell cycle? One possible way to achieve this is 

via inter-cellular communicating gap junctions which are water filled channels that 

connect the cytoplasmic compartments of coupled cells (reviewed in Kumar & Gilula

1996). They can channel signals from damaged wound margin cells back to undamaged 

neighbours in order to initiate the appropriate wound healing response.

The wound healing response in cells away from the wound margin includes rapid 

upregulation of lEGs such as c-fos (Verrier et al, 1986, Martin & Nobes, 1992). 

Subsequently, the growth factor TGF-Bi is upregulated at mRNA level in the epithelial 

cells at the margin of embryonic wounds within 1 hr of wounding (Maitin et al, 1993; 
McCluskey, 1995). TGF-p protein is secreted into the underlying wound mesenchyme 

and one of its roles may be to stimulate connective tissue contraction, thereby 

synchronising mesenchymal and epithelial repair. The rapid induction of c-fos mRNA 

and TGF-p 1 mRNA in cells away from the immediate wound margin highlights the 

capacity for rapid communication between damaged wound margin cells and those 

initially quiescent epithelial cells which are subsequently recruited to participate in the 

repair process. Tissue culture studies have established that this communication at wound 

edges is mediated via inter-cellular signalling through gap junctions transmitting the 

damage signal, possibly Ca++, from damaged wound margin cells to their undamaged 

neighbours in rows further back (Errington and Martin, manuscript in prep.). This signal 

appears to coordinate synchronous expression of c-fos and is probably key for an 

effective wound closure response (Errington and Martin, manuscript in preparation).

The Caco cell line is an excellent tool to further investigate these coordinating signals in 

tissue repair. The results of this chapter provide an introduction to studying wound repair
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mechanisms in the Caco cell line and describe the basic phenotype of repairing epithelial 

cells. I report preliminary investigations to establish the role of Rho and Rac in the 

mechanism of wound repair in Caco cell monolayers and then briefly describe the pattern 

of gap junctions in the unwounded and wounded monolayer.
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R esu lts

Cells are wounded at confluency by making small stabbing and scraping wounds using a 

blunted tungsten needle whilst observing the cells down a microscope with a grid placed 

in the eye-piece to help regulate wound size. It is possible to make upwards of 40 

wounds per coverslip, but on average I make only about 20 to prevent proximity of 

adjacent wounds which may interfere with each other's capacity to heal.

~ small wounds can assemble either entirely cable, or cable and 
lamellipodia, or entirely lamellipodia
Cell coverslips are fixed at Ohr, 15 minutes, 30 minutes and Ihr following wounding and 

actin distribution in the cells visualised on the confocal microscope after staining with 

fluorescent phalloidin. The appearance of regions of unwounded epithelium in wounded 

plates looks identical to normal cell appearance in unwounded coverslips, suggesting that 

the trauma of wounding a sheet of cells does not apparently perturb cells at a distance 

from the wound margin. Cell diameters vary enormously across the coverslip within a 

single confluent monolayer (from 13 |im  to 60 pm  in random samples) (Fig \a). Each 

cell when seen under the confocal microscope has a marginal ring of actin presumably 

demarcating the level in the cell where tight junctions localise and indicating the sheet has 

formed a polarised epithelium (Peterson & Mooseker, 1992) (Fig \a). This gives the 

overall appearance of crazy paving not unlike the periderm cells in vivo bi layered 

epithelium of chick and mouse embryos. An actin dense microvilli brush border crowds 

the apical surface of all cells in the epithelial sheet and is an indicator that the cells are 

fully differentiated and most closely resemble the in vivo colonic phenotype (Fig \a).

Thin cortical actin surrounds the peripheries of each cell in the coverslip including wound 

margin cells.

~ the epithelium gapes considerably upon wounding
Making consistently sized wounds is possible by observing cells whilst wounding, down 

a microscope with a grid in the eye-piece lens. Single stroke wounds are easy to make in 

this way and I have observed that even though the stroke of the wound should produce a 

longitudinal wound much like the in vivo slash wounds to the embryonic epithelium, they 

appear oval or round when observed using the confocal microscope immediately after 

wounding (Fig 16). This strongly suggests that the epithelium gapes extensively as is 

clearly seen when making a wound. Such changes in the shape of wound margins would 

imply that there is considerable stretch of the cells at the wound margin and it is clear that 

the intact epithelium is under considerable tension, which is released upon wounding.
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-  only small wounds appear to assemble cable in all wound margin cells
Wound size varies from small "stab" wounds with as few as 12 cells at the wound 

periphery to large Ohr wounds with more than 100 cells bordering the wound. Within 5 

minutes of wounding all wound margin cells have assembled either actin cable or have 

extended lamellipodia from their free edge (Fig Ic). Cable containing cells are similar in 

diameter to the average cell size, although I have not calculated cell volume to assess 

whether there is any significant difference (mean diameter of cabling cells 29.9 pm  

compared with 29.6 pm mean cell size). This contrasts with lamellipodia-extending cells 

which, whilst they can be of small or average diameter, are often cells with greatest 

diameter on the coverslip (i.e. between 30 - 90 pm) (Fig Ic, 2a, 3a). This contrast is 

especially visible in small wounds where often half the wound peripheiy is an actin cable 

arc and the other half consists of fewer, large crawling cells. In large wounds (> 30 cells 

bordering the wound ) it is common to see arcs of cable in 2-4 cells adjacent to 2-4 cells 

crawling and then 2-4 cells cabling repeated along the length of a wound margin of 

similarly sized cells (Fig 3d). Wounds healing only by lamellipodial crawling are more 

often large although sometimes wounds of just 12 cells bordering them will repair wholly 

by crawling. Wounds repairing completely by a purse-string are usually small with less 

than 12 cells bordering the wound (Fig 2b, 2c)

~ cells rarely extend a lamellipodium and assemble cable simultaneously
By Ihr, all cells at the wound margin appear to have flattened compared to earlier time 

points and this makes it easy to visualise cell-cell borders which are now in the same 

focal plane as cable containing cells and lamellae-extending cells. The border between a 

cable containing cell and lamellae extending cell is very distinct and I have seen only one 

example of what appears to be cable and lamellae in the same cell out of the many 

thousands of wound margin cells I have observed (Fig 3c). In this cell, the cable appears 

to stretch half the length of the cell and then extend directly into a lamellae.

~ cable containing cells can drop out from the leading epithelial wound 
edge
Time taken to repair a wound varies according to size, but when a medium sized wound 

of 21 cells bordering it was followed by time lapse video-microscopy, full repair took 5 

hr. Throughout the repair process it is clear that cells can change from an apparently 

cabling moiphology to one where they extend large lamellipodia. Cells along the wound 

margin clearly flatten down significantly when crawling, appearing to spread hugely over 

a period of an hour. Cells can be seen to drop out of the wound margin usually preceded 

by constriction at the wound margin into a thin wedge shape. The average rate of cell 

migration is approximately 20 pm/hr. Although the wound margin appears to move 

forward uniformly, it is not clear from time-lapse video microscopy, whether the
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crawling cells and cabling cells make equal contribution as a driving force behind this 

movement (Fig4).

-  distinctive ceil morphology seen by SEM differentiates cabling versus 
crawling cells
W hen wounded coverslips are prepared and visualised for SEM, the morphology of 

wound margin cells is clearly visible. During fixation and critical point drying, slight 

shrinkage of cells leads to the sheet cracking and cell fracturing in many places.

However, many regions of wound margin cells remain well preserved including 

membrane extensions. All cells have very densely packed microvilli bmsh borders, 

including the cells at the wound margin (Fig 5a). The mode of cell motility can be judged 

from the morphology of individual wound margin cells. Many regions of the wound edge 

appear smooth with such regions usually forming arcs (Fig 5a, 5b). These smooth 

stretches are presumably composed of "purse-stringing" cells. Cells in between regions 

of smooth arcs can clearly be seen extending either filopodia, lamellipodia or both and are 

presumably crawling to repair the wound (Fig 5b, 5c).
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F ig l

Confocal laser scanning microscopy of monolayers of Caco-2BBE cells
both wounded and unwounded

2 min

5 min

(a) C o n t i n e n t  m o n o l a y e r  o f  C a c o  ce l l s  d e m o n s t r a t i n g  the  r a n g e  in s ize  o f  c e l l s  ( f r o m  13-60  / /m  in r a n d o m  
s a m p l e s ) .  T h e  c e l l s  h a v e  b e en  s ta in ed  w i th  F I T C - t a g g e d  p h a l lo id in  to  v i s u a l i s e  f i l a m e n to u s  ac t in  d i s t r ib u t io n .  
,4 s u b - c o r t i c a l  ac t in  n e t w o r k  fil ls  the  c y t o p l a s m  o f  all  ce l ls ,  a nd  a t h i c k e r  m a r g in a l  r ing  o f  ac t in  in e a c h  
cel l d e m a r c a t e s  the  t ig h t  j u n c t i o n  r ing  w h ic h  k e e p s  the  cel l  p o la r i s e d .  O n  the  a p ic a l  s u r f a c e  o f  ce l ls ,  
m i c r o v d l i  p ro t r u d e  c h a r a c t e r i s t i c  o f  a h e a l th y  c o lo n ic  p h e n o ty p e ,  (b )  M e d i u m  s i z e d  w o u n d ,  p h a l lo id in  
s t a i n e d  ( g r e e n )  s h o w i n g  e.vtent o f  g a p e  im m e d ia t e ly  fo l l o w i n g  w o u n d i n g  w i th  j u s t  a s in g le  in c i s io n a l  
cu t  \ isibTe h e re  as  a red  l ine  u h i c h  is the  n e e d le  t rack ,  (c )  M e d i u m  s ize d  w o u n d  a l l o w e d  to  r e p a i r  fo r  5 
m in  a n d  s ta in ed  w ith FI I C  p h a l lo id in  ( g r e e n )  a nd  7 A A D  ( red  nuc le i ) .  A c t in  c a b l e  a s s e m b le s  very  r a p id l \  
an d  th i c k i )  in w o u n d  m a rg in  ce l l s  a n d  all c e l ls  re v e a l  s t re ss  f ib res  b r a n c h i n g  d e n s e l s  th r o u g h o u t  the  
c \  t o p l a s m .  S c a le  ba rs :  (a ) ,  (b ) .  (c ) =  3U /m i.



Fig 2

Confocal laser scanning microscopy of repairing small and medium size
wounds made to monolayers of Caco cells

(a) M e d i u m  s ized  w o u n d  a l l ow e d  to heal  for  I hr. s t a ined  wi th  F I T C- P ha l l o i d i n  (gr een)  and  7 A A D  
(red nuclei ) .  No te  cont ras t  in d i am e t e r  b e t w e e n  r e gu l a r  c ab l in g  cel l s  and very large,  f la t t ened c r aw l i n g  
cel l s  at the w o u n d  margin ,  (b) Smal l  w o u n d  ( 1 hr) r e pa i r i ng  w ho l ly  by act in purse - st r i ng  c on t r ac t ion  
(gr een)  show n here  at the l e \ e l  o f  the ma rg i na l  r ings  o f  act in  a n ch o r i n g  t ight  j u nc t i ons ,  to c lear ly 
show cel l -cel l  bounda r ie s ,  (c) S a m e  w o u n d  as in (b).  but  2 / / m d e e p e r  s h o w i n g  thickes t  r egion 
o f  act in c ab l e  at the w o u nd  m ar g i n  and a ve ry  thick p r o m i n e n t  n e t w o r k  o f  s t ress  f ibres  in all cel l s  
both at the w o u n d  mar gi n  and back f ro m the  w o u n d  margin .  Sca le  bars;  (a),  (b) .  (c) = 3 0 /mi .



Fig 3

Confocal laser scanning microscopy showing the variation of wound 
m argin m orphology during  rep a ir of wounds made to monolayers of Caco cells

(a )  W o u n d  m a r g in  f ix e d  at I h r  an d  p h a l lo id in  s t a i n e d  ( g r e e n )  d e m o n s t r a t i n g  c o m m o n l y  seen  f l a t t e n in g  
an d  in c re a s e  in d i a m e t e r  o f  c r a w l i n g  c e l l s  at the  w o u n d  m a r g in  as th ey  r e d i s t r i b u t e  ac t in  in to  l a m e l l ip o d ia .  
T h e  d e n s e  s t re s s  f ib re  n e tw o r k  a p p e a r s  a b s e n t  in th e se  c r a w l i n g  ce l ls ,  (b )  W o u n d  m a r g in  f ixed  at I hr 
s h o w i n g  s m a l l  s p ik e s  o f  f i l o p o d ia  e x t e n d i n g  o u t  a c r o s s  the  w o u n d  site ,  (c )  Very  f l a t t e n e d  re p a i r in g  
w o u n d  m a r g in  ( I hr)  s h o w i n g  bo th  a ty p ica l  ve ry  c l e a r  b o u n d a r y  b e t w e e n  c a b l in g  a n d  c r a w l i n g  ce l l s  
( a r r o w  i) an d  a \ e ry  u n u s u a l  w o u n d  m a rg in  cel l w h ic h  a p p e a r s  to  h a v e  a s s e m b l e d  b o th  c a b l e  and  to  be 
e x t e n d in g  a l a m e l l i p o d i u m  a lo n g  its w o u n d  e d g e  ( a r r o w  ii) id )  W o u n d  m a r g in  ( Ih r )  ty p ic a l  in la rg e r  
wound-,  w ilh a c h a r a c t e r i s t i c  2 -3  c e l l s  c a b l in g  a d ja c e n t  to  2 -3  c e l l s  c raw  ling  r e c u r re n t  m o r p h o l o g y .
S c a le  ba rs :  (a ) ,  (b ) .  (c ) .  (d )  =  50  /m i .



Fig 4

G rap h  to show ra te  of Caco w ound rep a ir
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This graph depicts the rate of closure of a medium sized wound with 21 cells bordering it 

at Ohr. The wound took 5 hr to heal fully and was followed by time-lapse video 

microscopy. It shows that the rate of epithelial movement is essentially constant 

throughout the repair period.
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Fig 5

Scanning electron microscopy of repairing medium size wounds made
to monolayers of Caco cells

-

lamellipodium

cab e

(a) M edium  sized wuimd Fixed after Ihr, repairing by a com bination of cabling and crawling.
A dense m icro\ ilii brush border co\ ers all cells including those at the wound m argin. Cabling cells 
characteristically appear part o f a sm ooth arc o f w ound m argin, (b) Higher m agnification of 
medium sized wound (Ihr) repairing bv both cabling and crawling, (c) High m agnification o f wound  
margin cell extending filopodia and lam ellipodia across the exposed wound bed.
Scale bars: (a), (b) = 1 0 //in; (cl = 1 //m .



~ C3 loading wound margin cells blocks cable assembly, but not 
lamellipodial extension at a wound margin
Rho activity is required for cable assembly in vivo, - 1 have demonstrated this by scrape- 

loading the Rho inactivator C3 transferase into wound margin cells during the wounding 

event to block cable assembly (Chapter 4), Using a similar procedure in the Caco 

monolayer to introduce C3 transferase effectively into wound margin cells is a simple 

way of testing whether Rho is involved in wound induced cable assembly in Caco cells 

also. C3 containing wound margin cells are identified by co-loading with lOKD dextrans 

at the time of wounding.

C3 transferase is an active Rho blocker microinjected into Swiss 3T3 fibroblasts and 

epithelial cells in tissue culture at between 1-10 pg/ml. My experiments scrape loading 

reagents into wound margin cells suggests that scrape loading is 1/10th as efficient at 

introducing reagents as microinjection (see Chapter 4). With these effective 

concentrations in mind I added C3 transferase to the culture medium of cell coverslips to 

give a final concentration of 0.01, 0.1, 1 and 10 pg/ml. Cells wounded in the presence 

of C3 are left to heal for 15 minutes, 30 minutes and 1 hr before fixing and staining cells 

with fluorescent phalloidin.

Caco epithelial cells bathed in dextrans take them up into the wound margin during 

wounding in a similar manner to that observed in chick epithelium in vivo. Dextran 

loaded wound margin cells assemble cable or extend lamellipodia apparently normally 

suggesting, as I found in vivo (Chapter 4), that dextran loading does not impair a cell's 

ability to contribute to the repair process. When cells are co-loaded with dextran and C3 

however, a very different phenotype is observed. At 0.1-10 |ig/ml C3, none of the 

dextran loaded wound margin cells assemble cable; rather all of the loaded cells appear to 

extend lamellae and to crawl forward into the wound defect (Fig 6b, 6c, 6d). On the 

coverslips fixed within 30 minutes, dextran-free wound margin cells can be seen 

assembling cable (Fig 6c). Curiously in all Ihr coverslips where cells are wounded in the 

presence of 0.1-10 Jig/ml C3, none of the wound margin cells assemble cable regardless 

of whether they are dextran loaded or not (Fig la , lb  , compare with control Fig 6a). 

Rather, all wound margin cells are seen to extend small lamellipodia. The general 

phenotype of all C3 wound edge cells left for Ihr was one of reduced stress fibres, (Fig 

lb )  although marginal bands of actin, presumably around tight junctions, are retained 

(Fig la ). Both the complete absence of actin cable and the apparent reduction of distinct 

stress fibres in C3 exposed wounds suggests that all the cells on the coverslip have taken 

up C3 transferase. Such a phenomenon of whole protein uptake by cells is seen over a 

longer exposure (12 hr) in fibroblast cells (C. Nobes, Pers. Comm.) and could 

conceivably occur much more rapidly in a cell monolayer such as Caco specialised at
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transferring molecules across its cell membrane. At doses of 0.01 pg/ml C3 and below, 

many cells at the margin of a Ihr wound clearly assemble cable and others extend 

lamellipodia. The proportion of cells assembling cable appears the same as in untreated 

wounds, suggesting that this C3 dose is insufficient to prevent actin cable assembling at 

the wound margin (Fig 7c, Id).

~ NlTRac loading cells does not prevent cells from assembling cable
From the experiments above it would seem that Rho mediates cable assembly but not 

crawling in Caco cells. Are lamellipodial extensions, conversely, regulated by the related 

small GTPase Rac. Rac, as previously described, regulates membrane ruffling and 

lamellipodial extension in fibroblasts (Ridley et al, 1992) and in kidney epithelial cells 

(Ridley et al, 1995), so it is certainly possible that it may play a pivotal role in regulating 

crawling during Caco cell wound healing also.

