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Spreading, Proliferation, and Differentiation of the Epidermis After Wounding a Cichlid Fish, Hemichromis bimaculatus ALEXANDRA QUILHAC AND JEAN-YVES SIRE* UMR 8570, Universite´ Paris 7, CNRS, MNHN, Colle`ge de France, Paris, France



ABSTRACT A large superficial wound has been experimentally provoked in the cichlid fish Hemichromis bimaculatus to study the interactions between the epidermal cells and the substrate on which they spread, on the one hand, and the restoration of the subepidermal tissues and the epithelialmesenchymal interactions preceding scale regeneration, on the other hand. The re-epithelialization process, e.g., migration, spreading, differentiation, and proliferation of the epidermal cells, has been followed step by step, using light, scanning and transmission electron microscopy, and tritiated thymidine incorporation, until complete reorganization of the healing epidermis. Wound healing is fast (500 µm/hr) and proceeds centripetally from the wound margins. The epidermal cells spread on a wound surface which is composed of two different matrices: the remains of basement membrane materials covering the scale-pockets, and collagen fibrils of cut dermal strips. Even though both matrices favour cell spreading and attachment, migrating cells show a different behaviour. The re-epithelialization of the wound follows an orderly sequence similar to amphibian and mammalian wound healing, i.e., a ‘‘leap frog’’ mechanism of cell locomotion involving three epidermal layers. The basal layer cells, which spread on the substrate, and the superficial layer cells which protect the epidermis, differentiate first. Whatever the type of substrate over which the epithelium spreads (basement membrane material or collagen fibrils), the epidermal basal layer cells differentiate as soon as they become attached. The incorporation of tritiated thymidine has revealed that there is no proliferation in the healing epidermis until after complete closure of the wound, but that the rapid re-epithelialization of the large surface requires the recruitment of epidermal cells at the wound margins. The present study offers new data on the dynamics of re-epithelialisation and on the resistance of cichlid skin to such wounds. It is also clearly shown that the epidermal basal layer cells differentiate rapidly, a step which is interpreted as the first stage of epithelial-mesenchymal interactions that will lead to scale regeneration. Anat Rec 254:435–451, 1999. r 1999 Wiley-Liss, Inc. Key words: teleost; skin; epidermis; wound healing; regeneration; epidermal-dermal interactions; scanning and transmission electron microscopy



Large superficial wounds resulting in loss of epidermis, of numerous scales and of superficial regions of the dermis occur commonly in wild as well as in captive teleosts. Such wounded individuals generally recover rapidly from the injuries although a large surface of the body was deprived of the epidermal protection which forms a barrier preventing osmotic shock and entry of pathogens from the surrounding water (Bereiter-Hahn, 1986). Obviously, because of its vital function, this protection must be restored rapidly as a defence against the external environment. r 1999 WILEY-LISS, INC.



The healing of superficial wounds is well known in mammals and in amphibians. Generally, the repair follows an orderly sequence of cellular and biochemical events resulting in the restoration of the epidermal continuity,
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and subsequently of the injured subepidermal tissues (Radice 1980a, 1980b; Pollack, 1984; Vanable, 1989). In contrast, studies of wound healing in teleost are scarce. They either concern wound closure after small incisions of the skin and the defence reactions against pathogens (Phromsuthirak, 1977; Mittal et al., 1978) or they focus on the substrate on which epidermal cells migrate (Sire et al., 1990; Kurokawa et al., 1993). To our knowledge no study has been devoted so far to the healing of large superficial wounds after scale and epidermis removal in teleosts. We have undertaken such an experiment with two goals. The first aim was to understand how the epidermis recovers from the wound by studying the process of re-epithelialization, and to know the consequences of a long exposure of the subepidermal tissues to the freshwater environment. This kind of data can be of interest to people working in aquaculture and in tropical farms. Of particular interest is a comparison with the numerous data available in wound healing of amphibian (Derby, 1978; Repesh and Oberpriller, 1980; Donaldson and Mahan, 1983; Donaldson et al., 1994) and mammalian skin (Krawczyk, 1971; Clark et al., 1982; Keenan et al., 1983) in which re-epithelialization occurs in different environments. The second goal was to study the epidermal-dermal interactions which undoubtedly occur during and after re-epithelialization of the wound and which result in complete recovery of the skin, including scale regeneration. A previous study devoted to the events occurring after scale removal has shown that the healing process is extremely fast in actinopterygians because the wound is rapidly covered by the epidermis (Sire et al., 1990). In that experiment, the subepidermal tissues were exposed to the external environment for less than 2 hr. In the present work, scales and epidermis have been removed from a large surface to increase the delay of epidermal covering. This allowed us to study in detail the dynamics of reepithelialization and the interactions between the epidermal cells and the substrate on which they spread, on the one hand, and the restoration of the subepidermal tissues and the epithelial-mesenchymal interactions preceding scale regeneration, on the other hand. Our results are presented in two separate papers. The present paper deals with wound re-epithelialization, i.e., spreading, proliferation and differentiation of the epidermal cells and their interactions with the substrate. The restoration of the subepidermal tissues and the epidermaldermal interactions preceding scale regeneration are described in another paper (Quilhac and Sire, 1998). As in previous experimental studies emanating from our laboratory (Sire and Ge´raudie, 1983, 1984; Sire et al., 1990), we have chosen to work on the cichlid Hemichromis bimaculatus because this is a well-known model.