I added myc-tagged N17Rac to the culture medium to give concentrations of 20 pg/ml or 

200 jxg/ml prior to wounding cells. Microinjection of 200 pg/ml blocks lamellipodia 

extension in MDCK epithelial cells (Ridley et al, 1995). N17Rac loaded cells are easily 

visible by fluorescently labelling the myc-tag. Due to the limited supply of N17Rac 

protein available I only tested one time point of 30 minutes following wounding. At 20 

jig/ml, wound margin cells clearly assemble both cable and lamellipodia and many 

fluorescently marked cells at the wound margin have also assembled either cable or 

extended lamellipodia. At the higher concentration of 200 pg/ml of N 17Rac, a small 

number of fluorescently labelled wound margin assemble actin cable (3% of labelled 

cells) (Fig 9fl), and there are labelled cells clearly extending lamellipodia (29%) (Fig 8c, 

8J, 86). But, a surprising 68% of dextran/N17Rac loaded wound margin cells do not 

extend obvious lamellipodia, or assemble cable (Fig 8a, 86), although they may protrude 

small membrane extensions which are invisible on the confocal microscope and could 

only be revealed by electron microscopy. This suggests that 200 pg/ml of N17Rac does 

not absolutely block cells from crawling but it clearly disrupts the capacity of many 

wound edge cells to form any structure requiring active reorganisation. It is difficult to 

assess from these very preliminary experiments if I have used a concentration of N17Rac 

close to that which would fully block lamellipodial extension. Loading a higher dose of 

N17Rac would clarify this.

~ gap junction communication between cabling cells may be more dense 
than between crawling cells
Cells fixed Ihr after wounding and immunostained with anti-connexin 43 antibodies (gift 

from Tibor Krenacs) reveals the localisation of gap Junctional links between ceils. The 

antibody stain reveals small gap junctions dotted around all the cell peripheries (Fig 10).
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Connexins between cable-assembling wound margin cells are prominent and dense but 

not obviously more than unwounded cells further back from the wound margin. In many 

crawling cells, there appear fewer connexin 43 clusters either between adjacent crawling 

cells, or at borders between cabling and crawling cells (Fig 10c, \0d). In the connexin 

stained wounds studied, the crawling cells tended to be flatter and thus appear larger than 

cabling cells, so it is possible that cell dimensions may affect connexin number, but 

comparative unwounded regions of the coverslip where the cells are larger show similai* 

numbers of connexins in larger and smaller cells (Fig 10a, 106).
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Fig 6

Confocal laser scanning microscopy of early repair in monolayers of Caco cells
wounded in the presence of C3 transferase

actin

15 min

X3/dextran
1ng/ml

30 min

3/de^an I gy

■

1 |ig / f j ^ 3 /d e x t r ^

/ / ' V

15 min

(a) A 15 min control wounded m onolayer dem onstrating the norm al appearance of cells at 
the wound m argin as they either cable or craw l, (b) M onolayer fixed 30 m inutes after wounding  
in the presence o f 1 m g/m l rhodam ine dextran and 1 //g/n il C3. Tissue is phalloidin stained  
(green) revealing dextran/C3 loaded cells (red) along the wound m argin that are clearly extending  
actin rich lam ellipodia (arrow ), (c) M onolayer wounded in the presence of dextran and 1 //g/n il C3, 
fixed after 15 m inutes and stained with phalloidin (green). At early tim e points, the m onolayer  
wound edge is not fiattened and the actin cable lies in a more superficial plane than do lam ellipodia  
extending from neighbouring cells; hence (c) and (d) are o f the sam e wound m argin, but (d) is 2 //m  
more basal to retea l lamellae. At the level o f actin cable at the wound m argin, no dextran/C3  
loaded cells h a te  assem bled cable even tv hen an adjacent cell has done so (arrotv). (d) Sam e tvound 
front as (c), except 2 //m  more basal dem onstrating that the dextran/C 3 loaded cells are extending  
lam ellipodia although the C3 loaded cell next to the cabling cell does not appear to be doing so. 
Scale bars: (a), (b), (c), (d) = 5 0 //m .



Fig 7

Confocal laser scanning microscopy of repair in monolayers of Caco-2 cells
wounded in the presence of C3 transferase

actin 1 Mg/ml C3 I 1 Mg/ml C3

actin 0.01 Mg/ml C 31 0.01 M̂ g/ml C3

(a) Superficial v ie»  of wounded m onolayer fixed and phalloidin stained (green) 1 hr after wounding  
in the presence o f 1 //g/nil C3 added to the culture m edium , dem onstrating that at Ihr, all cells appear 
healthy in that they retain m icrovilli (visible as sm all speckles) and a thick m arginal ring o f actin at 
the le \e l o f the tight junctions, (b) Sam e wound m argin as in (a), but 3 //m  more basal at the level of 
actin cable and lam ellipodia. Curiously, no cable containing wound m argin cells remain and all cells 
appear to be extending lam ellipodia. This is seen at every wound in all C3 treated plates (between  
0.1-10 //g/m l) studied, (c) M onolayer, phalloidin stained (green) 1 hr after wounding in the presence of 
0.01 //g/m l C3 dem onstrating that at this concentration, wound m argin cells can assem ble cable, (d) 
M onohner Ihr after wounding in the presence o f 0,001 //g /m l C3 dem onstrating both cable assem bly  
at the wound m argin and lam ellipodial extension essentially indistinguishable from control wounds. 
Scale bars: (a), (b), (c), (d) = 50 //m .



Fig 8

Confocal laser scanning microscopy of monolayers wounded in the presence
of myc-tagged NlTRac

g  actin 200 Mg/ml NITr^c

/
.  A

30 min 30 mm

30 mm

(a) VVoiiiided m onolayer exposed to 200 //g/m l N17Rac during wounding, fixed after 30 m inutes, 
phalloidin stained (green) and im m unostained to reveal the m yc-tagged N17Rac (red). The 
superficial aspect o f  this wound m argin dem onstrates that, as is found in vivo, many wound  
m argin cells are clearly N17Rac loaded during the wounding process, (b) Sam e wound margin as in 
(a), but about 3 //m  more basal to show more clearly the m orphology o f any moving cells. In 
this exam ple the N17Rac loaded cells have no visible lam ellipodial extensions, neither 
have the) assem bled cable, (c) W ounded m onolayer exposed to 200 //g /m l N I7R ac and fixed 
after 30 m inutes. M an) wound m argin cells and those in the second row back have loaded with 
N17Rac. (d) Same wound front as in (c), but 3 //m  lower dem onstrating very clearly that these 
N17Rac loaded cells lu n e  m ain lam ellipodial extensions and appear from this static image to be 
crawling (arrow ). Scale bars: (a), (b), (c), (d) = 50 //m .



Fig 9

High magnification confocal laser scanning microscopy of monolayers
wounded in the presence of myc-tagged N17Rac

g  ■ actin 200 Mg/ml N17rac

actin 200ng/mi N17rac

30 min

30 min

(a) W o u n d  mar gi n  e x p o s e d  to 2 00  / /g / ml  N 17Rac  a nd  f ixed a f te r  30 m inu te s  re vea l i ng  N 1 7 R a c  
lo ad ed  w o u n d  mar gi n  cell  c lear ly h av in g a s s e m b l e d  act in cable,  (b) W o u n d  mar gi n  e x p o s e d  to 
20 0 / /g / ml  N 1 7 R a c  and  f ixed af ter  30 m i nu t es  r evea l i ng  N 17Rac  l oaded  w o u n d  mar gi n  cel l s  wi th 
the m o r p h o l o g y  to pical  o f  a c r awl i ng  cell .  Sca le  bars:  (a),  (b)  =  50  / /m.



Fig 10

Confocal laser scanning microscopy of wounded monolayers demonstrating the
distribution of gap junctions

connexin 43/actin connexin 43

connexin 43/actin connexin 43

(a) Unwounded region o f  m onolayer, phalloidin stained (red) and im m unostained for connexin 43 
(green) to dem onstrate the even distribution o f  connexin 43 indicative o f  gap junctions across the 
epithelium , (b) Sam e region as in (a), but just connexin staining dem onstrated to m ore easily 
see the connexin pattern (c) Region o f  wounded m onolayer close to (a) showing the border between  
cabling and crawling wound m argin cells. Cabling cells are regularly sized and sm aller than adjacent 
crawling cells, but there is clearly a slightly higher density o f gap junctions between cabling cells 
com pared with the larger crawling cells' com m unication with each other, (d) Sam e wound m argin as 
in (c), but ju st connexin staining dem onstrated to see m ore easily the connexin pattern along the 
wound m argin. Scale bars: (a), (b), (c), (d) = 50 jivn.



D iscussion  And C onclusions  

~ summary of results obtained in Chapter 6
The colonic epithelium derived cell line Caco2gBE is unique in that wounded monolayers 

repair small wounds by a combination of cell crawling and actin purse-string contraction 

(Bement et al, 1993). I have looked at the mechanism of repair using this model and find 

that small wounds can heal completely by purse-string contraction, but most wounds heal 

by a combination of some cells around the wound perimeter extending lamellipodia and 

the remaining cells assembling actin cable, usually but not always in groups of 2-5 cells 

for each mechanism. I show that assembly of actin cable at Caco wound margins is 

dependent upon Rho activity as it is in vivo, since addition of Rho-blocking C3 

transferase to the culture medium selectively inhibits the assembly of actin cable but not 

lamellipodial extension by wound margin cells. Addition of N17Rac at the concentrations 

tested does not prevent actin cable assembly, neither does it completely block 

lamellipodial extension. However, the vast majority of N17Rac loaded cells do not 

extend lamellipodia; neither do they assemble cable. The decision to assemble cable or 

extend lamellipodia may be governed in part by extent of inter-cellular communication. 

Preliminary data on the distribution of the gap junctional protein, connexin 43 along the 

wound margin, suggests that crawling cells may have differences in the pattern of gap 

junction staining between each other and with cabling cells.

~ cabling versus crawling - what are the deciding factors for a wound 
margin cell?
The assembly of an actin purse-string by wounded embryonic epithelial cells in vivo can 

be attributed to wound margin cells "hijacking" a mechanism of moving entire epithelial 

sheets normally used during morphogenetic movements such as neurulation, gastrulation 

and epiboly (see discussion Chapter 4 and Chapter 7). Exactly why an "adult" colonic 

epithelium-derived cell line should also use this mechanism is less clear but is likely 

partly attributable to the constant abrasion received by these gut cells and their subsequent 

requirement to repair small wounds very rapidly. Certainly Caco cells demonstrate rapid 

assembly of cable and are effective in rapidly repairing small wounds. A wound margin 

cell presumably has a choice of whether to assemble cable or extend a lamellipodium. 

Currently we have no knowledge of the factors which govern this decision, but one can 

postulate what such factors may be.

~ is stretch a signal for Caco cells to assemble cable?
Stretch of cells (briefly discussed in Chapter 3 and in more detail in Chapter 7) may 

stimulate cable assembly along the line of stress generated in the wound margin epithelial
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cells when the tension in the epithelial sheet is broken by cutting it. Such stretch induced 

actin polymerisation into stress fibres has been described in detail by Kolega (1986). 

Sheets of epithelial cells particularly the Cacos, gape when wounded such that incisional 

slash wounds in the epithelium tend to expand into an oval/circular shape. Variable 

tension along the wound margin may give different cues to the cells, leading to activation 

of one or the other pathway. Certainly my results so far support the idea that the 

conditions for assembling cable are more stringent than for extending lamellipodia. This 

is because cells wounded in the presence of C3 transferase are completely blocked from 

assembling cable and instead all wound margin cells extend lamellipodia and crawl. 

Conversely, if my preliminary attempts to block crawling with N 17Rac are substantiated, 

the results suggest that inability of cells to extend lamellipodia does not automatically 

result in cells assembling cable as a default means of repairing wounds. Together these 

results suggest that a cell requires unique and specific conditions to assemble cable. 

Apparently such conditions exist in wounded Caco cell monolayers and in embryonic 

skin wounds.

The role of tension in signalling cable assembly can be tested in Caco cells. Attempting to 

aitificially mimic the wounding process by putting cells under linear tension and 

observing them being stretched under controlled conditions may demonstrate that stretch 

is a signal for cable assembly. This theory is currently being investigated in the lab by 

growing cells on a silicone substrate which is part of a machine designed to stretch the 

substrate by fixed incremental lengths and thus linearly stretch the cells to investigate 

whether they align stress fibres in the direction of applied stretch. An alternative approach 

to test this theory might be to grow cells on a stretched silicone sheet and then to release 

the tension on the sheet just prior to wounding so that there is no longer any tension in 

the sheet when it is wounded. If cells still assemble cable under such conditions, then it 

would suggest that stretch is not a key signal determining whether a Caco wound margin 

cell assembles cable or not.

~ are cell dimensions a differentiating factor in cabling or crawling?
From my fluorescent snap-shot images of repairing Caco wounds one might guess that 

the relative dimensions of a cell might influence whether it chooses to cable or crawl. 

However, preliminary studies following wound repair using time-lapse video microscopy 

demonstrate that cells rapidly change shape throughout the repair period; for example, an 

initially "small" cabling cell will, over a period of an hour, flatten down and clearly 

extend lamellipodia; conversely, a "small" cell can extend lamellipodia without flattening 

down. Large flattened cells can rapidly round up and yet still appear to extend 

lamellipodia. Therefore, there is no clear evidence that cell dimensions directly influence 

choice between cabling and crawling.



~ do wound margin cells change their mechanism of repair during the 
healing period?
Only one cell out of the many thousand wound margin cells I have studied has displayed 

any ambiguity as to whether it is cabling or crawling. I am unsure whether this cell is 

caught in the process of switching from a cabling to crawling phenotype or vice-versa. I 

have already established that wound margin cells can change from cabling to crawling 

during the repair process. But, further time-lapse photography of repairing wounds is 

required to establish how frequently cells switch their mode of repair and how long the 

switch takes. This method will also aid in determining whether the switch is biased in one 

direction and whether a change in mode of motility is synchronised between 

neighbouring cells.

The Caco cells can also be used to dissect out signal transduction pathways which control 

cabling versus crawling. Many hypotheses that wound be difficult to test effectively in 

vivo, become amenable to investigation using a tissue culture model. For example, recent 

evidence suggests that small GTPases may regulate actin polymerisation via the actin 

severing and capping protein gelsolin, at least in platelets (Hartwig et al, 1995). One way 

to test such a role for gelsolin in the actin cable polymerisation pathway would be to load 

wound edge cells with exogenous gelsolin. Unfortunately, it is not possible to load 

gelsolin simply by adding it to the extracellular fluid, since it is a large protein (80KD) 

and my in vivo dextran results suggest that molecules larger than 40KD are too large to 

be taken up by damaged wound margin cells during the wounding process. However, the 

Caco wound model should be tractable for microinjection experiments. Such experiments 

must first identify groups of purse-stringing cells probably best achieved by time-lapse 

video microscopy, and then it should be possible to microinject gelsolin, plus another 

marker (e.g. fluorescent dextran) into individual cells within such a group. Any change in 

the filamentous actin dynamics would then allow us to determine whether Rho operates in 

this system by modulating gelsolin activity.

~ what does the distribution of gap junctions tell us about inter-cellular 
communication in cabling and crawling cells?
My preliminary data on the distribution of gap junctions during repair does not establish 

whether the presence of more junctions between the cells at a wound margin predisposes 

that region to assemble cable, or whether the pattern is set up just after cable assembles. 

Likewise, I have not addressed whether the presence of fewer gap junctions or different 

cell dimensions influence the decision of a crawling cell to crawl. It appears that there 

may be a variability in gap junction density in unwounded epithelium which must be 

reflected around the periphery of most wound margins. More careful and thorough 

examination of the changing pattern of junctions should establish if there is any obvious
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relevant link to number of gap junction communications of a cell immediately following 

wounding and its subsequent choice of repair mechanism.

In wound repair, gap junctions are implicated as the channels through which signals such 

as calcium pass to alert cells back from the wound margin and initiate their response to 

the wounding event (Martin and Errington, manuscript in preparation). These signals are 

important for upregulated lEGs including c-fos and very likely for stimulating 

proliferation in cells back from the wound margin to facilitate the repair process. 

Errington has demonstrated that a calcium wave floods back up to four cell rows from 

wound margin cells in vitro and that this calcium wave is required to activate c-fos. It 

would be interesting to use the Caco cells to determine whether cabling and crawling cells 

demonstrate a different pattern of calcium signal transmission and hence possibly c-fos 

expression, since activation of lEGs is a crucial step in initiation of a wound healing 

response in both adult and embryonic wounds.
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M aterials and M ethods

~ method of cell culture
Cells were purchased from ECACC (European Collection of Animal Cell Cultures) at 

passage 44 and are called C2BBel clones of Caco-2 which are human adenocarcinoma 

cells derived from colon. They retain the characteristics of colonic cells having dense 

microvilli brush borders and forming a polarised monolayer optimally between passage 

42 to 49 (Peterson et al, 1992; 1993a; 1993b). They were maintained at 37°C, 

5%C02/5% O2  and grown in Dulbecco’s modified Eagle's medium (DMEM Gibco) with 

4.5 g/L glucose, ImM sodium pyruvate, 30 pg/ml human transferrin and 1: 100 

penicillin/streptomycin. Dulbecco's modified Eagle's medium was combined with foetal 

bovine serum to give a 90% medium to 10% foetal calf serum concentration; this culture 

medium was renewed twice weekly.

Cells were subcultured every 5-7 days when they reached approximately 85% 

confluency. To subculture, a sterile pipette was used to remove medium from the cells 

which were then washed with 3 ml of fresh trypsin (0.25%) in EDTA (0.03%) solution 

to dislodge them from the flask and break up cell sheets. After rocking, the solution was 

sucked off about 10 seconds later. A second 3 ml of trypsin/EDTA solution was added 

and the bottle rocked for a further 20 seconds, before removing 2.5 ml and the remainder 

put in the incubator at 37°C for 10 minutes when most remaining cells were detached. 

After knocking the flask and leaving for a further 2-3 minutes, the cells were resuspended 

in 10 ml of fresh culture medium warmed to 37°C and aspirated to break up sheets into 

single cells. Cells were subcultured at 1:10, such that 1ml of cells in culture medium was 

placed in each of 10 flasks containing 15 ml of culture medium. Coverslips were plated 

with 200 pi of the same cell suspension. Such coverslips reached confluency after 5-6 

days at which time they were wounded.

Wounding was performed using a blunted tungsten needle. 20-30 wounds were made on 

each coverslip varying size from tiny stabs to incisional wounds of between 20-100 cells 

length. When making the wound the needle tip contacting the cells was visualised under a 

light microscope and a grid in the eye-piece helped to regulate and measure wound size. 

Cells were fixed at a variety of times following wounding; Ohr (2 coverslips; ~ 40 

wounds), 15 minutes (2 coverslips; ~ 40 wounds), 30 minutes (3 coverslips; -6 0  

wounds), and Ihr (8 coverslips;-160 wounds). To check that the health of cells did not 

dramatically change following wounding and that cells from the same passage displayed 

consistent morphology, from each batch of experiments, one coverslip was fixed without 

wounding and phalloidin stained to observe the actin distribution.
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-  preparation of cells for SEM
Two coverslips were prepared for SEM, one without wounding and the other fixed 15 

minutes following wounding. The wounded coverslip had approximately 20 wounds on 

it. Cells were fixed in a solution of 2% paraformaldehyde, 0.5%glutaraldehyde and 100 

mM sucrose in PBS made up at 2 times this strength so that 0.5ml of fix was added to 

cell coverslips containing 0.5 ml culture medium. After fixing for 20 minutes, cells were 

rinsed in PBS by dipping coverslips into 3 vials sequentially. After dipping in each vial 

of PBS about 3-5 times, excess liquid was drained from the coverslip by blotting the 

edge with tissue before dipping into the next vial. Cells were osmium fixed by incubating 

at room temperature in 50:50 2 %0 s0 4  in PBS for 10 minutes. Coverslips were then 

taken through serial dilutions of alcohol from 30%, 50%, 70%, 90%, 95% to 100% 

ethanol, dropping on 200 pi of each dilution for 1 minute before draining the coverslip 

and adding the next. Coverslips were dipped in acetone before placing in the acetone 

filled chamber of the critical point dryer. Specimens were dried, mounted and sputter 

coated with gold as described in the General Methods, Chapter 2.

~ staining ceils for actin
Cells were fixed in 2% paraformaldehyde in PBS by adding 0.5 ml of 4% 

paraformaldehyde at room temperature to 0.5 ml of culture medium bathing cells. After 

fixing for 20 minutes, coverslips were rinsed in 3 sequential vials of PBS each one about 

3-5 times after which excess liquid was drained from the coverslip by blotting the edge 

with tissue before dipping into the next vial. Cells were permeabilised for 5 minutes by 

adding 200 pi of 0.3%Triton /PBS to the coverslip. Cells were incubated in phalloidin at 

0.125 pg/ml for 45 minutes, then rinsed in PBS in 3 sequential vials before mounting for 

visualisation on the confocal microscope.

~ mounting coverslips for visualisation on the confocal microscope
Coverslips were laid onto microscope slides so that cells faced up. A drop of 50:50 

SlowFade (Molecular Probes) in PBS was added to the cells on the coverslip before 

dropping on a 22mm diameter coverslip and sealing the edge with nail varnish. Slides 

were stored at 4°C wrapped in foil.
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~ immunostaining for Connexin 43
The whole immunostaining procedure was completed at room temperature in a humidity 

chamber (gift from M. Rosendaal, UCL). Cells were fixed in 2% paraformaldehyde/PBS 

for 20 minutes, rinsed in 3 vials of PBS before permeabilising for 5 minutes in 0.2% 

Triton/PBS. Cells were incubated for Ihr in 50pl of primary antibody, anti-connexin 43 

(gift from T. Krenacs, UCL) at 1:10 in 0.2% Triton, 10% Normal Horse Serum in PBS. 

After rinsing in PBS, cells were bathed for a further 60 minutes in 50 pi of secondary 

antibody goat anti-rabbit IgG at 1:100 (Pierce). Cells were double labelled with 

rhodamine phalloidin as described above, before being rinsed thoroughly in PBS and 

mounted on slides under coverslips.

~ blocking actin cable assembly with C3 transferase
C3 transferase inactivates endogenous Rho by ADP ribosylating it (Sekine et al, 1989; 

Paterson, 1990). The presence of C3 transferase can be presumed in a wound margin cell 

by scrape-loading C3 along with a lOKD lysine-fixable fluorescent dextran (Molecular 

Probes). C3 transferase (Gift from C. Nobes, UCL) is effective at blocking Rho activity 

in epithelial and fibroblast cells between 1-10 pg/ml (Ridley, 1992a; Nobes, 1995a). 

Therefore I tested the affect on Caco cells of C3 transferase at 4 serial dilutions - 0.01 

pg/ml (2 coverslips; ~ 40 wounds), 0.1 pg/ml (3 coverslips; -6 0  wounds), 1 pg/m l (4 

coverslips; -80  wounds) and 10 pg/ml (4 coverslips; -8 0  wounds) diluted in 500 pi of 

culture medium per coverslip. Just prior to wounding, medium bathing cells was 

removed and replenished with C3 containing medium at 37°C, or in the case of controls, 

with normal medium at 37°C (6 coverslips; -  120 wounds for C3 experiments). Wounds 

were made using a tungsten needle as described earlier and coverslips returned to the 

incubator. Cells were fixed at 30 minutes or Ihr in 2% paraformaldehyde/PBS following 

wounding. They were subsequently stained with phalloidin for filamentous actin 

distribution and double labelled with red nuclear dye 7AAD before mounting on slides 

under coverslips sealed with nail varnish.

-  loading N17Rac into wound margin cells
N17Rac blocks endogenous Rac function by sequestering GEFs (Menard et al, 1992). In 

tissue culture experiments with fibroblast cells, it is effective at blocking membrane 

ruffling at 200 pg/ml in response to PDGF stimulation of serum starved cells (Ridley et 

al, 1992). Due to the very small amount of N17Rac available I decided that I could only 

effectively test 2 different doses of N17Rac in my preliminary experiments; 200 pg/ml 

and 20 pg/ml. From a stock of 6 mg/ml N17Rac (gift from David "Dusty" Drechsel, 

LMCB, UCL) I made up 20 pg/ml and 200 pg/ml diluted in 300 pi of culture medium, 

warmed to 37°C before replacing the culture medium bathing cells with N 17Rac 

containing medium. To ensure replacing medium had no disruptive effect on cells, I
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replaced the medium of control coverslips with 300 pi of new medium at 37°C also. Cell 

monolayers on coverslips were wounded in the normal way by making stabs and slash 

wounds under the light microscope using a tungsten needle, before returning the 

coverslip to the incubator for 30 minutes.

N lTRac obtained from "Dusty" Drechsel was myc-tagged enabling direct visualisation of 

N lTRac in loaded cells using fluorescent anti-myc antibodies. Cells were fixed 30 

minutes after wounding, for 20 minutes in 2% paraformaldehyde /PBS and then rinsed in 

PBS. Subsequently cells were permeabilised for 5 minutes in 0.2% Triton /PBS and then 

non-specific binding was blocked by bathing cells for 5 minutes in 10% NHS/PBS. Cells 

were incubated for 1 hr in primary antibody; then anti-myc antibody (gift from "Dusty" 

Drechsel) at 1:300 in 0.2% Triton, 10% NHS in PBS. After rinsing in 0.2% Triton/PBS, 

coverslips were bathed in FITC-tagged goat anti mouse IgG (Pierce) at 1:100 in PBS. 

Coverslips were rinsed thoroughly and then stained with phalloidin to visualise actin as 

described above, before rinsing in PBS and mounting under nail varnish sealed 

coverslips.
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Chapter 7 

G eneral D iscu ssion

Summary Of Thesis Results 
Chapter 3
My first experimental chapter characterises the contractile machinery which rapidly 

assembles in the wound edge basal epithelial cells in response to wounding. I use the 

chick embryo as a model system, looking at incisional wounds approximately 400 pm  

long made to the dorsum of an E4 chick wing bud; such wounds take 6 hours to repair 

fully. I describe actin polymerising into a filamentous cable within 2 minutes of 

wounding and myosin co-localising with the actin cable within 7 minutes of wounding. I 

have demonstrated that both the cable's presence and capacity to contract is required for 

re-epithelialisation since repair is blocked in the presence of cytochalasin D, (an inhibitor 

of actin polymerisation) and cable contraction is blocked and repair delayed when 

epithelial cells are exposed to BDM, (a myosin ATPase inhibitor). I show that 

intracellular segments of actin cable insert at the cell-cell boundaries into large clusters of 

cadherins indicative of adherens junctions, and that these cadherins cluster at the basal 

wound margin within 2 minutes of wounding also. The actin cable and cadherin clusters 

are present throughout the closure period and remain for a short period along the zipped 

up wound seam before disassembling in healed epidermis. I show evidence also that the 

mechanism of re-epithelialisation changes from purse-string driven to lamellipodial 

crawling at approximately E9/10 of the chick gestational period.

Chapter 4
My second experimental chapter investigates the role during re-epithelialisation of Rho 

and Rac, two Ras-related small GTP binding proteins which are known to regulate actin 

filament organisation, focal contact and adherens junction assembly in tissue culture cells. 

Scrape-loading fluorescent dextrans into wound margin cells, by simply adding them to 

the extra-embryonic fluid prior to wounding allows me to demonstrate that the majority of 

wound margin cells in the basal and periderm layers of the epithelium are transiently 

permeabilised during the wounding process. Such dextran loaded cells contribute to the 

repair process in a normal way. When cells are wounded in the presence both of the Rho 

inactivator, C3 transferase, and a fluorescent dextran, I show that actin cable fails to 

assemble in dextran/C3 loaded wound margin cells. C3 treated wounds do not repair and 

wounds remain gaping open 6hr after wounding by which time control wounds have 

completely re-epithelialised. C3 transferase also appears to prevent the clustering of 

cadherins in the basal wound margin cells normally associated with assembly of an actin 

purse-string. When wounds are similarly treated with NlVRac to block endogenous Rac
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function, I show that actin cable assembles normally and wounds repair with the normal 

time course. This demonstrates a requirement for Rho but not Rac, both for actin 

polymerisation into a cable and adherens junction clustering at the wound margin.

Chapter 5
In my third experimental chapter I investigate the role of the intermediate filament 

network of keratins in re-epithelialisation of mouse embryo wounds. Keratins are 

required for repair of wounds and for normal morphogenetic movements in Xenopus 

embryos (Torpey et al, 1992). Simple embryonic epithelia express only one type II, 

keratin-8 which forms obligate heterodimers with K18/K19. Mouse embryos wounded 

by excising the hind limb-bud, in addition to assembling actin cable in the basal wound 

margin cells also assemble a thin keratin cable suggesting that keratins may also play an 

important role in repair of embryonic skin. When keratin-8 deficient mouse embryos 

(Baribault et al, 1993; 1994) which cannot assemble keratin filaments are wounded, they 

still assemble an actin cable in the basal wound margin cells despite having no functional 

keratin 8/18 heteropolymers in the epithelium. Moreover, these embryos go on to 

completely re-epithelialise their wounds within 24 hrs just like their wild-type and 

heterozygote litter mates.

Chapter 6
My final experimental chapter introduces an in vitro wound healing model using the cell 

line of colonic epithelium-derived cells Caco-2BBE* This cell line's behaviour is unusual 

in that a wounded monolayer repairs by a combination of some cells crawling and others 

assembling actin cable (Bement et al, 1993). I describe the variation in repair whereby 

small wounds heal completely by purse-string contraction, but most wounds repair by a 

combination of both mechanisms with small groups of similarly behaving cells acting in 

concert around the wound margin. Just as with in vivo wounds the wound margin cells 

of these in vitro wounds can be scrape loaded with dextrans, and this process does not 

appear to impair the repair machinery. By co-loading C3 and dextran in this way, I 

demonstrate that assembly of the actin cable in Caco cells is dependent upon the GTP 

binding protein Rho. I find that the majority of wound margin cells instead extend 

lamellipodia to repair wounds. If Rac is similarly blocked by addition of N 17Rac just 

prior to wounding the Caco monolayer, then the number of cells extending lamellipodia 

or assembling cable is significantly reduced.

First of all I would like to discuss the control of embryonic tissue repair beyond the 

questions I have been able to address experimentally. I will begin by asking what role 

does stretch play in actin cable assembly and in wound repair? Next, I will consider the 

general implications of my research, trying especially to put my results into the context of
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developmental biology by discussing how studying purse-string machinery may help our 

understanding of the spreading and folding movements of epithelial sheets during 

morphogenesis.

What Role Does Stretch Play In Cable Assembly And Wound Repair? 

~ growth factors are unlikely to trigger Rho mediated cable assembly at the 
embryonic wound margin
Rho mediated stress fibre assembly in tissue culture fibroblasts was originally identified 

as a response of those cells to serum stimulation; specifically, the component of serum 

shown to trigger activation was lipophosphatidic acid (LPA) (Ridley & Hall, 1992). It 

seems unlikely that LPA or growth factor in the amniotic fluid are necessary triggers for 

Rho activation of the wounded embryonic epithelium because an actin cable still 

assembles in mouse embryos which are wounded whilst bathed in PBS, and 

subsequently cultured in serum-free media (my observations; McCluskey, 1995). Rather, 

the primary wound signal may be mechanical. Kolega (1986) induced actin filament 

assembly along the lines of stress by stretching epithelial cells in culture and this 

observation raises the possibility that stretch may be a trigger for actin cable assembly in 

basal wound margin cells. Embryonic epithelium gapes substantially upon wounding, 

and wound front cells appear elongated and stretched when visualised by SEM. 

Investigation of cell responses to mechanical stimuli like stretch has mostly focused on 

two aspects; first that of stretch induced calcium and potassium plasma-membrane 

channel opening, and second, stretch induced immediate early gene (lEG) upregulation.

~ cell stretch may mediate most of the signals required to repair a wound
Mechanosensitive ion channels (stretch activated ion channels) in cardiac myocytes and 

lung epithelial cells have been investigated in vitro using patch clamp techniques which 

stretch the membrane by sucking into the pipette (Sadoshima et al, 1992; Kim et al,

1993). In these experiments, membrane stretch appears to activate calcium and other 

cation influx directly through stretch sensitive channels - an effect which can be blocked 

by the large cation gadolinium (Gd3+). A novel and possibly more true to in vivo 

technique for stretching gingival fibroblasts has been used by Glogauer et al (1995).

They applied a magnetic field to a collagen coated magnetic bead to which the fibroblast 

anchors via focal contacts and showed that as the cell was tugged, intracellular Ca++ 

levels increased.

The cation channel itself is not thought to be the stretch sensitive machinery (Petrov & 

Usherwood, 1994). Instead, such channels are believed to be activated by signals from 

closely located transmembrane proteins directly attached to cytoskeletal proteins such as
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sub-cortical actin or microtubules, since this is the only obvious means of detecting a 

deformity in the membrane (Petrov & Usherwood, 1994; Sachs, 1988). This would 

imply a very close physical association of "stretch detectors" with the actin cytoskeleton 

and especially actin filament anchor sites with the plasma membrane, making the 

identification of regulating signals passing directly from the "stretch receptors" to the 

actin cytoskeleton a hopeful future discovery.

Recent experiments raise the possibility that embryonic epithelial wound margin cells that 

are stretched upon wounding may experience a transient (few seconds) increase in 

intracellular calcium influxing from the extracellular medium (Glogauer et al, 1995). 

Errington and Martin, (manuscript in prep) have demonstrated that wounds made to 

monolayers of fibroblast and epithelial cells cause a transient calcium wave in wound 

margin cells, which is propagated to cells back from the wound edge probably via gap 

junctions. In fact wounds made to Xenopus embryos and mouse embryos cultured in 

calcium-free medium fail to repair and re-epithelialise further implicating a calcium 

requirement for an effective healing response (Stanisstreet & Pan ay i, 1982; Stanisstreet 

et al, 1986). A possible way to test a requirement for stretch activated calcium influx in 

vivo embryonic wounds would be to wound epithelium in the presence of "stretch- 

activated channel blockers" such as gadolinium which will selectively block the influx of 

calcium. By this method it might be possible to test whether Rho activation and 

subsequent cable assembly are indeed dependent upon a signal activated by stretch.

~ Rho may regulate lEG expression in epithelial wound margin cells
Studies on the signal transduction pathways regulating stretch-stimulated hypertrophy of 

cardiac tissue have identified rapid upregulation of lEGs including c-fos in response to 

cell stretch in vivo and in vitro (Sadoshima & Izumo, 1993). Martin and Nobes (1992) 

have demonstrated a similarly rapid upregulation of c-fos in epithelial cells at the margins 

of embryonic wounds and have proposed that this transcription factor may lead to 

upregulation of various growth factor genes including TGF-pi which has c-fos binding 

AP-1 sites in its upstream gene promoter region (Kim et al, 1990). TGF-p] expression at 

a wound site temporally follows on where c-fos was expressed (Martin et al, 1993) and 

may regulate mesenchyme contraction and possibly also mediate local cell proliferation in 

response to wounding (McCluskey, 1995).

A study by Hill et al (1995) has provided evidence that may support a link between 

stretch activation of Rho and subsequent induction of c-fos. The serum response element 

regulatory region upstream of c-fos is activated by binding of two transcription factors - 

serum response factor (SRF) and ternary complex factor (TCF) (Norman et al, 1988; 

Shaw et al, 1989). Hill et al (1995) have shown that Racl activates TCF via the MAP
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kinase pathway, and SRF is activated by Rho via an as yet unidentified kinase pathway. 

This would suggest that c-fos induction which may be triggered by tension-released 

stretch in the epithelial wound front cells, could be mediated by the same Rho signal I 

have shown to regulate cable assembly in the basal epithelial cells. It is thus a very 

exciting prospect to investigate whether c-fos upregulation in response to wounding is 

impaired in the presence of C3 transferase. Such an experiment could easily be done in 

vivo in our chick embryonic incisional slash wounds or alternatively in vitro in the purse- 

stringing gut-derived Caco-lggE cells. In cardiac myocytes, induction of c-fos by stretch 

is triggered by calcium influx, but clearly this is not the only means of inducing lEG 

expression since stretching cardiac cells in the presence of externally located calcium 

chelators does not block lEG induction (Sadoshima & Izumo, 1993). If the same is true 

in stretched wound margin epithelial cells, it may be that a link between calcium influx 

and Rho activation is not required to activate c-fos in response to stretch. However this 

does not detract from a possible link between Rho activation and induction of c-fos 

expression.

What Has Studying Purse-String Machinery During Wound Repair Told 
Us About Analogous Morphogenetic Movements ? 

~ why do embryonic epithelial cells organise an actin cable?
The actin cable machinery and its subsequent driving of re-epithelialisation is clearly a 

rapid and efficient means of repair. However, embryonic epithelial cells are equally as 

capable of crawling as adult epithelial cells. Vaughan and Trinkaus (1966) cultured 

epithelial cells from E5 chick skin and described numerous membrane ruffles extending 

from cells at the edge of the epithelial sheet as it expanded. However, it seems that 

embryonic epithelial cells in vivo choose the actin purse-string mechanism to close a gap. 

Why is this? Possibly, the reason is simply that they have the actin purse-string 

machinery available and readily regulated in epithelial cells for its original purpose of 

mediating epithelial morphogenetic movements. For example, the contracting actin- 

myosin purse-string driving movement of epithelium over amnioserosa during dorsal 

closure in Drosophila has been described in detail in earlier chapters (Young et al, 1991; 

Glise et al, 1995; Harden et al, 1995; 1996) and is strongly reminiscent of the purse- 

string machinery that drives re-epithelialisation of embryonic wounds.