MATERIALS AND METHODS Animals One-year-old adult specimens (sizes ranging from 46 to 70 mm standard length, SL) of the African cichlid Hemichromis bimaculatus were used. Animals were kept at a constant temperature of 25 ⫾ 1°C with an artificial 12 hr day/night period and fed daily with Chironomus larvae and TetraMin powder (TetraWerke, Germany). Sixty-two specimens were used for the experiment (two for each stage): 14 specimens for in vivo methylene blue staining, 12 for scanning electron microscopy (SEM), 16 for semi-



thin sections and transmission electron microscopy (TEM), and 20 for the study of epidermal cell proliferation. For each series of experiments two unwounded specimens were used as control.



Experimental Procedure The individuals were anaesthetized by immersion in a solution of 1:5,000 MS-222 (tricaine methane sulphonate). Principles of laboratory care were followed as well as specific national laws where applicable. In H. bimaculatus, as in most teleosts, the scales are inserted obliquely in a dermal space, called the scalepocket, below the epidermis (Fig. 1a). For each individual, scales were removed from their pockets in the pectoral region of the left flank (Fig. 1b) to obtain a scaleless surface of approximately 1 cm2 (Figs. 2a, 3a). Such a wounded surface is obtained by removal of 35 scales in a 70 mm specimen and of 88 scales in a 46 mm specimen. A large part of the epidermis is removed along with the scales. The ratio of altered to total epidermal surface approximately ranges from 0.05 to 0.03 depending on the size of the individuals. Immediately after scale removal, the remaining epidermal fragments (Fig. 1b) as well as a part of the loose dermal strips to which they are attached were carefully cut from the scaleless surface (Fig. 1c). The operated individuals were kept separately in 10 litre tanks, at 25°C, with frequently changed tap water, but without the addition of antibiotics. The wounded surface was observed immediately after surgery and its re-epithelialization was studied after 1.5 hr, 3 hr, 4.5 hr, 6 hr, 8 hr and 9 hr using in vivo methylene blue staining, after 3, 6, 9, 12 and 18 hr using SEM, after 3, 6, 9, 12, 24, 48 and 72 hr using semi-thin sections and TEM, and after 3, 6, 9, 12, 24, 48, 72 hr and 4 days and 7 days using tritiated thymidine incorporation. In vivo methylene blue staining. The specimens were anaesthetized and the operated region was covered for 3 min with a solution of methylene blue (1% in distilled water). The regions not covered by the regenerating epidermis were colored blue, whereas the regions with an epidermal cover remained unstained. After a rapid rinse in tap water to remove the excess methylene blue, the operated zone was observed under a binocular microscope and photographed or drawn using a camera lucida. Particular attention was paid to the outlines of the epidermis covering the wound surface. SEM. The fish were sacrificed with an overdose of MS-222. The operated regions were carefully dissected, fixed for 2 hr at room temperature in a solution of 1.5% glutaraldehyde and 1.5% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4), washed in the same buffer to which 10% sucrose was added, and post-fixed for 2 hr at room temperature in 1% osmium tetroxide in cacodylate buffer. The skin samples were dehydrated in a graded series of alcohol. Critical-point drying was performed in a Balzer’s apparatus using liquid CO2 (Anderson, 1951). The pieces of skin were then glued on a support, coated with a thin layer of gold, and observed in a JEOL JSM 35. Histology and TEM. Samples of skin were dissected and fixed for 2 hr as described above, and to improve sectioning, decalcified for 7 days at 4°C in the same fixative solution to which 0.1 M EDTA was added. Embedding and sectioning were executed by standard methods. Longitudi-
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wounded area. The incorporation of tritiated thymidine was analysed in consecutive semi-thin sections to reach a total number of nuclei ranging from 60 to 165 depending on the layer (Table 1). Statistical analyses were performed using ANOVA based on the square root arcsin transformation of the proportion number of positive cells for normalization. When global effect was statistically significant for any particular test using ANOVA, subsequent tests were performed using Fisher t-tests. All tests were considered statistically significative for P ⬍ 0.05.