In view of the strong analogy between actin purse-string driven dorsal closure and 

embryonic wound re-epithelialisation, it will be exciting to test whether the systems are 

truly using the same contractile mechanism. To this end, Richard Grose in our lab is 

currently wounding Drosophila embryos along the lateral ectoderm and assessing their 

mechanism of repair by SEM and phalloidin staining to determine whether they repair
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wounds using an actin purse-string. As described in chapter 4, the signalling pathways 

mediating dorsal closure are under investigation and so far a genetic cascade including the 

genes hemipterous (Agp)and puckered (puc) has been characterised in cell elongation and 

sheet movements (Glise et al, 1995; Ring & Martinez-Arias, 1993). Wounding mutant 

flies such as hep and puc, in which dorsal closure is perturbed, may well reveal that these 

genes are also required for re-epithelialisation of wounds. It would be veiy exciting to 

dissect out the pathway which we believe links the stimulus of "wound-gape" to the 

response of actin purse-string assembly and contraction, via small GTPases, by studying 

wound repair in Drosophila and this work is also currently under investigation.

~ polymerised actin filaments localise to the apices of epithelial cells during 
neurulation
The vertebrate morphogenetic movement of neural tube closure may also use actin purse- 

string machinery, since it is already clear that concerted cell contractions drive this tissue 

movement (Baker & Shroeder, 1967). The neural tube develops from a flat neural plate 

by very localised and co-ordinated constriction of cell apices. Constriction begins in a 

group of cells along the midline forming a median hinge, "V-like" fold in the epithelium. 

Lateral furrows form on both sides of the median hinge to form a "spread-M" shape. 

M ost of the movement elevating the folds and bending them round into a tube shape, is 

produced by constriction of the apices of cells between the lateral folds and median hinge 

point (Baker & Shroeder, 1967; Sadler et al, 1982; reviewed in Gilbert, 1994).

As early as 1967, Baker and Schroeder suggested that contraction of an "apical purse- 

string like network of filaments in neural plate cells might produce the changes in shape" 

seen during neural tube closure (Baker & Shroeder, 1967). Support for this speculation 

came in the form of a TEM study by Burnside (1971) showing thick bundles of actin 

along the constricted apical borders of cells during Newt neurulation. Myosin II 

colocalises with the actin filaments (Lee et al, 1983) and the process of fold elevation is 

cytochalasin D sensitive (Morriss-Kay et al, 1985) which further suggests a role for 

contractile microfilaments. The mechanism underlying fold elevation in living chick 

embryos was established clearly by Ferreira and Hilfer (1993). They added the Ca++ 

agonist, ionomycin, to the extracellular fluid at the flat neural plate stage, producing 

precocious fold elevation and excessive convergence of the lateral furrows. In the 

presence of cytochalasin D and calcium agonist, the folds still collapsed suggesting that 

calcium was part of the actin filament driven fold elevation. Moreover, extracellular Ca++ 

is needed for this signal because they demonstrated that release of calcium from internal 

stores did not stimulate fold formation.
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F i g l

Confocal laser scanning microscopy of transverse and longitudinal 
sections of neural tube stage chick embryos demonstrating actin filament 
bundles localising to neural folds

Neural Tube Ls

zipplng-up point

Neural Tube t.s

(a) L o n g i tu d in a l  s ec t io n  o l  m e e t i n g  n e u ra l  f o ld s  o f  a S t a g e  8 (5  s o m i t e s )  c h i c k  e m b r y o  s t a i n e d  w i th  
p h a l lo id in  ( g r e e n )  to r e \ e a l  f i l a m e n t o u s  a c t in  d i s t r i b u t io n .  A c t in  f i l a m e n t s  lie a lo n g  the  z ip p e d  up
s e a m  a n d  a re  e sp e c ia l ly  d e n s e  at the  m o s t  r e c e n t  p o in t  o f  c o n ta c t  b e tw e e n  the  tw o  fo ld s  as th e  t u b e  fo r m s
(b )  S c a n n i n g  e l e c to n  m ic r o g r a p h  o f  s t a g e  8 c h i c k  e m b r y o  s h o w i n g  n e u ra l  f o ld s  c o m i n g  to g e t h e r  to  
fo r m  a tube ,  (c ) - ( f )  T r a n s v e r s e  s e c t io n s  o f  c h i c k  e m b r y o  s h o w i n g  p r o g r e s s i o n  o f  neu ra l  tu b e  f o r m a t io n  
b e tw e e n  4 - 1 2  s o m i te s .  T i s s u e  has  b e e n  s t a i n e d  w i th  p h a l lo id in  (g r e e n )  to  re v e a l  ac t in  f i l a m e n t s  lo c a l i s in g  
first at the  h in g e  po in t  | a r ro w  in (c)J . t h e n  a lo n g  the  r i s in g  fo ld s  [a rrow  in (d )  a n d  ( e ) |  and  th e n  c o m p le te ly  
c lo s e d  111 (f). S c a l e  bars : (a ) ,  (b ) .  ( c l .  id )  =  5 0  / m i ;  (e )  =  2 0  /m i :  ( f )  =  100 /m i.



I would like to suggest that the "zipping up" mechanism described in detail in Chapter 3 

of slash wound repair may also occur "naturally" during neural tube closure. During the 

early stages of chick neurulation, it is clearly established that the actin "purse-strings" in 

bottle-neck cells drive fold elevation as the neural tube first folds as illustrated in 

transverse sections of forming neural tube where actin filaments localise to the rising 

folds (Burnside, 1971) (Fig However, when actin filament distribution is studied 

in closing neural tubes in longitudinal section, the pattern of actin visualised under the 

confocal microscope is strongly reminiscent of actin distribution in "zipping up" 

incisional slash wounds made to the chick wing bud (Fig \a, b). Actin localises in a 

punctate band along the opposing folds especially where they are coming together and 

fusing. An actin cable mechanism analagous to that described in Chapter 3 for healing 

slash wounds may also "zip-up" the neural tube once the folds have risen and come into 

close proximity. Unfortunately there is no simple way to test this since any action to 

block the zipping up mechanism will also likely block the folds rising prior to the tube 

zipping up.

~ morphogenetic movements of epithelial sheets such as gastrulation 
during embryonic development may utilise actin cable machinery
Both gastrulation in Xenopus (Keller, 1980) and epiboly in fish involve movements of a 

free epithelial edge, similar, at least superficially to that of a repairing wound margin. 

Though these movements have been described in great anatomical detail, the mechanism 

driving them is not clearly established (reviewed by Gilbert, 1994). It is possible that the 

actin purse-string machinery characterised in our embryonic epithelial wounds could be 

used for its original purpose to drive these movements also.

Are there any advantages to moving an epithelial sheet using an actin cable at the free 

edge? Firstly, polarisation may be maintained by an actin cable at the free edge of 

monolayer cell sheets moving en masse and certainly Bement et al (1993) suggested this 

as a reason for having cable at the wound margin in their first study of the highly 

polarised Caco gut epithelial cells. They proposed that the actin cable might act as a 

barrier to prevent mislocalisation of basolaterally or apically located proteins at the leading 

edge since tight junctions form adjacent to the cable of actin. Secondly, purse-stringing 

cells can migrate across a variety of substrates without having to change integrin 

expression patterns as adult wound edge kératinocytes have to. In other words, purse- 

stringing cells do not have to attach, interact with, and crawl across the substrate they are 

moving across. This advantage is particularly clear when comparing crawling versus 

cabling as an efficient means of moving an epithelial sheet and may explain the tiny lag 

phase before embryonic re-epithelialisation commences and the contrasting lag phase of 

many hours after wounding before re-epithelialisation of adult skin wounds commences.
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Thirdly, crawling adult epithelial cells do, down-regulate their inter-cellular adhesions 

and hemidesmosomes (Gipson, 1992), and increased numbers of cell-matrix contacts is 

associated with reduced motility (Die et al, 1995). They also decrease their capacity for 

gap junctional communication (Goliger & Paul, 1995) and such a loss of cell sensitivity 

to all sources of information (i.e. via integrins, adherens junctions and gap junctions) 

may not be compatible with the complex developmental pathways including signalling 

between epithelial cells necessary during embryonic development. Fourthly, it may be 

that purse-string machinery is ideal for moving sheets of embryonic epithelia, but as the 

epidermis becomes stratified, it ceases to be powerful enough to close a wound and so 

lamellipodial crawling takes over.

~ suggestion of a possible mechanism of gastrulation in Xenopus which 
utilises principles derived from my studies of actin cable dynamics in 
repairing wounds
During gastrulation in Xenopus, prospective endoderm cells invaginate to form a 

blastopore in the marginal zone region near the equator of the blastopore. These 

invaginating cells change to a bottle shape with the thin neck exposed at the surface and 

the body of each cell displaced inside the embryo. These bottle shape cells are constricted 

at their apices by rings of actin. Hence, at the blastopore lip, there is a dense 

concentration of actin filament bundles in the apical margins of the involuting cells. 

During the process of gastrulation, marginal zone cells migrate towards the dorsal lip of 

the blastopore where they turn inwards and travel along the inner surface of the outer cell 

sheets, where they then attach to the blastocoel roof and move towards the animal pole 

(reviewed by Gilbert, 1994). Attachment of the cells to the blastocoel roof itself is not 

required for gastrulation (Keller & Jansa, 1992). As yet there is no clear evidence what 

may be driving movement of cells during gastrulation in Xenopus. It does not appear to 

be driven by active migration of prospective endoderm cells on the blastocoel roof since 

gastrulation is completed, even in the absence of a blastocoel roof (Keller & Jansa,

1992), or even if lamellipodial crawling of involuting cells is prevented by blocking their 

integrin receptors by addition of GRGDS peptides (Winklbauer & Keller, 1996). Does 

contraction of this ring of actin rich cells drive movement of the epithelium over the lip 

and internally?

Contracting rings of actin in each bottle cell around the blastopore lip will affect adjacent 

cells which haven't yet reached the lip and involuted. The contracting rings at the 

blastopore lip may be able to pull cells towards the involuting point. How does this lead 

to m ovem ent of the epithelial sheet? If the actin rings in each individual bottle cell around 

the circumference of the lip contracted in concert, one would imagine that this would lead 

to the gradual decrease in size of the blastopore lip. In actual fact, the blastopore lip
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expands laterally and ventrally as the bottle cells form and involute. Why doesn't the 

blastopore shrink? Perhaps the clue is that the filaments form rings i.e.are circumferential 

in each cell and are not stretching just across the diameter of the cell. Looking down on 

the top of the blastopore lip (see cartoon diagram, Fig lb ))  one will see two concentric 

rings of actin filaments at the involution point (Fig 2b). The "internal ring" of actin 

filaments is in the leading edge of the involuting cells at the blastopore and the actin 

filaments at the leading edge look very much like the circumferential ring of actin cable 

seen in repairing mouse embryo hind-limb excision wounds. The segments of actin 

filaments at the leading edge of the involuting cells essentially are concave and can 

contract producing slightly wedge shaped cells (see cartoon). If this leading edge 

"internal ring" of actin contracts like the embryonic wound epithelial purse-string does, it 

would have the effect of pulling the marginal zone cells forward over the blastopore lip 

since, just as at the embryonic wound front, the actin filament band or cable is formed 

perpendicular to the subsequent epithelial movement. Contractile rings are not just found 

in single rows of cells around the circumference of the dorsal lip, but from SEM views of 

gastrulating Xenopus embryos, it is clear that those cells involuted also have far more 

strongly constricted apices (Fig 2a). It is probable that part of the force to drive sheet 

movement comes from their contraction, pulling the sheet in, once over the blastopore 

lip. What role do the actin filaments within rings which are not at the leading edge of 

bottle cells play at the blastopore lip? It could be argued that these filaments also form a 

large purse-string of actin around the circumference of the blastopore in a position which 

would oppose the contractile driving force from the leading edge of cells at the blastopore 

lip. If there is an "outer actin purse-string" at the dorsal blastopore (See cartoon. Fig 2b) 

this may, when considered at an individual cell level, actually consist of convex arcs of 

filamentous actin around the broad border of wedge shaped cells at the blastopore, I 

propose that this shape of cable arc along the broad side of a wedge shaped cell may not 

contract, thus leaving the leading edge segments of cable free to contract and drive the 

mesoderm movement over the lip.

When cable assembles in the leading edge of wound margin cells in an incisional wound, 

the contaction of filaments will normally constrict the cell apex making the cell change 

shape and form a wedge shape. But what happens if the shape of the wound is so ragged 

that the majority of a cell's membrane is freely exposed at the wound margin and the 

cable which assembles subsequently covers more than half the cell's membrane (see 

cartoon. Fig 36). The cartoon illustrates a ragged wound where cable has assembled as 

normal in all wound margin cells including a peninsula of epithelial cells. Does the cable 

contract in these cells? If so, would one commonly expect to see bunched up cells along 

the wound margin wherever a ragged wound is made? Curiously I have never observed 

this to happen. Additionally, I have noticed that when a "dough-nut" wound is made,
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where a moat of epithelium is excised to leave an island of cells in the centre of the 

wound mesenchyme, the island of cells does not appear to contract in on itself and bunch 

together (Fig 3a). This is in contrast to what one might predict would happen since the 

peripheral basal cells assemble cable which should contract regardless of the shape of the 

wound. The island of cells therefore presumably remains static without the cable 

contracting until the outer margins of the wounded epithelium catch up with it. Is it 

possible that in ragged incisional wounds, unlike concave arcs of cable and straight cable, 

epithelial peninsulas assembling cable do not contract at their cable containing apices? 

They certainly do appear to be static like the island of cells in the dough-nut wound 

waiting until they are in line once again, or in a concave arc before constricting their 

apices. Applying these observations to the events of gastrulation, might suggest that the 

outer ring of actin would remain relatively static and not contractile, thus it does not 

hinder the possible contraction of the leading edge ring of actin.

~ future prospects in the field of tissue repair
One important direction for wound healing studies, both when considering embryonic 

and adult mechanisms of tissue repair is to look at the role of individual genes in the 

repair process. With this in mind, whilst it is clear that a chick embryo wound healing 

model has many advantages, genetic studies are best done using more genetically 

amenable models such as the mouse and Drosophila . I have used a mouse embryo model 

to test the role of one component of the cytoskeleton in tissue repair, the simple epithelial 

keratin K 8  (see Chapter 5). The fibroblast specific intermediate filament, vimentin may be 

involved in the repair process of excisional wounds and the lab is currently investigating 

the capacity of mouse embryos deficient in the vimentin gene to repair wounds, although 

in this case attention is focused on the capacity for mesenchymal contraction in the 

absence of vimentin. The repairing embryonic epithelium appears to attach tightly to the 
underlying basal lamina and these attachments are presumably through integrins of 

hemidesmosomes (Martin and Lewis, 1992a; Stepp et al, 1990). Recently, Dowling et al 
(1996) have generated mice deficient in the p4  integrin which die a few minutes after birth 

since their skin is completely detached from underlying basal lamina and respiratory and 

intestinal epithelium is grossly defective. Does the embryonic epithelium repair normally 
in these ^ 4 "/" embryos? In another collaborative study currently underway in our lab, we 

are assessing the importance of epithelial attachment to basal lamina in repair of 
embryonic skin wounds by wounding and culturing the p4 "/‘ mouse embryos. In this 

way it is hoped to discover whether purse-string driven repair requires attachment to 

underlying basal lamina and if so, whether in the absence of sufficient adhesion to the 

basal lamina, the embryonic epithelium chooses to crawl rather than purse-string.
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Fig 2

Scanning electron micrograph and cartoon drawing of a gastrulating 
Xenopus embryo demonstrating cells migrating over blastopore lip 
and involuting bottle neck cells

cells migrating over 
blastopore lip

bottle neck cells

Outer arc of cable does 
not contract cell apex

rings of actin 
in apices of 

bottle neck cells 
contract

inner arc of cable 
contracts cell apices 
pulling cells over edge 

of lip

(a) SEM  taken with kind permission f'roni W inklbauer et al (1996), showing Xenopus gastrulation. 
Elongated bottle cells line the anterior end of the archenteron. Involuted m esoderm  is lining 
the blastocoel roof, (h) Cartoon drawing of gastrulating Xenopus em bryo show ing bottle cells with rings 
of actin (red) already involuted. Around the blastopore lip, actin filam ents localised at the leading 
edge of involuting cells may contract like the wound-induced actin cable, and this may draw cells 
over the lip and internally, hr = blastocoel roof. Scale bar = lOOpni



Fig 3

Scanning electron micrograph of repairing “dough-nut” chick embryo
wound and cartoon of ragged wound edge repair

1

m

actin cable

(a) SEM of a dough-nut wound w here a small Island of epithelial cells is surrounded 
by a moat of mesenchyme. The basal wound margin cells in the island will assemble actin 
cable around the island's perimeter (asterisks). This does not appear to have contracted 
since there are no small, bunched-up cells, (b) Cartoon of ragged incision wound to show how 
cells within a peninsula at the wound margin assemble arcs of cable. These should contract, 
but my observations lead me to believe that they remain ‘Static until neighbouring 
cells are in line, when they then contract. Scale bar = 100 m = mesenchyme
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Abstract. Small skin wounds in the chick embryo do 
not heal by lamcllipodial crawling of cells at the wound 
edge as a skin wound docs in the adult, but rather by 
contraction of an actin pursc-string that rapidly assem
bles in the front row of epidermal cells (Martin, P., and 
J. Lewis. 1992. N a t u r e  ( L o n d . ) .  360:179-183). To ob
serve the early time course of actin purse-string assem
bly and to characterize other cytoskeletal components 
of the contractile machinery, we have followed the 
healing of incisional or slash wounds on the dorsum of 
the chick wing; these wounds take only seconds to cre
ate and heal within ^ 6  h. Healing of the epithelium de
pends on a combination of purse-string contraction and 
zipper-like closure of the gap between the cut edges of 
the epithelium. Confocal laser scanning microscope 
studies show that actin initially aligns into a cable at the 
wound margin in the basal layer of the epidermis within 
^ 2  min of wounding. Coincident with actin cable as
sembly, we see localization of cadherins into clusters at 
the wound margin, presumably marking the sites where

segments of the cable in adjacent cells are linked via ad
herens junctions. A  few minutes later we also see local
ization of myosin II at the wound margin, as expected if 
myosin is being recruited into the cable to generate a 
contractile force for wound healing. At the time of 
wounding, cells at the wound edge become transiently 
leaky, allowing us to load them with reagents that block 
the function of two small GTPases, Rho and Rac, which 
recently have been shown to play key roles in reorga- 
niztion of the actin cytoskeleton in tissue-culture cells 
(Hall, A. 1994. A n n u .  R e v .  C e l l  B i o l .  10:31-54). Load
ing wound edge epidermal cells with C3 transferase, a 
bacterial exoenzyme that inactivates endogenous Rho, 
prevents assembly of an actin cable and causes a failure 
of healing. No such effects are seen with NlTrac, a 
dominant inhibitory mutant Rac protein. These find
ings support the view that in this system the actin cable 
is required for healing—both the purse-string contrac
tion and the zipping up—and that Rho is required for 
formation of the actin cable.

T
h e  self-sealing behavior of the epidermis in embry
onic wounds provides a simple model in which to 
examine some of the basic general principles of epi

thelial movement and cohesion during development. In a 
previous study of embryonic wound healing, we examined 
the migratory capacity of the embryonic epidermis by 
making excisional skin wounds in limb-bud stage chick 
embryos (Martin and Lewis, 1992). At this stage the em
bryonic skin consists simply of a bilayered epidermis be
neath which is a rather loose homogeneous mesenchyme, 
not yet differentiated into dermis. By marking the initially 
exposed mesenchyme with a lipophilic marker dye, Dil, 
we showed that wounded epidermis swept in over the mes-
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enchyme (which itself meanwhile contracted) (McCluskey 
and Martin, 1995), but at no stage during the healing pro
cess did we observe lamellipodia at the epidermal wound 
front. Rather, it seemed as though the epidermal cells 
were drawn forward by a circumferential tension exerted 
around the margin of the wound, acting like a purse-string 
to pull the wound edges together. Thus, while the cells at 
the leading edge of an adult lesion move forward by an
choring to the substratum and crawling over it (Odland 
and Ross, 1968; Buck, 1979; for reviews see Stenn and De- 
Palma, 1988; Grinnell, 1992), the leading cells of an em
bryonic wound appear to be drawn forward simply by 
concerted tugging on their epithelial cell neighbors. Corre
spondingly, we found a cable of actin running in the front 
row of basal epidermal cells at the margin of the embry
onic wound (Martin and Lewis, 1992). A subsequent paper 
showed that the same was true of a gut epithelial cell line 
wounded as a confluent monolayer (Bement et al., 1993).
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These authors also showed localization of myosin II to the 
actin purse-string, providing evidence for the presence of 
contractile motors necessary for the epithelial movement. 
We have recently shown that preventing formation of the 
actin cable at the margin of embryonic wounds by cultur
ing in the presence of cytochalasin D completely inhibits 
reepithelialization of the wound (McCluskey and Martin, 
1995).

A similar involvement of actin and myosin in epithelial 
closure movements has been demonstrated in a different 
way by Young and colleagues (1991, 1993), who observed 
an analogous actin purse-string that appears to drive the 
natural morphogenetic movement of dorsal closure in 
D r o s o p h i l a  embryos whereby the lateral epidermis sweeps 
in over the amnioserosa of the embryo. In z i p p e r  mutant 
embryos that lack a functional copy of the zygotic myosin 
II gene, dorsal closure fails (Young et al., 1993).

In the current paper we analyze the time course of as
sembly of filamentous actin at the embryonic wound edge, 
of the adherens junction proteins that serve as anchorage 
for intracellular segments of the actin cable, and of the my
osin molecules that act as the motors for actin contraction. 
Having observed that this contractile machinery assembles 
very soon after wounding, within the first few minutes, we 
go on to investigate how such rapid reorganization of the 
cytoskeleton might be regulated. Equally rapid reorgani
zations of the actin cytoskeleton occurring in Swiss 3T3 fi
broblasts after exposure to various growth and serum fac
tors recently have been shown to be mediated by the Rho 
family of small GTPases including Rho, Rac, and Cdc42 
(for review see Hall, 1994). By microinjection of a domi
nant-negative mutant Rac protein, Ridley et al. (1992) 
showed that Rac is specifically required for rapid polymer
ization of actin at the plasma membrane to form lamelli
podia in response to growth factor signals. They also 
showed that activation of the related small GTPase, Rho, 
is required for assembly of actin stress fibers and associ
ated focal adhesion complexes in fibroblasts exposed to 
serum after a period of serum starvation, since cells previ
ously injected with the bacterial exoenzyme C3 trans
ferase, which ADP-ribosylates and thus inactivates endog
enous Rho, completely fail to respond to serum in this way 
(Ridley and Hall, 1992). A third member of the Rho fam
ily, Cdc42, recently has been shown to mediate rapid ex
tension of filopodia and the accompanying localized actin 
polymerization in Swiss 3T3 fibroblasts (Nobes and Hall, 
1995).

These in vitro observations suggest that the Rho pro
teins are likely to be key molecular switches governing 
various steps in reorganization of the cytoskeleton during 
concerted tissue movements such as those of embryonic 
morphogenesis or wound healing. Indeed, a number of re
cent papers suggest that these GTPases may be important 
regulators of morphogenetic movements in D r o s o p h i l a .  If 
D r o s o p h i l a  r h o l  is overexpressed in the eye, then dra
matic abnormalities in the ommatidial architecture of the 
retina result, due to a failure of critical cell shape changes 
as the morphogenetic furrow sweeps across the developing 
eye (Hariharan et al., 1995). Similarly, interfering with 
normal Rac function by targeted expression of constitu- 
tively active or dominant inhibitory D r o s o p h i l a  r a d  causes 
various disruptions of morphogenesis including impaired

germ band retraction and dorsal closure (Harden et al., 
1995), and also disrupts later events such as axon elonga
tion and myoblast fusion (Luo et al., 1994).

Might one of the Rho family of proteins also be respon
sible for mediating the assembly of an actin purse-string at 
the edge of an embryonic wound? To test this possibility, 
we have taken advantage of the fact that embryonic 
wound edge cells—precisely those cells that would nor
mally go on to assemble an actin cable—become briefly 
leaky at the the time of wounding and so become “scrape 
loaded” with reagents supplied in the extracellular me
dium. We have used this approach to load the wound edge 
cells either with dominant-negative mutant Rac protein, 
N17rac, or C3 transferase, the Rho-blocking agent. The 
Rho-inhibiting treatment, but not the Rac-inhibiting treat
ment, blocks both actin cable assembly and the subsequent 
wound closure movements, suggesting that Rho may be 
the molecular switch mediating the wound-induced signal 
for assembly of an actin cable, whose contraction drives 
wound closure.

Materials and Methods 

Wounding
Fertilized  chicken eggs (W hite  Leghorn  from  N eedle  F arm , H erts , U K ) 
w ere incubated  a t 38 ±  1°C and w indow ed a t approx im ately  stage 18 in 
p rep ara tio n  fo r w ounding at stage 23 (H am burger and H am ilton , 1951). A  
prev ious study o f chick em bryo w ound healing  involved excisional 
w ounds w here  small pa tches o f skin w ere dissected aw ay (M artin  and 
Lewis, 1992). T hese  lesions tak e  up to  10 m in to create , which m akes it d if
ficult to  look a t the  very  earliest stages o f healing  (w ithin m inu tes a fte r 
w ounding). T o  circum vent this p rob lem , in the  p resen t study we have 
m ade  sim ple  longitudinal cuts to  the  dorsum  of the  chick wing bud using 
an e lectrolytically  sharpened  tungsten  needle. F o r ou r tim e course  studies, 
th re e  uniform  “slash” lesions, ~ 5 0 0  |xm long, w ere m ade in th e  lim b bud 
a t d ifferen t tim e po in ts , each lesion parallel to  the  proxim odistal axis o f 
the  bud, w ith the  earliest lesion placed anteriorly , the  second lesion in the  
m iddle, and  the  last lesion posterio rly  (see Figs. 1 A and 2 A). B etw een  
each  w ounding, em bryos w ere  re tu rn ed  to  th e  incubato r to  allow  healing  
to  con tinue  at 38°C. Im m ediate ly  a fte r the  th ird  and final w ounding, em 
bryos w ere  fixed by squ irting  fixative o n to  th e  em bryo in ovo, a llow ing us 
to  com pare , on each lim b, “0-h” lesions with lesions tha t had  b een  le ft to  
h eal fo r tw o add itional periods of tim e. In  this way, we exam ined  w ounds 
th a t had been  healing  fo r  0, 2, 5 ,1 0 , 15, and 30 m in, and 1, 2, 3, and  6 h. 
F o r ou r R ho- and R ac-blocking experim ents  (see la te r), tw o o r  th re e  
sm aller incisional w ounds w ere  m ade w ithin seconds of one  an o th e r  to 
each lim b bud.

Scanning Electron Microscopy and Resin Histology
W ounded  em bryos w ere  fixed initially  in half-strength  K arn o v sk y ’s fixa
tive (Karnovsky, 1965), and then post fixed in 1% osmium te troxide in 0.1 M  
cacodylate  buffer, d ehydra ted  in a g raded  series o f alcohols, critica l-po in t 
d ried , and  sp u tte r co ated  w ith gold in p repara tion  for scanning  e lectron  
m icroscopy (S E M ).’ O u r m icroscope was a Philips SE M  515 (Philips E lec 
tron ic  In s trum en ts , Inc., M ahw ah, N J). A  small num ber o f em bryos w ere  
fixed also in ha lf-streng th  K arnovsky fixative, postfixed in osm ium  te tro x 
ide, d ehydra ted , and em bedded  in A ra ld ite  for rou tine  resin  histology. 
Sections w ere cut a t b e tw een  I and 5 p,m and stained  w ith T o lu id ine  b lue .

Actin Staining and Confocal Laser 
Scanning Microscopy
W hole em bryos w ere  fixed in 4%  parafo rm aldehyde  in PB S, rin sed  in 
PB S, soaked  overn igh t in a mix o f FIT C -phallo id in  (100 ng/m l; Sigm a 
C hem ica l C o., St. L ou is, M O ) (W u lf e t al., 1979) and th e  n u c le a r  dye

1. Abbreviation used in this paper. SE M , scanning electron  m icroscopy.
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7-am inoactinom ycin  D  (10 jxg/ml; M olecu lar P robes , E ugene , O R ) in 
PBS, rinsed  thorough ly , and  m oun ted  in C itifluo r (C hem  Labs, C an te r
bury , U K ) u n d e r  a  coverslip  to  fla tten  th e  lim b surface and to  b ring  the  
w hole w ound  area  in to  th e  sam e p lane  o f focus. T hese  w ounds w ere  th en  
view ed w ith  e ith e r an  M R C  600 (B io  R ad  L ab o ra to ries , H ercu les, C A ) o r 
a TC S-4D  (L eica  Inc., D eerfie ld , IL ) confocal laser scanning  m icroscope 
to  reveal th e  d is tribu tion  o f filam entous actin  and  nuclei in th e  cells o f th e  
w ound m argin .

T o  exam ine  the  tim e co u rse  o f actin  cable  fo rm ation  quan tita tive ly , we 
m ade m easu rem en ts  w ith th e  confocal scanning  m icroscope. Focusing on 
th e  p lane  in  which th e  cab le  ap p ea red  c learest, w e used  th e  s tan d ard  im 
age analysis so ftw are  p ro v id ed  w ith th e  m icroscope to  m easu re  th e  in ten 
sity o f th e  fluo rescence  a long  a re c tan g u lar s trip  draw n p e rp en d icu lar to  
the  w ound edge, and  to  p lo t th e  m ean  in tensity  in th is strip  as a function  o f 
d istance from  th e  w o u n d  edge, as show n in Fig. 4. F o r all b u t th e  tim e 0 
w ounds, th e  g raph  show ed  a clearly  defined  p eak  o f fluorescence c o rre 
sponding  to  th e  actin a t th e  w ound edge. T h e  am o u n t o f actin  in th e  cable 
was e stim ated  by in teg ra tin g  the  signal over a 3-|xm in terval c en tered  on 
this peak . (T his is very  rough ly  th e  w idth o f a typical p eak  a t ha lf height.) 
W e co m pared  th is value  w ith  th e  co rrespond ing  value in th e  tissue to  the  
re a r  o f th e  w ound fro n t, averaged  over a 20-p.m in terval be tw een  5 and 
25-|j,m from  th e  fron t. W e re fe r to  th e  ra tio  o f th e  tw o values as th e  actin 
co n cen tra tio n  ratio : p resen ce  o f a cab le  is re flec ted  in ra tio s  > 1 .

Immunocytochemistry
T o fu r th e r  charac te rize  th e  con trac tile  m ach inery , w e investigated  the  lo 
calization o f  cadherin s and  m yosin II (essen tia l fo r actin  cable anchorage 
and con trac tion , respec tive ly ) by w hole-m ount im m unohistochem istry . 
W ounded  em bryos w ere  fixed in 4%  parafo rm ald eh y d e , rinsed  in PBS 
(w ith 0.3%  T rito n ), and  in cu b a ted , w ith ag ita tion , fo r 2 h a t room  te m p e r
a tu re  w ith th e  a p p ro p ria te  p rim ary  an tibody . F o r  m yosin visualization , we 
used a m urine  anti-m yosin antibody (Sigm a Chem ical C o.) at 1:200 dilution, 
and to  v isualize cadherin s, w e used  a rab b it an ti-p an -cad h erin  an tibody  
(Sigm a C hem ical C o.) a lso  a t 1:200. P rim ary  an tibod ies w ere  revealed  us
ing F IT C -tagged  goat a n ti-m o u se  and  goa t a n ti-ra b b it an tibod ies, re sp ec 
tively, bo th  a t 1:200 d ilu tions  (P ierce  C hem ical C o., R ockford , IL ). E m 
bryos w ere  then  tho rough ly  rinsed  in PBS and  co u n te rsta in ed  w ith the  
nuc lear dye 7 -am inoactinom ycin  D  (10 jrg/ml; M olecu lar P robes). S ubse
q u en t m o u n tin g  and  confocal laser scanning m icroscopy o f these  speci
m ens was precisely  as described  above  fo r actin -stained  specim ens. T hose 
em bryos in w hich p rim ary  o r  secondary  an tibod ies w ere  om itted  show ed 
no  localized background  stain ing .

Rho- and Rac-blocking Experiments
T o  test th e  ro le  o f the  sm all G T P ases R h o  and R ac  in em bryonic  re-epi- 
the lia lization  w e scrape  loaded  w ound  edge cells a t th e  tim e of w ounding 
e ith e r w ith th e  bacterial exo-enzym e C3 tran sfe rase  (gift from  C atherine  
N obes, U niversity  C ollege L o n d o n , U K ) th a t A D P -ribosy la tes  and  thus 
inac tivates en d ogenous R h o  (P ate rso n  e t al., 1990), o r w ith m yc-tagged 
N17 rac, a m u ta ted  fo rm  o f R ac  th a t b locks no rm al R ac function  (R id ley  
e t al., 1992; gift from  D av id  “D u sty ” D rechse l, U niversity  C ollege L o n 
don, U K ). T o  first d em o n stra te  th a t ep ithelia l cells a t the  w ound m argin 
a re  m ade  transien tly  p e rm eab le  by w ounding, we p ip e tted  10 p,l o f 20 m g/ 
ml lysinated  (fixable) 10- and  40-kD  T R IT C -d ex tran s  (M olecu lar P robes) 
o n to  th e  su rface  o f th e  lim b bud be fo re  w ounding. T h e  b righ test fluores
cen t cells lo ad ed  in this w ay  ap p ea red  app rox im ate ly  equ iva len t in b rig h t
ness to  3T3 fib rob lasts  m icro in jec ted  w ith 2 m g/m l o f dex tran . T h is w ould 
suggest th a t scrape  load ing  reag en ts  o f < 4 0  k D  in to  w ound m argin cells in 
ovo is app rox im ate ly  o n e -te n th  as efficient as m icro in jection , and  since 
m icro in jection  increases a  cell’s vo lum e by b e tw een  10 and 25%  (N obes, 
C., p e rsonal com m unication ), this w ould suggest th a t scrape load ing  re 
sults in a  final in trace llu la r co n cen tra tion  o f ~ l - 2 %  of th e  o rig inal ap 
p lied co n cen tra tio n  o f th e  reagen t. Such dex tran -lo ad ed  specim ens w ere 
fixed in 4 %  p ara fo rm a ld eh y d e  in PB S  w ithin seconds o f w ounding o r a t 30 
m in o r  3 h a f te r  w ounding . T hey  w ere  subsequen tly  co un te rsta ined  with 
F IT C -pha llo id in  to  reveal actin  and  view ed u n d er th e  confocal la se r scan
ning m icroscope  as d escribed  above. If the  d ex trans  a re  app lied  to  the  
lim b surface  a few m in u tes  a fte r w ounding, ra th e r  th an  b efo re , a lm ost no  
cells beco m e loaded  (d a ta  n o t show n), im plying th a t cells a re  only  tra n 
siently  leaky  at th e  tim e o f  w ounding. F o r the  R ho-b lock ing  experim ent, 
w ounds w ere  m ade  in th e  p resen ce  o f C3 (10 |xl o f 100 |xg/ml) and  T R IT C - 
d ex tran  (sam e co n cen tra tio n  as above), and they  w ere  exam ined e ith e r by 
stain ing  fo r  actin  w ith F IT C -pha llo id in  and  view ing by confocal laser scan
ning m icroscopy a t 30 m in  and  3 h  a fte r w ounding, o r  by SE M  at 3 and  6 h.

F o r  the  R ac-b lock ing  ex perim en t, w ounds w ere  m ad e  in th e  p resence  o f 
m yc-tagged N 17rac (10 p.1 o f 1 m g/m l). E m bryos w ere  fixed and  e ith e r 
costa ined  w ith T R IT C -p h a llo id in  and F IT C -tagged  goa t a n ti-m o u se  an ti
body  (1:300) +  m o u se  an ti-m y c  an tibody  (1:300) (tw o add itional gifts 
from  “D u sty ” D rech se l) to  reveal th e  cells th a t had  tak en  up  N 17rac a t 30 
m in and 3 h a f te r  w ounding , o r  view ed by SE M  afte r 3 and  6 h to  d e te r 
m in e  th e  ex ten t o f healing .

Results
To examine the normal time course of wound closure, we 
made three cuts to the dorsum of each wing bud, at three 
different times, with the last of them immediately before 
fixation. In this way, we could compare, in a single speci
men, the extent of healing and the changes in actin, cad- 
herin, and myosin distribution in epidermal wound front 
cells at different times after wounding.

Wounds Are Generally Healed by 6 h with the 
Epidermis Apparently Zipping Closed
The mean length of a sample of 17 wounds measured from 
scanning electron micrographs at time 0 was 490 ± 30 |xm 
(mean ± SD). Already, within seconds after the operation, 
these wounds had gaped to a mean width of 70 ± 30 |xm 
(mean ± SD). The needle had not always cut cleanly 
through the tissue, and the resulting irregularities meant 
that the extent of gaping was variable along the length of a 
single wound. The initial depth of the wounds was assessed 
from transverse sections and found to be ~150 |xm. This is 
deeper than the level at which the cutaneous vascular 
plexus forms (' l̂OO ixm beneath the epidermis (Caplan 
and Koutroupas, 1973; Martin and Lewis, 1989), and, as a 
result, all of our lesions resulted in some bleeding. Since 
we remove no tissue when we make our cuts, gaping re
flects elastic recoil of the mesenchyme and epidermis on 
either side of the cut.