RESULTS The experimental wound inflicted to the fish skin leaves 1 cm2 free of epidermis, scales, and most of the loose dermal strips (Figs. 1, 2a, 3a). Epidermal cells from the skin surrounding this wounded surface will cover the wound, a process called re-epithelialization. Given our experimental conditions, these epidermal cells have to spread on a heterogeneous surface composed of two types of substrates: basement membrane components lining the scale pocket surface (Whitear et al., 1980; Sire, 1989) and collagen fibrils of the cut dermal strips (Fig. 1c). The following descriptions will deal with the re-epithelialization and the differentiation of the epidermal cells with respect to both types of substrates. Our attention will furthermore focus on the origin of the epidermal cells which colonize the wound and regenerate the epidermis by studying their proliferation sites.



Re-Epithelialization as Seen by In vivo Methylene Blue Staining Fig. 1. Schematical drawings of longitudinal sections of the skin of Hemichromis bimaculatus. a: Normal. b: After scale removal. c: after trimming of the dermal strips (double arrows). The dotted line represents the migration pathway of the epidermal cells. DD ⫽ dense dermis; E ⫽ epidermis; ER ⫽ epidermal fragment remaining; LD ⫽ strip of loose dermis; S ⫽ scale; SP ⫽ scale-pocket; SPL ⫽ scale-pocket lining. Anterior is to the left.



nal sections 1 µm thick were stained with toluidine blue. Thin sections (⬃80 nm) were contrasted with alcoholic uranyl acetate and lead citrate and examined under a Philips 201 EM operating at 80 kV. Cell proliferation. Nine intervals of regeneration were chosen (see Experimental Procedure, above) and two specimens were used for each interval. Three hours before sacrifice, each specimen received 20 µci tritiated thymidine (i.e. 5 µci/g, specific activity: 4 ci/mM, Amersham) by injection in the region below the operated zone. As a control, two unoperated specimens were injected in the same manner. Skin samples were dissected, fixed, dehydrated and embedded in epon as described above. Serial semi-thin sections (2 µm thick) were mounted on slides, dried overnight, covered with Ilford K5 nuclear emulsion (30% in distilled water), exposed for 5 weeks at 4°C, developed in Kodak D19, dried overnight and stained with toluidine blue. The number of labelled and non-labelled cells was counted in the different layers of the epidermis in the unwounded specimens, during the re-epithelialization process after wounding, and during early and late epidermal differentiation after closure of the wound, and in the unwounded epidermis surrounding the margin of the



The application of methylene blue immediately after surgery stains the entire wounded surface blue (Fig. 2a). The trimmed dermal strips stain deeply whereas the surface of the SPL stains more lightly. The skin region surrounding the wound is unstained because of the presence of the epidermis. The blue surface is smaller 1.5 hr after surgery (Fig. 3b) than immediately after surgery (Fig. 3a); the epidermis has started to spread from the wound margins towards the centre. The outlines of the spreading epidermis are easily visible and clearly observable from 1.5 to 8 hr (Figs. 2b and 3b–f). During reepithelialization, the healing front shows regular undulating outlines due to the epidermis spreading faster on the SPL surface than on the collagenous strips delimiting the scale-pockets (Figs. 3b–f). The epidermal cover extends centripetally and the healing fronts progress at the same velocity from all the wound margins. The 1 cm2 wound surface is completely covered by the healing epidermis 9 hr after surgery. This represents a speed of re-epithelialization close to 500 µm/hr on average. Both the re-epithelialization pattern and the speed of healing have been found to be the same in all the specimens studied whatever their size (from 46 mm to 70 mm SL). Also, this speed was found to be similar throughout the process of re-epithelialization.



Structural and Ultra-Structural Observations Wounded region after surgery. SEM observations of the wound surface at low magnification reveal that the pattern of the scale-pockets is maintained even after removing of a large part of the dermal strips (Fig. 4). The surface of each scale-pocket is fairly smooth and homogeneous. Neighbouring scale-pockets are separated by undulating lines representing the cut collagen bundles of the
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Fig. 2. Left flank of Hemichromis bimaculatus after staining with methylene blue, immediately after (a) and 6 hr after (b) surgery. The marginal regions and the wound region covered by the epidermis (arrows) are not stained (white because unpigmented) whereas the wound region not yet covered by epithelium (the scale-pocket lining [SPL] and the dermal strips) is stained blue. Scale bar ⫽ 2.5 mm. Anterior is to the left.



Fig. 3. Schematical drawings of different steps of re-epithelialization at the wound surface as seen after methylene blue staining. Immediately after (a) (⫽0 hr), and 1.5 hr (b), 3 hr (c), 4.5 hr (d), 6 hr (e), and 8 hr (f) after scale and epidermis removal. In the wound region, the strips of loose dermis which delimit the borders of the scale-pockets appear diamond-shaped. The stippled zone represents the regions covered by the epidermis and the white one the part of the wound not yet covered by epidermis.



dermal strips. At a high magnification, the scale-pocket lining (SPL) surface is seen to be covered by a randomly disposed meshwork of fibrillar and granular matrix, and by cell debris and isolated blood cells. In contrast the exposed surface of the dermal strips is composed of a heterogeneous material which mainly consists of extremities of cut collagen fibrils and of a network of undamaged collagen fibrils and various cell debris (Fig. 5). Light microscopic observations show that the posterior region of the scales surrounding the wounded region is covered by epidermis three to four cell layers thick (Fig. 6). It presents a few intercellular spaces; specialized cells are rare in this region. The epidermis surrounds the posterior



region of the scales and covers their deep surface with two cell layers. Above the mid region of the scale the epidermis is thicker and shows several types of specialized cells, mainly mucous and sacciform cells. Cellular debris and blood cells are often observed on the wound surface, especially near the trimmed dermal strips (Fig. 7). The dense dermis is composed of numerous layers of collagen fibrils disposed in a lamellar structure. It constitutes a compact and thick barrier separating the deep tissues from the external environment (Figs. 6, 7). The dermal strips that are cut represent only a small superficial region of the dermis. As seen with TEM, the remains of the dermal strips are mainly composed of bundles of collagen
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fibrils, the extremities of which are cut across, with some thin, elongated fibroblasts and pigment cells in between (Fig. 8). The SPL cover is lacking at the surface of the dermal strips which, consequently, are directly exposed to the water. Elsewhere the dermis is separated from the external environment by the SPL. This is a bilayered sheet composed of flat, elongated cells attached to one another by desmosomes (Fig. 9). In both layers, the cells are rich in microfilaments, free ribosomes, and caveolae, but the deeper layer cells generally show a more electron-dense cytoplasm. They are separated from the subjacent dermis by a basement membrane to which they are firmly attached by numerous hemidesmosomes. The upper surface of the SPL is covered by a thin, heterogeneous, mainly fibrillar, layer of extracellular matrix (Fig. 9). This represents the remains of the basement membrane which separated the SPL cells from the scale-associated cells that were removed along with the scale.