The initial trench in the mesenchyme became filled in 
and narrowed, presumably through the cohesiveness and 
contractile behavior of the mesenchyme cells. By 1 h the 
trench was filled in and the opposite epidermal edges of 
the wound epidermis faced one another across a smooth, 
narrow strip of denuded mesenchyme (Figs. 1 E  and 2 C). 
Often, at a few sites, the epidermal edges came into direct 
contact and adhered to one another. From these points, 
and from the two ends of the wound, the epidermis ap
peared to zip closed, so that the wound closed by shorten
ing from its ends toward the center. Behind the zipper 
front, one could see by SEM a seam line, where the peri- 
dermal cells were oriented with their long axes parallel to 
the original wound edges (Fig. 1 C). Further back from the 
zipper front, the seam began to fade out and blend with 
unwounded periderm so that the line of healing was no 
longer superficially visible.

By 6 h almost all of the wounds we looked at had closed 
completely; those remaining open usually appeared blocked 
by collections of cellular debris. In closed and almost 
closed wounds, the wound site was often still visible as a 
raised epidermal ridge, with local disorganization of the 
periderm (Fig. 1 H ) .  Beneath this closed seam there re
mained significant mesenchymal disorganization, and there 
was often a pocket of cellular debris within the wound 
cleft that had not yet been cleared away (Fig. 2, C and D ) .
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! The detailed appearance of the epidermal wound mar- 
I  gin during the healing of these incisional wounds was simi

lar to that seen previously for excisional wounds (Martin 
and Lewis, 1992). At time 0 the cut edge appeared ragged, 
with many of the cells damaged and some cleanly cut in 
half (Figs. 1 B  and 2 B ) ,  but within 10 min the wound mar
gin had smoothed out considerably, with swollen perider- 
mal cells clothing the wound edge. By 1 h the wound mar
gins had become smoother still (Fig. 1 E). At the two ends 
of the wound, the peridermal cells were often arranged ra
dially around the endpoints, with their long axes perpen
dicular to the wound margin (Fig. 1 D ) \  this state of affairs 
persisted until the wound was closed.

At no stage during the healing process did the perider
mal cells show any sign of lamellipodia or filopodia ex
tending from their free edges. Neither were any such pro- 

j cesses visible, poking out beneath the peridermal cells, 
I from the basal epidermal layer of cells. These observations 
I using SEM were confirmed in transverse resin section that 

showed the epidermal fronts to be blunt faced (Fig. 2 C). 
As we have previously reported for excisional lesions 
(Martin and Lewis, 1992; McCluskey and Martin, 1995), 
lamcllipodial crawling does not appear to be the mecha
nism of healing of the embryonic epidermis.

An Actin Cable Forms at the Wound Edge within 
Minutes after Wounding
To examine the distribution of filamentous actin in and 
around the wound, we stained our specimens with fluores- 
cently tagged phalloidin and used confocal scanning mi
croscopy to view thin optical sections in the plane of the 
wound (i.e., parallel to the limb-bud surface). At all stages, 
filamentous actin could be seen in the cortical cytoplasm 
of the cells, outlining, for example, the peridermal cells 
that form a pavement on the outer surface of the epithe
lium (Fig. 3 A ) .

In a fresh (0-h) wound, fixed <30 s after cutting, there 
was no visible specialization of the actin distribution at the 
wound margin in any cell layer—peridermal, basal epider
mal (Fig. 3 E), or mesenchymal. In wounds fixed only 2 
min later, a concentration of actin had begun to be visible 
along the wound edges in the basal epidermal cells (Fig. 3 
F ) .  This band of actin was at first hazy and discontinuous 
at many sites. By 5 min it had become more sharply delin
eated as a thin cable or strand, appearing continuous from 
basal cell to basal cell around most of the wound margin 
(Fig. 3 G). By 30 min it had attained its full thickness.

which it retained until the final stages of wound closure 
(Fig. 3, B  and /).

For at least four samples of wound margin from each of 
a series of time points from 0 to 3 h after wounding, we 
measured the quantity of actin in the cable, as indicated by 
the actin concentration ratio at the wound edge (see Mate
rials and Methods). The mean values of the actin concen
tration ratio are plotted in Fig. 4 as a function of time. The 
maximum ratio is '^4.0; this value is attained within 30 min 
after wounding and does not change significantly thereaf
ter. A value of 3.0, i.e., a trebling of the normal actin con
centration, is seen already 5 min after wounding, although 
the cable seen at this stage still has a somewhat immature 
appearance, and the edges of the wound have not yet be
come smooth and regular.

The Actin Cable Disassembles at Sites where Opposite 
Wound Edges Have Made Contact
Upon examining the zipped-up portions of 3- and 6-h 
wounds, we found that the cable had largely disassembled 
in regions where the opposite epidermal edges had come 
together, leaving just remnants of the actin cable extend
ing three or four cells back in the freshly closed seam. The 
remnants of actin cable in the wake of the zipper were 
variable in extent and organization. Sometimes the actin, 
while still plentiful, appeared disorganized; sometimes it 
was still oriented along the axis of the wound (Fig. 3 //). In 
wounds that had recently closed, we found that the actin 
cable had fully disassembled, but that a concentration of 
disorganized actin remained as a marker of where the 
wound had been (Fig. 3 /). Even this remnant of the heal
ing machinery had disappeared by 12 h after wounding.

Cadherins Become Rapidly Clustered at Adherens 
Junctions between Neighboring Wound-Margin Cells
Since the actin cable must in fact consist of many individ
ual intracellular segments of cable linked to one another 
by cell-cell adherens junctions, we looked by confocal mi
croscopy at the pattern of staining with an antibody raised 
against cadherins, the transmembrane adhesion compo
nent of all adherens junctions (Tsukita et al., 1992). Asso
ciation of cadherins into large cell junctional clusters was 
restricted to the leading edge of basal front row cells (Fig. 
3 C), coincident in time and location with the actin cable 
assembly. These clusters were resolvable from ^2-5 min 
after wounding along the full extent of the wound edge

F i g u r e  1 .  Scanning electron micrographs to show wound healing in control and treated wounds. ( A )  Low magnification SEM view of 
wing bud with three healing lesions. The embryo was fixed when the most posterior (bottom) lesion had been healing for 0 min, the mid- 

I die lesion for 15 min, and the most anterior (top) lesion for 30 min. ( B )  A high magnification view showing the rough wound edge at 0 h. 
I (C) Detail from a 3-h lesion revealing a long stretch of zipped-up wound. The wake of the zipper is revealed by a raised seam of oriented 
j peridermal cells ( a r r o w s ) .  ( D )  Detail from a closing wound revealing the radial orientation of peridermal cells at one end of a region of 
I purse-string wound closure. ( E )  The smooth epithelial margin in a region of 3-h wound; the peridermal cells appear taut and stretched 
out around the closing wound margin. ( F )  A typical 0-h wound. (G) A control, untreated wound showing significant closure after 3 h.
( H )  A healed 6-h lesion showing the remaining vestiges of the closure process, the closed seam and some extruded cell debris ( a r r o w ) .
( I )  By comparison, a C3-treated wound has not reepithelialized after 3 h. ( J )  Even at 6 h C3-treated wounds have not closed, and this ex
ample appears to have gaped open even further. ( K )  After 3 h N17rac-treated wounds are closed to the same extent as control wounds. 
(L) After 6 h N17rac-treated wounds are fully closed. ( M )  Detail from a C3-treated 3-h wound, showing a region where the peridermal 
margin appears slack and not under the same tension as that seen at an untreated wound margin (compare with E ) .  Bars: ( A )  200 [xm; 
( B ,  D ,  E ,  and M  [same magnification]) 10 |xm; (C) 100 p.m; ( F - L  [same magnification]) 50 pm.
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Figure 2. R es in  h is to lo g y  o f  
c o n tro l  a n d  C 3 - t r e a te d  
w o u n d s. (y4) T r a n s v e r s e  re s in  
s e c tio n  th ro u g h  a  w o u n d e d  
w ing  b u d  s im ila r  t o  th a t  
sh o w n  in F ig . 1 A. T h e  e m 
b ry o  w as f ix e d  w h e n  th e  
m o s t p o s te r io r  (left) le s io n  
h a d  b e e n  h e a l in g  fo r  0  m in , 
th e  m id d le  le s io n  fo r  3  h, a n d  
th e  m o s t a n te r io r  (right) le 
s io n  fo r  6  h. (B-D) a r e  all d e 
ta ils  f ro m  A. (B) H ig h e r  
m a g n if ic a tio n  v iew  o f  0 -h  le 
s io n , re v e a l in g  i r r e g u la r  e p i 
d e rm a l a n d  m e s e n c h y m a l 
w o u n d  e d g es . (C )  D e ta i l  o f  a 
3 -h  w o u n d , r e v e a l in g  
ro u n d e d ,  b lu n t- fa c e d , e p id e r 
m al w o u n d  f ro n ts ; t h e  m e s 
en ch y m a l g a p  h a s  n o w  b e e n  
filled  in , b u t n o te  a p o c k e t  o f  
R B C s w h e re  th e  b a se  o f  th e  
w o u n d  h a d  b e e n  (arrow). 
(D) D e ta il o f  a  6 -h  w o u n d . 
T h e  e p id e rm is  h a s  fu lly  
c lo sed  o v e r  th e  w o u n d . (E) 
H ig h  m a g n if ic a tio n  v iew  o f  a 
C 3 - tre a te d  w o u n d  a t  6 h 
w h e re  th e  w o u n d  e d g e s  (ar
rows) a re  s till a p a r t  f ro m  o n e  
a n o th e r .  B ars: (A) 2 0 0  p,m; 
(B-E [sam e  m a g n if ic a tio n ])  
50 p m .

and persisted throughout the duration of wound closure. 
At later time points during healing, in regions of wound 
that had zipped up, we saw cadherin clusters extending 
only about one- or two-cell diameters beyond the open 
wound, suggesting that the cadherins disaggregate as the 
actin cable disassembles (data not shown).

M y o s i n  L o c a l i z e s  t o  t h e  S i t e  o f  t h e  A c t i n  C a b l e  a t  t h e  

W o u n d  M a r g i n  ^ 1 0  m i n  a f t e r  W o u n d i n g

The actin cable clearly requires myosin motors if it is to be 
contractile, and thus we have investigated the presence of 
nonmuscle myosin II at the wound border, again using 
confocal microscopy. We found antibody staining for myo
sin II in the leading edge of basal wound epidermal cells, 
with a distribution reminiscent of the actin purse-string it
self (Fig. 3 D ) .  As with the actin cable, no myosin cable

was seen in the peridermal wound edge cells at any stage 
during wound closure, or in the basal epidermal layer at 
0 h. In the basal cells, myosin took somewhat longer than 
actin or cadherins to become localized to the wound edge; the 
earliest we saw a clear myosin cable was 7 min after wounding.

L o a d i n g  W o u n d  E d g e  C e l l s  w i t h  t h e  R h o - b l o c k e r  C 3  

T r a n s f e r a s e  P r e v e n t s  A s s e m b l y  o f  a n  A c t i n  C a b l e  a n d  

S u b s e q u e n  t  R e e p i t h e l i a l i z a t i o n

To test whether the small GTP-binding proteins Rho or 
Rac might be mediating assembly of the actin cable in em
bryonic wound epithelial cells, we loaded cells at the time 
of wounding with fluorescent dextrans (as a marker) to
gether with either C3 transferase that blocks endogenous 
Rho function, or with myc-tagged dominant-negative 
NlTrac protein. Control experiments, in which only fluo-

Eigure 3. C o n fo c a l la se r  s c a n n in g  m ic ro s c o p y  o f  h e a l in g  e p i th e l ia l  w o u n d s  o n  th e  d o rs u m  o f  th e  ch ic k  w ing . (A) S u p e rf ic ia l p e r id e rm a l  
la y e r  o f  th e  e p ith e lia l  w o u n d  e d g e  30  m in u te s  a f te r  w o u n d in g  s ta in e d  w ith  F IT C -ta g g e d  p h a llo id in  (green) a n d  th e  n u c le a r  d y e  7 A A D . 
(B) B asa l e p i th e l ia l  la y e r  o f  th e  sa m e  w o u n d  e d g e . A n  a c tin  c a b le  is c le a r  a t th e  le a d in g  e d g e  (arrows). (C )  B asa l e p ith e lia l  w o u n d  e d g e  
im m u n o la b e le d  w ith  p a n -c a d h e r in  a n t ib o d y  (green) a n d  7 A A D . N o te  c lu s te r s  o f  c a d h e r in s  («m>w.9) lo ca liz in g  to  a d h e r e n s  ju n c t io n s  
a lo n g  th e  le a d in g  e p ith e lia l  e d g e . (D) C o n fo c a l im a g e  o f  th e  b a sa l e p i th e l ia l  la y e r  o f  a  3 0 -m in  w o u n d  im m u n o la b e le d  to  re v e a l m y o s in  II 
(green) a n d  c o u n te r s ta in e d  w ith  7 A A D . M y o sin  is lo c a liz e d  to  th e  le a d in g  e d g e  (arrows) ju s t  as  a c tin  is. (E) C o n fo c a l im ag e  o f  th e  b a sa l 
w o u n d  e p i th e l iu m  as in B b u t a t O h r .  T h e r e  is n o  c a b le  p re s e n t .  (E) A t  2 m in  a f te r  w o u n d in g , a  th in  c a b le  is b e c o m in g  v is ib le . (G) B y 5 
m in  a d is tin c t c a b le  is p re s e n t .  H sh o w s  a re g io n  o f  a  c lo s in g  3 -h  w o u n d  s ta in e d  w ith  F IT C -p h a llo id in  a n d  7 A A D . A n  o r ie n te d  r e m n a n t  
o f  th e  c a b le  lie s  a lo n g  th e  s e a m  w h e re  z ip p in g -u p  h a s  o c c u r re d  (arrow.s). (1) A  6-h  w o u n d  th a t  h a s  a lm o s t c lo se d  re v e a ls  an  a c tin  c a b le  o f  
o n ly  2 -3 -ce ll d ia m e te r s  ju s t  b e fo re  fu ll w o u n d  c lo su re .  (J) J u s t  a f te r  th e  w o u n d  h a s  f in a lly  c lo se d , th e re  re m a in s  a tra il  o f  d is o rg a n iz e d  
a c tin  a lo n g  th e  w o u n d  s e a m , m , e x p o s e d  m e s e n c h y m e . B ars : (A-D  [s a m e  m a g n if ic a tio n ] ; E-G [sa m e  m a g n if ic a tio n ]; /  a n d  J [s a m e  m a g 
n if ic a tio n ]; El) 20  p.m.
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F i g u r e  4 .  Actin cable formation as a function of time after 
wounding. The amount of actin in the cable is represented by the 
actin concentration ratio, i.e., by the ratio of the density of actin 
in the cable to the density of actin elsewhere in the epithelium 
(measured as described in Materials and Methods). The error 
bars show the SEM of measurements from at least four samples 
of wound edge for each time point.

rescent dextran was dripped onto the dorsum of the wing 
bud just before wounding and embryos harvested a few 
min later, showed that it was possible to load between 
'^50-70% of basal wound edge cells in this way (Fig. 5 v4). 
Moreover, in similarly treated control embryos allowed to 
heal their wounds for 3 h, it was clear that dextran loading 
on its own had no detrimental effect on either actin cable 
assembly or subsequent wound closure (Fig. 5 B ) .  After 3 h 
of incubation in regions where the wound epithelium had 
healed, labeled cells, which had initially been at the wound 
edge, were now seen to lie in a trail along the closed epithe
lial seam, confirming our impression from the SEM data 
reported above that these wounds generally close by draw
ing wound edges together in a zipper-hke fashion (Fig. 5 B ) .

In experiments where we coloaded C3 transferase (ap
plied at 100 pg/ml) with fluorescent dextrans and left 
wounds to heal for 3 and 6 h, it was clear that all of the la
beled cells had failed to assemble an actin cable, but that 
the majority of unlabeled neighboring wound edge cells 
had segments of actin cable present at their leading edges 
(Fig. 5, C and E ) .  When applied to the limb surface at 10 
pg/ml, most C3-loaded cells assembled a feeble-looking 
cable, and at lower concentrations still, cable assembly was 
as in untreated wounds (data not shown); all subsequent 
experiments were performed at 100 p,g/ml. Our blocking 
experiments indicate that Rho activation is required to 
mediate wound-induced assembly of an actin purse-string. 
C3-treated specimens showed very little sign of having 
closed their wounds by 3 h (Fig. 1 /) and were still not 
reepithelialized at 6 h (Fig. 1 /) , by which time control 
wounds have fully closed (Fig. 1 H ) .  Measurement from 
scanning electron micrographs of 18 such treated wounds 
revealed the length of incision remaining open at 3 h to be 
87 ± 5% (mean ± SEM) of the mean original wound

length, compared with 42 ± 7% (mean ± SEM) remaining 
open in control untreated wounds. After 6 h, by which 
time all control wounds have closed, the 15 C3-treated 
wounds were still 91 ± 5% (mean ± SEM) of the initial 
mean length. Scanning electron microscopy views of the 
leading edge of C3-treated wounds at 1 and 3 h generally 
revealed little effect on periderm cell morphology, except 
that in some regions of C3-treated wounds the peridermal 
margin was clearly slack (Fig. 1 M) by comparison with the 
taut leading edge of a control wound (Fig. 1 E ) .  Histologi
cally, C3-treated epidermal wound fronts appeared some
what more flattened (Fig. 2 E )  by comparison with control 
wound edges (Fig. 2 C).

Similar experiments loading myc-tagged N17rac into 
wound edge cells failed to disrupt actin cable assembly 
(Fig. 5, F  and G), suggesting that Rac is not required for 
this. Embryos treated with 1 mg/ml N17rac healed their 
wounds with normal time course, not significantly differ
ent from control wounds (Fig. 1, K  and L). At 3 h, N17rac 
treated wounds had closed to 30 ± 14% (mean ± SEM; n  -  

4) of original wound length, and after 6 h (n = 4) all 
wounds were closed. Although we have no direct proof 
that the uptake of N17rac was sufficient to block Rac func
tion in our system, we have titrated the same preparation 
of myc-tagged N17rac by microinjection into Swiss 3T3 fi
broblasts and found that it is still functional at blocking 
PDGF-induced ruffling when microinjected at concentra
tions as low as 0.1 mg/ml. Moreover, in 3T3s the myc-tag 
could only be detected when microinjected at higher con
centrations than the minimal functional concentration, 
suggesting that in our in vivo experiments, the bright myc- 
staining reflects uptake of sufficient protein to block en
dogenous Rac signaling.

Discussion
In this study we investigate epithelial healing of incisional 
wounds made in vivo to the surface of the chick embryo 
wing bud. These wounds appear to heal by a combination 
of two processes: the wound margin shortens by a contrac
tile action of the basal epithelial cells at the wound margin; 
at the same time, the cut edges of epithelium on opposite 
sides of the incision become joined together again, much 
as two pieces of cloth are drawn together by a zipper.