Re-epithelialization. Three hours. SEM observations confirm and complete the data obtained using methylene blue staining. The epidermal cells cover the periphery of the wound surface. At a high magnification, the migration front shows an irregular outline (Fig. 10). On the SPL surface, the layer of the epidermis situated at the migration front is one cell thick (Fig. 10). These irregularly shaped, large, flat cells have a relatively smooth surface and extend numerous cytoplasmic projections which make contact with the fibrillar matrix at the SPL surface. One to two cells behind the leading margin, the epidermis is at least two cell layers thick. Here, the superficial cells are closely juxtaposed and show an irregular surface with some ornamentation (thin microridges without particular orientation and small tubercles). At the centre of the wound, the aspect of the uncovered surface has not changed. As seen on 1 µm-thick sections, behind the migration front, i.e., close to the wound margin, the healing epidermis is two to three cell layers thick (Fig. 11). The cells of the superficial layer bear a few microridges and some intercellular spaces are present among the intermediate layers below. Intercellular spaces have also increased among the unwounded epidermal layers located on the scale at the margins of the wound. At the migration front, the healing epidermis often shows artefacts probably due to fixation or sectioning procedures. This is more obvious when the cells are spread on the SPL surface, from which they appear detached artefactually, than on the cut dermal strips (Fig. 12). At the migration front and behind it, the healing epidermis is continuous, without vacuities between the cells, and is in contact with the substrate. In all the samples examined, the healing epidermis is thick and compact where it covers the collagen of the cut dermal strips. In contrast, it is thin, flat and shows intercellular spaces where it spreads on the SPL (compare Fig. 12 to Fig. 11). At the TEM level, 3 hr after injury, the SPL cells generally still look healthy and are covered with the basement membrane material (Fig. 13). The epidermal cells are spread without any obvious cytoplasmic extensions towards the substrate; their cytoplasm is particularly rich in bundles of microfilaments. These epidermal cells are interdigitated and linked to one another by short desmosomes. Necrotic cells, or cell debris, are frequently
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encountered among the epidermal layers, close to the migration front or at a short distance behind it. Electrondense ‘‘keratinized-like’’ cells are irregularly spread throughout the superficial layer of the healing epidermis (Fig. 13). In some regions of the wound surface recently covered by the epidermis, the SPL can be damaged: the upper layer is absent so that the epidermal basal layer cells are located on the deep SPL layer, the surface of which is covered by cell debris (Fig. 14). There, epidermal basal cells show an irregular deep surface. In other regions which are still not covered by the epidermis, either the cells of both layers of the SPL can show an electron-dense cytoplasm, or only the deep layer of the SPL is electron-dense, the upper layer cells being necrotic (Fig. 15). In these regions which have obviously suffered from exposure to water, an electron-dense, interfibrillar, fine, homogeneous substance is located in the upper region of the dermis close to the deep surface of the SPL. Such a substance is not seen in normal skin or in regions of the wound margin rapidly covered by the epidermis (e.g., Fig. 13). We call it ‘‘exudate.’’ However, whatever its cellular aspect, the upper surface of the SPL is always covered by a thin layer of extracellular matrix (Fig. 15). On the collagen bundles of the dermal strips, the basal epidermal cells contact a different substrate: either only collagen fibrils, or collagen fibrils covered with cell debris, and either patches or a homogeneous layer of of the fine granular, fibrillar exudate (Fig. 16). This exudate is always observed at the surface of the cut dermal strips. When the basal epidermal cells are spread only on the collagen fibrils, or on the cell debris, they show numerous cytoplasmic extensions (Fig. 16) which are lacking when the cells are located at the surface of the exudate. A layer of exudate 2 µm thick is also observed on the surface of the cut dermal strips in regions which are still not covered by the epidermis. At a distance from the leading edge, the healing epidermis is three to four cell layers thick and clearly organized into 1) a continuous basal layer composed of large, interdigitated, plump cells which are in close contact with the substrate, 2) two or more intermediate layers with cells of various shapes separated by large intercellular spaces, and 3) a superficial layer of flat, elongated cells with numerous microridges (Figs. 11, 12). Here also the organization of the healing epidermis at the SPL surface is different from that on the surface of the collagen fibrils of the dermal strips (Fig. 12). On the latter, the healing epidermis always looks more compact (there are only a few intercellular spaces) than on the SPL surface. Six hours. At this stage, SEM reveals an extended epidermal covering, the border of which shows an undulating outline at the wound surface that is still covered by a fibrillar matrix (Fig. 17). At the leading edge, the epidermal cells are either organized into a flat one-cell-thick layer, or into ridges. In the latter case, the cells are elongated, parallel to the migration front and disposed into three or four layers (Fig. 18). The spreading cells show cytoplasmic extensions, some of them establishing points of adhesion with the matrix at the wound surface (Fig. 18). Behind the leading edge, the superficial epidermal cells, either elongated or flat, bear numerous microridges forming a characteristic network (Fig. 19).
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Figs. 4–9. Left flank of Hemichromis bimaculatus observed immediately after experimental injury, using scanning electron (SEM) (Figs. 4, 5), light (LM) (Figs. 6, 7) and transmission electron (TEM) (Figs. 8, 9) microscopy. Anterior is to the left. Fig. 4. Margin of the wounded region. The scale-pockets (SP) are delimited by the cut collagen bundles of the dermal strips (LD). S ⫽ scale. Scale bar ⫽ 1 mm. Fig. 5. Bundles of collagen fibrils, cell debris, and some interfibrillar material constitute the heterogeneous surface of the dermal strips. Scale bar ⫽ 5 µm. Fig. 6. Longitudinal semi-thin section of the skin at the wound margin showing the posterior region of a scale (S) and an epidermal fragment



(ER) on the SPL surface. E ⫽ epidermis; LD ⫽ loose dermis. Scale bar ⫽ 50 µm. Fig. 7. Longitudinal semi-thin section of the skin at the wound centre showing the remaining tissues, i.e., the dense dermis (DD) covered by a thin cellular layer, the SPL, and collagen bundles of a trimmed dermal strip (LD). BC ⫽ blood cells; M ⫽ muscle. Scale bar ⫽ 25 µm. Fig. 8. Detail of a trimmed dermal strip. The SPL is interrupted and the collagen fibrils, some pigment cells and some fibroblasts (arrows) are directly exposed to the water. Scale bar ⫽ 3 µm. Fig. 9. Detail of the SPL at the surface of the dense dermis (DD). The bilayered sheet is covered by a thin matrix (arrow). Scale bar ⫽ 500 nm.



Sections of the skin 1 µm thick reveal some changes in the organization of the healing epidermis, both behind the migration front and at the wound margins, whereas the cells located at the migration front have conserved



the features described in the previous stage. Behind the leading edge, as well as in the epidermis covering the scales surrounding the wound margins, the obvious modification concerns the presence of large intercellular spaces
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among the cells of the intermediate layers (Figs. 20–22). These cells are generally elongated with numerous cytoplasmic extensions oriented in all directions. They can also be interdigitated, and short desmosomes link them to the adjacent cells. The epidermal basal layer cells are roughly rectangular, large and closely interdigitated; they form an uninterrupted layer on the surface of the substrate (Figs. 21, 22). The cells of the superficial layer are elongated and flat, bear numerous microridges, and are linked to one another by desmosomes: they constitute a thin, often electron-dense, uninterrupted layer. In the more central region of the wound, either recently covered by the healing epidermis, or yet not covered, the upper layers of the dermis show large interlamellar spaces, an organization that is probably related to exposure to the water (Fig. 21). In these regions, cells at the migration front are generally spreading on a heterogeneous substrate consisting either of cell debris and exudate covering a loose collagenous matrix, or of cells having a necrotic appearance (Fig. 23). These necrotic cells are probably cells of the healing epidermis that have suffered water exposure before to be protected by the superficial cells. This suggests that re-epithelialization of the wound is achieved by a ‘‘leap frog’’ mechanism. At the migration front, in contrast to the previous stage (e.g., Fig. 10), the superficial epidermal cells have microridges. From 9 hr to 48 hr. The healing epidermis has completely covered the wound region 9 hr after surgery. However, it is thin, and at a low magnification of the SEM, the limits of the scale-pockets are obvious below (Fig. 24 and compare to Fig. 4). The healing epidermis has approximately the same thickness throughout (four or five layers, ⬃10 µm) (Fig. 25). The three zones defined previously are distinguishable, i.e., a layer of juxtaposed, roughly cuboidal, epidermal basal cells that are in close contact with the substrate, two to three intermediate layers of elongated cells among which intercellular spaces are less prominent than previously described, and a superficial layer with microridges. The first type of specialized epidermal cells to be differentiated are mucous cells. The wound now being completely covered, SEM descriptions from 9 hr onwards will refer only to the organization and differentiation of the superficial cells of the healing epidermis until it reaches a normal aspect. Twelve hours after surgery, the migration fronts of the epidermal sheets have converged towards the wound centre where they have piled up, forming a fold (Fig. 26). These folds have irregular contours and the epidermal sheet coming from the anterior region of the wound obviously overlaps those from lateral or posterior regions. The superficial cells of the overlapping sheets have a more complex organization than those found below. Where the healing epidermis is covering the smooth SPL surface, the superficial cells are rather flat and roughly polygonal; in contrast, where it is located above the collagen bundles of the cut dermal strips, the cells are elongated and narrow, with their largest diametre parallel to the migration front (Fig. 27). Nevertheless, both types of superficial cells bear a more or less regular network of microridges. Eighteen hours after surgery, the folds resulting in the piling up of epidermal cells are still present but less prominent (Fig. 28). At this place, the superficial cells are still disorganized compared to other regions of the wound surface where the superficial cells are flat, as for example, over the cut dermal strips (Fig. 29). At this level, they show typical features of normal
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epidermal cells, i.e., a polygonal shape and microridges organized into a network (Fig. 30). Near the wound centre, semi-thin sections, 12 hr after surgery, do not reveal any noticeable change in the general organization of the healing epidermis. On the SPL surface, the 10 µm thick epidermis is composed of juxtaposed and cuboidal epidermal basal layer cells, intermediate layers in which intercellular spaces are reduced, and superficial cells showing well-formed microridges (Fig. 31). Mucous cells are more numerous than previously but other specialized cells, e.g., sacciform cells, were not seen. On the surface of sectioned collagen bundles the healing epidermis is thicker (⬃20 µm) and large intercellular spaces are still present among the intermediate layers. The dermal regions situated immediately below the cut dermal strips show large interlamellar spaces and numerous necrotic cells; in some areas, muscle cells had also been damaged. In the following stages, because the differentiation of the healing epidermis is different near the wound margins from that near the wound centre, we will describe the events occurring in these regions separately. Near the margins of the operated zone, 24 hr after surgery, the epidermis is still 10 µm thick but it is more compact than in the previous stage. The subjacent SPL and dense dermis are not damaged. One day later, new layers have been added to the intermediate zone and the epidermis is thicker (15 µm). The basal layer cells are large with an extensive cytoplasm, and numerous mucous cells are differentiated. At the ultrastructural level, 24 hr after surgery, the three epidermal zones are distinguishable, and two or three new layers have been added to the intermediate zone, that still presents a few intercellular spaces (Fig. 32). The large nucleus and the dense cytoplasmic content of the cuboidal basal layer cells are characteristic of well-differentiated, functional cells: there are numerous mitochondria, cisternae of the rough endoplasmic reticulum (RER), Golgi apparatus and numerous small vesicles, some of them fusing with the plasmalemma. The epidermal basal cells are largely interdigitated and they are linked by a few short desmosomes. The elongated intermediate layer cells are not interdigitated, but are linked by desmosomes. The superficial layer cells are elongated, linked by desmosomes and have microridges (Fig. 32). Forty-eight hours after surgery, the intercellular spaces have disappeared from the intermediate zone, in which the number of cell layers has increased. The cytoplasm of the basal layer cells shows an increase in RER cisternae, and it is rich in small vesicles, approximately 100 nm in diametre. This layer is always separated from the SPL surface by a space, of irregular thickness, containing materials of the extracellular matrix described previously. Here, the SPL cells are differentiating, and this process will lead to the regeneration of a new scale (Sire, 1989). Our description of the events occurring in the marginal region ends with this stage in which the epidermis has recovered its initial aspect with well-differentiated basal layer cells. From this stage onwards we ask the readers to refer to the paper by Sire et al. (1990). Near the wound centre, 24 hr after surgery, the healing epidermis is about 8 µm thick. It is composed of three layers only, and shows numerous intercellular spaces, especially where it is located at the surface of the cut collagen bundles of the dermal strips. Large interlamellar spaces occupy the loose dermis which has obviously suffered from exposure to water. Patches of exudate fill the interfibrillar spaces at the epidermal-dermal interface.
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Figures 10–16.
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Three days after surgery, the epidermis is thicker (⬃20 µm) and the three typical zones are well distinguished. The basal layer cells are rectangular and closely juxtaposed; the intermediate zone has 5 to 6 layers, in which most of the cells are elongated and separated by narrow intercellular spaces; the superficial layer cells are elongated and flat. Some of them are electron-dense. Also, some mucous cells are differentiated. The superficial collagen layers of the dermis still show wide interlamellar spaces. One day later, the epidermis still has the same thickness but the intercellular spaces are reduced, the basal layer cells have changed their shape from rectangular to cuboidal and their cytoplasm is denser than previously (Fig. 33). At the EM level, 24 hr after surgery, the central region of the wound has cell debris located at the epidermal-dermal interface. Macrophages are frequently present either among the epidermal layers or between the epidermis and the SPL surface. Electron-dense cells are often seen on the whole surface of the healing epidermis, but they are particularly numerous near the wound centre (Fig. 34). At the surface of the cut dermal strips, 48 hr after surgery, rectangular epidermal basal cells extend numerous cytoplasmic prolongations into the collagen matrix and the thin layer of exudate (Fig. 35). The cytoplasm of the basal layer cells is particularly rich in small vesicles, RER cisternae, and mitochondria, as described for the basal cells differentiated at the wound margins. Four days after surgery, the cytoplasm of the cuboidal basal layer cells and the number of organelles has slightly decreased (Fig. 36).