Healing of the incisional wound, like that of an exci
sional wound, is associated with the formation of an actin 
cable in the basal epithelial cells at the wound margin. We 
have shown that this cable assembles within minutes of 
wounding and that it rapidly recruits myosin, making it po
tentially contractile. Formation of the cable is blocked by a 
reagent that specifically inactivates Rho, a key regulator of 
actin stress fiber assembly. The result of this treatment is 
that the wound fails to heal, as predicted if the actin cable 
is a necessary part of the machinery for wound closure. 
The failure of epithelial healing is almost total, implying

F i g u r e  5 .  Confocal laser scanning microscopy of wounds loaded with TRITC-dextran and either C3 transferase or N17rac to block Rho 
or Rac signaling. (A) TRITC-dextran-Ioaded basal epithelial cells ( r e d )  at the margin of 0-h wound ( a r r o w s ) .  Actin is stained with 
FITC-tagged phalloidin ( g r e e n ) .  ( B )  Similar wound to A ,  but allowed to heal for 3 h. All cells at the wound margin, whether dextran la
beled ( a r r o w )  or not, have assembled actin cable ( g r e e n ) .  Some of the cells initially labeled at the wound margin now lie along the 
healed seam ( w h i t e s p o t s ) .  ( C )  Wound edge cells coloaded with TRITC-dextran ( r e d )  and C3 transferase at the time of wounding and al-
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lo w e d  to  h e a l fo r  3 h . N o te  th a t  lo a d e d  w o u n d  e d g e  c e lls  {red, e .g ., th o s e  in d ic a te d  by  la rg e  a r ro w s )  d o  n o t  c o n ta in  a c t in  c a b le ,  w h ile  
n e ig h b o r in g  c e lls  th a t  w e re  n o t  lo a d e d  (while spots) h a v e  a s s e m b le d  in t r a c e l lu la r  s e g m e n ts  o f  c a b le  {small arrows). {D a n d  E) L o w e r  
m a g n if ic a tio n  v ie w s  o f  a n o th e r  3 -h  C 3 - t r e a te d  w o u n d  ( s ta in e d  w ith  F I T C -p h a l lo id in )  im a g e d  a t th e  lev e l o f  th e  p e r id e rm  a n d  th e  b a sa l 
e p id e rm a l  la y e rs , r e s p e c tiv e ly ;  D sh o w s  th e  e x te n t  th a t  th e  tw o  p e r id e rm a l  w o u n d  e d g e s  (arrowheads) a r e  s till a p a r t ;  E r e v e a ls  th a t  a 
m a jo r i ty  o f  b a sa l c e lls  a t th e  le a d in g  e d g e  fa il to  a s s e m b le  a n  a c t in  c a b le  ( c o m p a r e  w ith  F ig . 3 , B a n d  /) ;  h o w e v e r ,  o c c a s io n a l c e lls  ( p r e 
s u m a b ly  th o s e  n o t  lo a d e d  w ith  C 3 ) h a v e  a s s e m b le d  s e g m e n ts  o f  a c t in  c a b le  (arrow.s). (F) W o u n d  e d g e  c e lls  lo a d e d  w ith  F I T C  m y c- 
ta g g e d  N 1 7 ra c  (c o n fo c a l  c h a n n e l  lu te d  to  r e d )  a t th e  t im e  o f  w o u n d in g  a n d  a llo w e d  to  h e a l fo r  30  m in . A c t in  c a b le  h a s  a s s e m b le d  in  b o th  
la b e le d  (small arrow) a n d  u n la b e le d  (large arrow) ce lls  a t th e  w o u n d  e d g e . (G) T w o  o p p o s in g  w o u n d  m a rg in s  (arrows) o f  a  3 -h , a lm o s t 
c lo s e d , N 1 7 ra c - t r e a te d  w o u n d  s ta in e d  o n ly  w ith  F I T C -p h a l lo id in ,  sh o w in g  a c t in  c a b le  a s s e m b ly  in a ll b a sa l e p id e rm a l  c e lls  a t th e  le a d in g  
e d g e , m, e x p o s e d  m e s e n c h y m e . B ars ; (A, B, C, D. a n d  E [s a m e  m a g n if ic a tio n ] ;  F  a n d  G )  20  p m .
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that both components of the process have been pre
vented—both the wound margin contraction and the zip
ping up. This suggests that in normal healing the actin ca
ble provides the contractile force not only to constrict the 
wound margin by a purse-string action, but to pull on the 
zipper that draws the wound edges together.

Formation o f the Actin Cable at the Wound Margin
In our previous study of excisional wounds in the chick 
embryo (Martin and Lewis, 1992), we were unable to fol
low the early time course of actin cable assembly because 
these wounds took some time to make. The present study 
of incisional wounds has allowed us to observe, in vivo, the 
early steps of the process. An actin cable assembles within 
2 min after making a cut and reaches full size within 30 
min. The actin cable must actually consist of intracellular 
actin segments stretching the length of every cell at the ep
ithelial wound margin, each intracellular segment being 
linked to its two neighbors via cell-cell junctions. Indeed, 
our cadherin immunocytochemistry suggests that large ad
herens junctions assemble around the wound margin with 
similarly rapid time course to the actin cable and presum
ably serve as the anchor points for this cable. We first see 
localization of myosin to the wound edge between 7 and 
10 min after wounding, a few minutes after the actin cable 
has formed, suggesting that myosin localization is depen
dent on actin cable assembly, as one might expect. The 
time course that we observe for both actin and myosin is 
almost identical to that reported by Bement et al. (1993) in 
their in vitro wounds. In both systems, the initial forma
tion of the cable seems too rapid to depend on new synthe
sis of actin or actin mRNA. The actin cable must instead 
form at first by reorganization of existing filamentous ac
tin or polymerization of existing actin monomers.

The small GTP-binding protein Rho has been shown to 
act in cultured fibroblasts as a regulator of actin stress fi
ber assembly on a similarly rapid time scale (Ridley and 
Hall, 1992), and our C3 transferase scrape-loading experi
ments suggest it plays a similar role in regulating assembly 
of an actin purse-string—essentially a collection of ori
ented actin stress fibers—in the cells of the embryonic epi
thelial wound margin. When we load wound edge cells 
with dominant-negative N17rac protein, to disrupt Rac 
function, we see neither an effect on actin cable assembly 
nor any disruption of epithelial healing. Our observations 
are in accordance with those of Ridley et al. (1995) who re
port that peripheral actin bundles at the margin of cul
tured islands of MDCK epithelial cells are not disrupted 
by N17rac, but disassemble after injection with C3. How
ever, these observations contrast somewhat with two 
experiments in D r o s o p h i l a .  Eaten and colleagues (1995) 
genetically disrupted r a c  during a period of active mor
phogenesis in the wing imaginai disk and found that this 
interfered with the anchorage of actin into newly forming 
adherens junctions in some regions of the wing epithelium. 
Dominant negative r a c  under the regulation of a heat 
shock promoter has also been shown to interfere with dor
sal closure in the D r o s o p h i l a  embryo, an effect that corre
lates with decreased actin in the leading edge of dorsally 
spreading epithelia (Harden et al., 1995).

While our studies suggest that Rho is required for as

sembly of an actin purse-string and subsequent reepithe
lialization of an embryonic wound, we would predict that 
reepithelialization of adult skin wounds, which involves 
actin-driven lamellipodial crawling of basal kératinocytes 
rather than purse-string contraction, would instead be de
pendent on the small GTPases Cdc42 and Rac, which me
diate extension of filopodia and lamellipodia, respectively, 
in cultured cells (Ridley et al., 1992; Nobes and HaU, 1995).

What Might Activate Rho in Wound Edge 
Epithelial Cells?
In cultured fibroblasts Rho can be activated by serum 
stimulation or by mechanical signals such as vibration 
(Ridley and Hall, 1992; Nobes, C., personal communica
tion). When we wound the embryonic skin, it is clear that 
basal epithelial cells at the leading edge will be immedi
ately bathed by various factors in the amniotic fluid that 
they are not directly exposed to as part of an intact epithe
lium covered with a layer of peridermal cells; these factors 
might provide an actin reorganization signal. However, we 
believe that the more likely primary stimulus for actin re
organization in wound edge cells is a change in the pattern 
of stresses in the epidermis, rather than a ligand/receptor- 
mediated signal. The unwounded embryonic epidermis is 
evidently under tension since it gapes when it is cut. By 
making a cut, we relieve the cells on either side of the cut 
from the component of tension acting at right angles to the 
wound margin, while retaining the component of tension 
parallel to the wound margin. Kolega (1986) has previ
ously shown that pulling on cultured epidermal cells pro
vokes alignment of actin filaments along the principal axis 
of stress and suppresses lamellipodial activity at right an
gles to that direction. The cells at the cut edge of our 
wounded embryonic epidermis appear to behave accord
ing to the same rules. It will be fascinating to determine 
more directly whether stretch is indeed the stimulus that 
triggers Rho activation and subsequent assembly of an ac
tin cable, or whether it merely orientates actin filaments 
that have polymerized in response to other signals.

Zipping-up and the Formation of New Contacts between 
Epithelial Cells during Healing
As a wound closes, the length of epidermal free edge 
around the perimeter of the wound decreases. If there 
were no changes in cell-cell contacts, so that the number 
of cells in the wound margin remained constant, this would 
have to correspond to a narrowing of the segment of pe
rimeter formed by each cell, converting the cell to an in
ward-pointing wedge shape. But, in fact, as we reported 
earlier in our study of excisional wounds (Martin and 
Lewis, 1992) and show again in this study, although occa
sional wedge-shaped cells are seen along the straight edges 
of the wound margin, in general the average shape of 
wound edge cells does not appear to change significantly 
as the wound closes, except perhaps at sites where the 
wound is very sharply curved (as at the two ends of our in
cisional wounds). It follows that wound closure must in
volve changes in cell-cell contacts and not just changes in 
cell shape. The present study reinforces this conclusion: 
the free edges of the epidermis do not shorten simply by 
contraction of individual cells; they zip up by formation of
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new contacts between cells that were previously separate. 
Our dextran-loading experiments show that cells once at 
the wound margin can later be found lying along the 
zipped-up seam as the wound closes. How is this process 
related to the presence of the actin cable? At the two ends 
of the incisional wound, the cable will pull on the intracel
lular sides of the cell-cell junctions. Under the resulting 
force, these actin anchorage points presumably shift along 
the surfaces of the adherent cells, changing the pattern of 
contacts so that new pairs of cells are brought into apposi
tion, forming junctions with one another and creating new 
cable anchorage sites as cells of the original wound margin 
retire from the marginal row (Fig. 6).

If the actin cable drives the zipping-up of the wound in 
this way, what happens to the actin that formed the cable 
segment in a cell that has retired from the wound margin? 
One attractive suggestion would be that just as the cable is 
formed in response to the special pattern of stress at the 
wound edge, so it disassembles as the pattern of stress re
verts to that of intact epithelium once the cell has made its 
exit from the marginal row. Disassembly takes a little while, 
and consequently, we see a trail of filamentous actin in the 
recently formed seam formed by the zipping-up process.

In this paper we have given evidence that the small 
GTPase Rho has a critical role in the healing of a wound in 
embryonic epidermis: if Rho is inactivated in cells at the 
wound margin, no actin cable forms in them, and healing 
fails. Somehow small GTPases such as Rho mediate a link 
between extracellular signals, such as altered tensile stresses 
and cytokines, and the machinery of the cytoskeleton and 
cell-cell adhesion, by which cells change their shape and 
their attachments in vitro and in vivo. The precise nature 
of this link stands out as a central problem if we are to un
derstand fully the self-sealing behavior of epithelia in re
sponse to damage and, indeed, the events of epithelial 
morphogenesis in general.
J. B rock and P. M artin  th an k  the  W ellcom e T rust, and  J. Lew is thanks the  
Im perial C ancer R esearch  Fund fo r funding  these  studies. W e also th an k
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Figure 6. Cartoon to suggest how the epithelium zips up. Three 
successive stages are shown (earliest at left). The cells are linked 
mechanically by adherens junctions (short black bars) that serve 
as anchorage points for segments of actin cable. Tension in the 
cable (solid arrows in lefthand drawing) creates a centripetal zip
ping-up force (hollow arrows). This causes the adherens junctions 
to m ove (either by sliding or by assembly and disassembly) so 
that eventually cell A  becom es excluded from the wound margin 
and cells B and C becom e new neighbors. A s the junctions move, 
the actin cable shortens and disassembles, leaving disorganized 
filamentous actin in its wake.
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Perfect Wound Healing in the Keratin 8 
Deficient Mouse Embryo
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It is generally believed that the strength and structural integrity of both adult and 
embryonic epithelia comes, at least in part, from their internal cytoskeletal net
work of keratin filaments and associated cellxell junctions. Indeed, recent keratin 
depletion experiments in X e n o p u s  suggest that the capacity of embryonic epithelia 
to undergo natural morphogenetic movements such as gastrulation, or artificially 
triggered epithelial movements such as wound closure, are severely compromised 
in the absence of the predominant embryonic keratin, K8 [Torpey et aJ., 1992: 
N a t u r e  357:413-415; Klymkowsky et al., 1992: P r o c .  N a t l .  A c a d .  S c i .  U S A  

89:8736-8740]. These experiments contrast with studies of genetically K8 defi
cient mouse embryos which undergo gastrulation quite normally and, dependent 
upon background strain, can survive until beyond birth [Baribault et al., 1993: 
G e n e s  D e v .  7:1191-1202; Baribault et al., 1994: G e n e s  D e v .  8:2964-2973], but 
to date no wound healing investigations have been carried out on mK8- mice. In 
this article, we report our studies of healing in embryonic day 11.5 mouse em
bryos, wounded by amputation of the hindlimb bud and then cultured in roller 
bottles. In wild-type embryos, wound closure puts severe strain on the embryonic 
epidermis since it is under tension and gapes immediately upon wounding; sub
sequently, epithelial cells tug on one another by means of an actin purse-string in 
order to close the defect. Even given these extremely challenging conditions, we 
show here that the mK8- epidermis performs no differently from wild-type 
epidermis, assembling an actin purse-string in the wound marginal cells and 
closing the wound with identical timecourse to its wild-type counterpart.
©  1996 Wiley-Liss, Inc.
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INTRODUCTION filaments [Klymkowsky and Karnovsky, 1994]. The dis-
The largest family of intermediate filament proteins hibution of these filaments and their associated junctions

are the epithelial keratins. Keratin filaments are obligate suggest that keratins might provide a structural support-
heteropolymers consisting of one of each of the two skeleton for epithelial cells and there is good genetic 
classes of keratin sub-unit—I and II. Filaments are in- evidence that some of the adult epidermal keratins are
serted into the plasma membrane via a complex of pro
teins at sites of desmosomal attachment with other cells 
or hemidesmosomal attachment with the underlying Received May 28, 1996; accepted August 6, 1996. 
basal lamina [Garrod, 1993]. In the various epithelia of
a limb-bud stage mouse embryo the predominant type 11 Address reprint requests to Paul Martin, Departments o f Anatomy and
keratin is KS and there are generally two type 1 keratins. Developmental Biology and Surgery, University College London,

K18 and 19. Immunocytochemical studies in the Xeno- WCIE 6BT, UK.

pus reveal that keratin filaments form a cortical system of Or. McCluskey's current address is Department of Craniofacial De-
large filament bundles and a subcortical network of finer velopment, UMDS, Guy’s Campus, London SEl 9RT, UK.

© 1996 Wiley-Liss, Inc.
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indeed essential for the structural integrity of epithelial 
tissues such as the skin [reviewed in Fuchs, 1994; Fuchs 
and Weber, 1994]. For example, it is now clear that a 
lesion in the major adult basal type I keratin, K14 leads 
to the skin-blistering disease, epidermolysis bullosa sim
plex [Bonifas et al., 1991; Chan et al., 1994; Rugg et al, 
1994].

Recent experiments in frog and mouse embryos 
have set out to test whether keratins also have an impor
tant structural role to play as embryonic epithelia un
dergo the movements of morphogenesis during develop
ment. In two complementary experiments Klymkowsky 
et al. [1992] and Torpey et al. [1992] showed that de
pletion of maternal K8 levels, either by oocyte injection 
of antibodies or antisense oligonucleotides, seriously im
paired movements of the embryonic epithelium to such 
an extent that blastulae-stage Xenopus embryos failed to 
gastrulate. Moreover, in one of these studies in which the 
epithelium was mechanically damaged, K8 deficient 
blastulae were unable to close the defect whilst control 
embryos rapidly repaired such a wound [Torpey et al.,
1992]. We have now generated a mK8 knockout mouse 
line deficient in mK8 gene product [Baribault et al., 
1993, 1994]. In homozygous mK8- mice, not only is 
keratin 8 absent but immunocytochemistry for the type I 
marker keratins, K18 and K19, reveals the almost com
plete inability of embryonic epidermal cells to make any 
keratin filaments with these type I keratins alone. This 
deficiency leads to a varying phenotype dependent on the 
genetic background of the mice. On a C57B1/6 back
ground, mK8- is embryonic lethal at mid-gestation. 
Knockout embryos are growth retarded, and have an ab
normal accumulation of erythrocytes in the liver which is 
most likely due to a rupture of the liver [Baribault et al.,
1993]. However, on a FVB/N background, most ho
mozygous mK8— mice are born alive but go on to de
velop disorders related to hyperplasia of the gastrointes
tinal and reproductive tract epithelium [Baribault et al.,
1994]. Because of the Xenopus wounding experiments of 
Torpey et al. [1992], we were curious to know whether 
K8 deficient mice could heal wounds during embryogen
esis. Our previous studies have shown that closure of 
excisional wounds in wild-type embryos is due to the 
combined efforts of both mesenchymal contraction and 
re-epithelialisation [McCluskey and Martin, 1995; re
viewed in Martin, 1996]. Re-epithelialisation of embry
onic wounds is dependent on neighbouring wound edge 
epithelial cells tugging on one another by means of in
tracellular segments of a contractile actin purse-string 
[Martin and Lewis, 1992; McCluskey and Martin, 1995]; 
the alternative lamellipodial crawling of epidermal cells 
occurs during adult skin repair [reviewed in Stenn and 
DePalma, 1988; Grinnell, 1992]. To fully test the 
strength of the embryonic epidermis in mK8- mice, we

have therefore made relatively large excisional wounds 
on these embryos by amputating their left hindlimb buds 
and have analysed their capacity to re-epithelialise these 
wounds in comparison with their heterozygote and wild- 
type littermates.