Figs. 10–16. Left flank of Hemichromis bimaculatus, 3 hr after surgery. SEM (Fig. 10), LM (Figs. 11, 12), TEM (Figs. 13 to 16). Anterior is to the left. Fig. 10. Leading edge of the healing epidermis (E) at the SPL surface. The cells which are in contact with the substrate are flat and have an irregular contour. They show cytoplasmic extensions (arrow) directed towards the substrate and the neighbouring cells. Scale bar ⫽ 2 µm. Fig. 11. Longitudinal semi-thin section of the skin at the wound periphery. At the scale (S) edge the epidermis is stretched and the epidermal fold (E) below is reduced in thickness. A thin (two layered) epidermis is spread on the SPL surface (arrows) and covers a trimmed dermal strip (LD). Scale bar ⫽ 100 µm. Fig. 12. Longitudinal semi-thin section of the skin in the posterior region of the wound showing the migration front of the epidermis at the SPL surface (arrow). Behind the leading edge, there are three cell layers separated by a few intercellular spaces. Note the more compact aspect of the epidermis when it covers the sectioned dermal strips (arrowhead). DD ⫽ dense dermis; LD ⫽ loose dermis. Scale bar ⫽ 25 µm. Fig. 13. Leading edge of the epidermis (E) at the SPL surface. The cells of the superficial layer are electron-dense (K). The SPL cells still appear to be healthy. DD ⫽ dense dermis. Scale bar ⫽ 5 µm. Fig. 14. The SPL lacks its upper cell layer and is separated from the epidermal cells (E) by cell debris (arrowheads). The deep cell layer of the SPL is not damaged. DD ⫽ dense dermis. Scale bar ⫽ 1 µm. Fig. 15. Within the scale pocket, the SPL cells (black arrows) have suffered the long water exposure also. The deep cell layer is electrondense and the upper one appears necrotic. Intercellular spaces are formed, but the cells are linked by desmosomes. An electron-dense interfibrillar substance (white arrow) is visible within the upper layers of the dermis (DD). Scale bar ⫽ 500 nm. Fig. 16. Basal epidermal cell (E) in contact with various components situated at the surface of a cut bundle of collagen (LD). These extracellular components are mainly cell debris and patches of a fine granular substance called exudate (Ex), which is penetrated by cytoplasmic extensions of the basal epidermal cells (arrow). Scale bar ⫽ 500 nm.
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We consider this stage as the final stage of differentiation of the epidermis in the central region of the wound. In this region, in contrast to what has been observed in the marginal regions, the SPL and the damaged subjacent dermis have not been completely restored. The events occurring in the dermis (in relation to the differentiation of the epidermis) leading to the restoration of the dermal strips and to scale regeneration will be described in a separate paper.