MATERIALS AND METHODS 
Embryo Wounding and Culture

For this study, we used the inbred mouse strain 
FVB/N, crossing male and female mice heterozygous for 
the targetted mK8- mutation [Baribault et al., 1994]. 
Midday on the day when a copulatory plug was first 
apparent was designated E0.5. Embryonic day 11.5 
progeny from such crosses were dissected from the 
uterus in Tyrode’s saline using watchmaker’s forceps 
and prepared for open yolk sac whole-embryo culture 
using the protocol of Cockroft [1990]. The deciduum, 
was trimmed away and the yolk sac cut almost all the 
way around where it abuts the placenta. Embryos were 
then delivered out of their yolk sac using watchmaker’s 
forceps and the amniotic membranes peeled back to ex
pose the embryo. The left hind limb bud was amputated 
using iridectomy scissors to expose a clean ovoid wound 
stump (the limb tissue so removed was immediately 
transferred to lysis buffer in preparation for PCR geno
typing of the embryo—see later). The wounded embryo 
was then transferred to a 50 ml Falcon tube containing 4 
ml of a 1:3 mix of normal rat serum and Tyrode’s saline. 
The tubes were gassed with 95%02/5%C02 before cul
turing and again after 12 h in culture. Tubes containing 
embryos were then rotated at 30 rpm in an incubator at 
37°C. Previous studies of ours have shown that embryos 
cultured in this way maintain a healthy heartbeat and 
keep developmental pace with their peers in utero 
throughout the 24 h period it takes to heal these wounds 
[McCluskey and Martin, 1995]. Our experiments in
volved culturing 41 embryos. Fourteen of these were 
wild-type embryos (not all of the FVB/N strain), 10 were 
mK8— and 17 were heterozygote embryos.

Scanning Electron Microscopy
After 0, 12, and 24 h of culture, a number of em

bryos were harvested and prepared for scanning electron 
microscopy (SEM) by fixing overnight at 4°C in 1/2 
strength Karnovsky’s fixative [Karnovsky, 1965]. After 
rinsing in 0.1 M cacodylate buffer, specimens were de
hydrated through a graded series of alcohols and critical 
point dried in the standard fashion. The specimens were 
finally mounted on stubs, sputtercoated with gold and 
viewed using a JEOL (Peabody, MA)-JSM 35C scanning 
electron microscope.
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Visualisation of Keratin and Actin
To reveal the distribution of keratin filaments, we 

used monoclonal antibodies Troma-1 and -2 which are 
specific for K-8 and K-18, respectively [Kemler et al., 
1981; Baribault et al., 1993]. After 0 and 3 h in culture, 
wounded embryos were fixed at 4°C in 4% paraformal
dehyde and then rinsed in PBS. Tissues were permeabi- 
lised by soaking in 0.3% Triton in PBS and pre-incu- 
bated in 10% normal horse serum in PBS to prevent 
non-specific binding of the antibody. Embryos were then 
incubated with undiluted Troma-1 or -2 tissue culture 
supernatant for 1 h at room temperature and then at 4°C 
overnight. After thorough rinsing in PBS, embryos were 
incubated in FITC-tagged rabbit anti-rat IgG antibody 
(Pierce, Rockford, IL) for 1 h at room temperature and 
then overnight at 4°C. Finally, the specimens were fur
ther rinsed in PBS and mounted in a solution of 50% PBS 
and 50% Citifluor (Chemical Labs, Canterbury, UK) in 
a chamber constructed from a glass slide and a few layers 
of PVC tape. Embryos were compressed slightly under 
coverslips to bring wounded hindlimb tissue into the 
same plane to facilitate visualisation under the micro
scope.

Filamentous actin was stained with rhodamine- 
tagged (TRITC) phalloidin (Sigma, St. Louis, MO). Af
ter 3 h in culture, embryos were fixed in ice-cold 4% 
paraformaldehyde in PBS for 2 h and rinsed three times 
in PBS. Embryos were then incubated at 4°C for 2 h in 
50 jxg/ml TRITC phalloidin in PBS, rinsed thoroughly in 
PBS, and then mounted on slides as described for keratin 
filament staining.

Thin optical sections of peridermal and basal epi
thelial layers at the wound edge were taken of all fluo- 
rescently labelled specimens using a Leica (Deerfield, 
IL) TCS-4D confocal laser scanning microscope.

Dil Labelling of the Wound Mesenchyme
To measure the extent of mesenchyme contraction 

occurring at the wounded site, small groups of mesen
chymal cells at the wound perimeter were labelled with 
the lipophilic fluorescent dye Dil (Molecular Probes, Eu
gene, OR) (stock 0.5% Dil in absolute ethanol, diluted 
1:9 in 0.3 M sucrose solution on the day of use). Using 
a capillary needle of approximate diameter 15 fxm con
trolled by mouth pipette, we placed 8-10 dots of Dil on 
the wounded mesenchyme close to the cut edge of the 
epithelium, thus marking the area of mesenchyme ex
posed by the wound. After 24 h of culture, the extent of 
mesenchymal contraction was estimated by measuring 
the area now bounded by the Dil labelled cells. Embryos 
were fixed in ice-cold 4% paraformaldehyde in PBS for 
2 h and then mounted in Citiflour/PBS solution in a slide 
chamber and sealed beneath a coverslip (as described

above for wholemount immunocytochemistry). Wounds 
were visualized and photographed using the rhodamine 
filter block on a Leitz (Wetzlar, Germany) DiaPlan flu
orescent microscope.

Blind Genotype Determination
The genotype of each wounded embryo was deter

mined by polymerase chain reaction (PCR) analysis of 
DNA isolated from the amputated limb bud tissue at the 
time of wounding, and also from yolk sac tissue obtained 
at the end of the culture period prior to fixing the em
bryo. The tissue obtained from the wounded embryos 
was analyzed by PCR as described previously [Baribault 
et al., 1994], but the genotype code was only cracked 
after the wound healing status of the embryos had been 
established.

RESULTS
At El 1.5, when our wound healing studies are per

formed, the epidermis overlying the embryonic limb and 
adjacent flank epidermis is bi-layered consisting of a 
basal cuboidal layer overlaid by a squamous peridermal 
layer of cells. The limb amputation wounds we make 
leave an exposed oval-shaped patch of mesenchyme with 
dimensions approximately 500 x 750 |xm (Figs. 2A,B, 
3A,B). As previously reported, these wounds heal over 
with very standardised timecourse leaving a smooth flat 
surface where the limb bud had been; they never show 
any sign of limb regeneration [Martin et al., 1993; Mc
Cluskey and Martin, 1995]. In this article, we have com
pared the capacity of embryos lacking a functional copy 
of the keratin 8 gene to re-epithelialise a wound when 
compared with their wild-type and heterozygote litter
mates.

Keratin Immunocytochemistry Suggests a 
Support Role for Keratin 8 In the Healing of 
Embryonic Epidermis

Wholemount immunocytochemical studies using 
the TROMA 1, keratin 8 specific antibody [Kemler et 
al., 1981] in wild-type embryos reveal a network of cor
tical and sub-cortical keratin filaments in both the basal 
and superficial peridermal layers of unwounded epider
mis. In the basal epidermal cells of a wound edge, we 
find keratin filaments apparently drawn into a fine cable 
at the leading edge in a distribution very reminiscent of 
the actin purse-string we have previously reported at 
wound edges of healing embryonic epidermis (Fig. lA) 
[and see Martin and Lewis 1992; McCluskey and Martin,
1995]. This keratin cable assembles at the wound edge 
within minutes of wounding and remains until the wound 
is closed (Fig. ID). Its presence suggests a possible sup
port role for keratin filaments in the actin purse-string 
driven movements that heal the embryonic epidermis. As
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with actin, we find no such wound-induced re-organisa
tion of the keratin network in the peridermal layer (Fig. 
1C).

Keratin 8 Deficient Mice Cannot Assemble 
Keratin Wound Cables but Still Assemble an 
Actin Purse-StrIng In Their Basal Layer

Our previous mouse embryo wound healing studies 
have been performed on E ll .5 mouse embryos and since 
the mK8- deficiency on a C57B1/6 background is lethal 
within about 24 h of this, at E12.5, we chose to perform 
our study on mK8— mice on a FVB/N background which 
generally survive into adulthood [Baribault et al., 1994]. 
As expected from our previous reports [Baribault, 1993, 
1994] keratin 8 immunocytochemical studies in - / -  
embryos revealed no detectable trace of keratin filaments 
in either the periderm or basal epidermal layers (data not 
shown). Since keratins are obligate typel:typell het
eropolymers, we tested whether another type II keratin 
might have been upregulated in the genetic absence of 
K8 by staining with TROMA 2 antibodies which recog
nise the type I keratin, K18. In mK8-mice, we see only 
faint traces of K18 immunostaining and no sign of fila
ments, in either the peridermal or basal epidermal layer 
(Fig. 1E,F), suggesting the complete absence of keratin 
filaments in the epidermis of these mice. However, when 
we stained these wounded embryos with TRITC-phalloi- 
din, it was clear that they had retained the capacity to 
assemble an actin purse-string in the basal wound edge 
epidermal cells (Fig. IB). As far as we could tell, the 
cable assembled as rapidly and was as thick as in the 
wound edge cells of wild-type embryos.

Wound Closure Is Just as Rapid In Keratin 
Deficient Embryos as In Their Wild-Type Siblings 
and Is Not Simply Due to Compensatory 
Mesenchymal Contraction

To get a clear picture of the wound healing capacity 
of mK8- embryos compared to heterozygote and wild- 
type litter mates, we left embryos to heal wounds in 
culture for 12 and 24 h by which time previous studies 
have shown us that wounds are approximately 75 and 
100% closed, respectively [Martin et al., 1993; McClus
key and Martin, 1995]. Scanning electron microscope 
studies of the three genotypes ( - / - , —/ + ,  and -I- / -I- ) at 
these two time points revealed no significant reduction in 
rate of wound closure for the embryos deficient in keratin 
8 (Fig. 2C-H). Neither did higher power views of the 
leading epidermal edge in 12 h wounds reveal any dif
ference in the morphology of wound edge cells (Fig. 
2I-K). Since embryonic wound closure is achieved by 
two tissue movements acting together—re-epithelialisa- 
tion and mesenchymal contraction—it is possible that 
mK8— embryos may actually suffer a reduced capacity

to re-epithelialise wounds but somehow could compen
sate for this by enhanced mesenchymal contraction al
lowing wound closure to keep pace with that of wild-type 
embryos. To test for this, we Dil labelled groups of 
mesenchymal cells around the wound margin at the time 
of wounding and examined the contraction of this 
marked mesenchyme over the 24-h healing period. We 
found no significant difference in extent of mesenchymal 
contraction between the three genotypes suggesting that 
this movement, and therefore also re-epithelialisation, 
had occurred at the same rate in mK8— embryos as in 
their non-keratin deficient littermates (Fig. 3C-E).

DISCUSSION
Keratin filaments are the intermediate filaments 

specific to epithelial cells. In embryonic epithelia, the 
predominant keratins are formed by heteropolymerisa
tion of K8 and K18/19 subunits. Antibody and antisense 
oligonucleotide disruption of keratin 8 in frog embryos 
together with analogous genetic ablation experiments in 
mice have revealed that keratin 8 is required at a number 
of key developmental stages during embryogenesis. For 
example, K8 has been shown to be essential for the gas
trulation movements of Xenopus, and in mice the same 
protein is crucial at mid-gestation, and subsequently, to 
maintain the functional integrity of the reproductive and 
gastrointestinal tracts. However, we do not know pre
cisely what cell and molecular mechanisms underly K8’s 
function during each of these developmental processes. 
It is tempting to guess that its role might simply be to 
supply mechanical strength to the embryonic epithelial 
cells, in a similar way to that previously demonstrated 
for K5/K14 keratin filaments in the basal keratinocyte 
layer of adult epidermis [Bonifas et al., 1991; Coulombe 
et al., 1991; Lane et al., 1992; reviewed in Fuchs and 
Weber, 1994]. However, it may be that K8 during em
bryogenesis, and other keratins in adult tissues, play a 
more subtle role in maintaining epithelial integrity since 
mutations in K8 and in Kl/10 do not result in cytolysis, 
but rather in an increase in cell numbers leading to co
lorectal hyperplasia in the gut and epidermolytic hyper
keratosis in the skin, respectively [Baribault et al., 1994; 
Cheng et al., 1992; Chipev et al., 1992; Rothganel et al., 
1992].

Two recent articles in which keratin 8 was depleted 
in Xenopus embryos showed that absence of this keratin, 
and thus the incapacity to make K8/K18 keratin filaments, 
leads to a failure of normal gastrulation events and partial 
exogastrulation [Torpey et al., 1992; Klymkowsky et al., 
1992]. However, when the same gene is genetically de
leted in the mouse, gastrulation proceeds quite normally 
[Baribault et al., 1993, 1994]. One possible explanation 
for these apparently contradictory observations is the very
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Fig. 1. Confocal laser scanning micrographs of the 3 h wound edge 
epithelium stained for either filamentous actin, or keratin 8 or 18. A: 
Confocal section through the basal epithelial layer of a wild-type (wt) 
wounded embryo showing a clear actin cable (arrowhead) at the lead
ing edge of the front row cells. B: The basal layer of an m K 8- (ko) 
embryo showing a similar wound actin cable. C: Confocal section 
through the periderm layer of a wild type wounded embryo showing 
filamentous keratin 8 staining. D: Same specimen as C, but cut 5

microns deeper in the basal epithelial layer to reveal the presence of a 
band of keratin 8 staining material with similar localisation to the actin 
cable (see B). E: Confocal section through the periderm layer of a 
m K 8- embryo showing almost complete absence of staining for ker
atin 18 (partner of keratin 8). F: Same specimen as E, but cut in the 
plane of the basal epithelium to show complete absence of keratin 18 
staining in this layer also. Arrowheads mark the wound margin in all 
sections. Scale bar: (A-F, same magnification) = 20 pm.

different nature of developmental tissue movements seen 
in mice compared with frogs. Gastrulation in X e n o p u s  

involves invagination of an intact sheet of epithelial cells 
at the dorsal lip of the blastopore; these involuting cells

are derived from the initially multilayered animal hemi
sphere whose cells intercalate to form a single thin layer 
in a process known as epiboly [Keller, 1980; reviewed in 
Gilbert, 1994]. In KS antibody-depleted blastulae, this
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Fig. 2. Scanning electron micrographs of healing wounds. A: Low 
magnification view of a typical 0 h wounded embryo. B: Detail of 0 
h amputation wound. C-E: (Same magnification as B) showing + /  +  
(wt), + / -  (het), - / -  (ko) wounds after 12 h of culture. F-H: (Again 
same magnification as B) showing + /  + , + / - ,  - / -  wounds after

24 h of culture. All 3 genotypes show identical healing at these two 
timepoints. I-K: High power details of C-E, respectively, to show 
epithelial morphology at the wound edge. Scale bars: A =  1 mm; 
(B-H, same magnification) =  200 p,m; (I-K, same magnification) =  
50 |xm.
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Fig. 3. Dil study of mesenchymal contraction at the embryonic 
wound site. A: Low magnification view of a 0 h embryo just after 
labelling with Dil dots at the mesenchymal boundary of the wound 
(arrows). B: Detail of 0 h Dil labelled wound as visualized under

rbodamine fluorescence. C-E: Dil labelled embryos [ -I--  (bet), 
- / -  (ko), + / +  (wt) respectively] fluorescently imaged after 24 h of 
culture. Scale bars: A =  1 mm; (B-E, same magnificitioi) =  200 
p,m.

intercalation event appears to fail, resulting in embryos 
with a pronounced thickening of the animal cap, which 
might suggest that an inability to gastrulate is secondary 
to a failure of epiboly [Klymkowsky et al., 1992] (M. 
Klymkowsky, personal communication, 1996).

By contrast, mammalian gastrulation involves nei
ther epithelial thinning by intercalation, nor epithelial 
invagination; rather, epithelial continuity is lost as indi
vidual cells delaminate through the primitive streak to 
emerge between the epiblast and visceral endoderm 
where they become the new intermediate mesoderm 
[Lawson et al., 1991; reviewed in Hogan et al., 1994].

There is some controversy regarding the effects of 
keratin absence on the wound healing capacity of X e n o p u s  

embryos. When keratin 8 was depleted by the injection of 
antisense oligonucleotides into oocytes, in addition to 
failing at gastrulation, embryos were incapable of healing 
a simple slash wound [Torpey et al., 1992]. However, if 
keratin filament depletion is instead achieved by antibody 
blocking, then no such impaired healing arises (M. 
Klymkowsky, personalcommunication, 1996). Ourwound 
healing studies in transgenic knockout mouse embryos 
provide a further rigorous test of the integrity of embry
onic epithelia in the absence of keratins. Because the 
un wounded epidermis is under tension, it gapes as it is 
wounded which results in significant stretching of all the 
cells at the wound margin [McCluskey and Martin, 1995].

To close a wound, the embryonic epidermis sweeps for
ward by contraction of an actin purse-string which as
sembles in the basal wound edge cells [Martin me Lewis, 
1992; Martin and McCluskey, 1995] and this ctncerted 
tugging of cells on one another must put further s rain on 
the already stretched epidermis. However, as ve leport in 
this article, keratin 8 -  mice heal their wound? perfectly. 
We show that successful healing is achieved wLhcut com
pensatory mechanisms at the tissue level since he balance 
of re-epithelialisation vs. connective tissue coitrcCtion at 
the wound site seems unperturbed in m K 8- mce, but 
could there be compensation at the molecular ev«l in the 
form of genetic redundancy? Is another type II keratin 
substituting for the absent K8 and supplying tfe inter
mediate filament support needed for the repar process? 
There is some evidence for a low level of K5 promoter 
activity in the epidermis of limb bud stage mou:e embryos 
(Byrne et al., 1994), but there is clearly not enough K5 
protein available at El 1.5 to allow the norma patner of 
keratin 8, keratin 18, to heteropolymerise anl f)rm fil
aments either in the unwounded [Baribault et a l , 1993,
1994] or wounded situation (data shown hee) In our 
current study, we are unable to dismiss the posiiblity that 
an unusual family of adult keratins or intermediite fila
ments (possibly even vimentin), not normally associated 
with the embryonic epidermis and unable to irtenct with 
K18, might be upregulated in the m K 8- epiiemis and
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be able to substitute for the role of K8/K18 heteropoly
mers. In this regard, a candidate pair of adult keratins that 
could possibly intervene are K6 and 16 which have been 
shown to be upregulated some hours after injury to adult 
skin [Paladini et al., 1996]. However, since keratin 8 
absence proves to be lethal in the C57B1/6 strain of mouse 
and leads to severe epithelial problems in later life in 
FVB/N mice, it seems likely that, at least in a number of 
tissues, any upregulation of alternative keratins or other 
intermediate filaments is at best minimal or inappropriate. 
We feel our experiments add further weight to the sug
gestion that simple epithelial keratins may not be at all 
essential for the structural integrity of epithelia in the early 
mammalian embryo.
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