Epidermal Cell Proliferation Our experimental conditions were such that cell proliferation was monitored during the last 3 hr for all the stages of wound healing studied. The results are summarized in Table 1. In the two unwounded control fish, serial sectioning of the skin sample did not reveal any tritiated thymidine incorporation in the different strata of the epidermis during the 3 hr of monitoring. During the first 9 hr following surgery, the entire healing epidermis showed no labelling, not even in the marginal regions in which the epidermis was seen to become reorganized from 6 hr onwards. However, labelled nuclei were clearly observed in the epidermis covering the scales which surround the wound (Fig. 37). Here, labelled cells are always located in the intermediate layers, in regions showing large intercellular spaces. The number of labelled cells found in these marginal regions has been found significantly different from the control unwounded epidermis (P ⬍ 0.0001). From 9 hr after surgery onwards, the first labelled nuclei were observed in the healing epidermis. The incorporation of tritiated thymidine concerned only those cells located in the intermediate zone of the epidermis and without preferential distribution. This was observed in stages 12 hr and 24 hr. Forty-eight hours after surgery, the number of labelled cells had increased in the healing epidermis compared to the previous stage and in the mesenchyme below (Fig. 38) as confirmed by the statistical test (P ⬍ 0.0001). In the epidermis, the labelled nuclei were mainly in the intermediate layers, the number of labelled cells in this region being significantly different from the number of labelled cells in the basal or in the superficial epidermal layer (P ⫽ 0.0001 and P ⫽ 0.0005 respectively). Some labelled cells are sometimes visible in the superficial layer and in the basal layer without significative difference between these two regions (P ⫽ 0.559). Four days after surgery, when the epidermis is reorganized and only few intercellular spaces remain, the tritiated thymidine is localized mainly in the intermediate layers. From 4 days onwards, the number of labelled cells decreased in the healing epidermis (number of labelled cells statistically different from the stage before [P ⫽ 0.0003]) but they are still mainly located in the intermediate layers.



DISCUSSION A detailed description of the re-epithelialization of teleost skin after causing a large superficial wound is reported here for the first time. It offers new data on 1) the dynamics of re-epithelialization and 2) the resistance of the fish skin to such wounds and to osmotic shock. Of most interest for us, this study answers the question of the origin and differentiation of the epidermal basal layer cells



Figs. 17–23. Left flank of Hemichromis bimaculatus, 6 hr after surgery. SEM (Figs. 17 to 19), LM (Figs. 20, 21), TEM (Figs. 22, 23). Anterior is to the left. Fig. 17. Leading edge of the healing epidermis (E). Some flat cells (arrow) are spread on the subtratum whereas other cells constitute ridges (R) (see detail in Figure 18). Scale bar ⫽ 1 mm. Fig. 18. High magnification of an epidermal ridge at the migrating front. These cells are elongated, parallel to the migration front, and devoid of microridges. Some cytoplasmic extensions are in contact with the subtratum. A fibrillar, heterogenous matrix is seen at the SPL surface. Scale bar ⫽ 5 µm. Fig. 19. Elongated epidermal cells with microridges and tubercules behind the migration front extended parallel to the migrating front. Scale bar ⫽ 25 µm. Fig. 20. Longitudinal semi-thin section of the skin at the wound margin. The epidermis surrounding the scale (S) surface is three cells thick and shows numerous, large intercellular spaces located within the intermediate layer. Scale bar ⫽ 2 µm. Fig. 21. Longitudinal semi-thin section of the wound region behind the



migration front. The epidermis (E) is three or four cell layers thick. It shows large intercellular spaces among the intermediate layers, where the cells are mostly elongated. The epidermal basal layer cells are rectangular and closely joined (see detail in Figure 22). The dense dermis (DD) shows large interlamellar spaces probably due to the long exposure to the water. Scale bar ⫽ 25 µm. Fig. 22. Detail of the healing epidermis as seen in Figure 21. The superficial are flat, elongated, closely adjoined to one another and bear microridges. The intermediate layer is occupied by elongated cells separated by intercellular spaces and showing numerous cytoplasmic extensions in contact with the neighbouring cells. The basal layer cells are rectangular, interdigitated and have extensive cytoplasm containing numerous organelles. Scale bar ⫽ 1 µm. Fig. 23. Leading edge of the epidermis (E) at the cut surface of a dermal strip (LD). The superficial cells show numerous microridges and are located on a substrate mainly composed of necrotic cells and various debris. Scale bar ⫽ 3 µm.
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Figs. 24–31. Left flank of Hemichromis bimaculatus, from 9 to 48 hr after surgery. SEM (Figs. 24, 26 to 30), LM (Figs. 25, 31). Anterior is to the left. Fig. 24. General view of the wound, 9 hr. The whole surface is covered by a thin epidermis, but the pattern of the scale-pockets is still visible below. Scale bar ⫽ 1 mm. Fig. 25. Longitudinal semi-thin section of the skin through the central region of the wound, 9 hr. The healing epidermis (E) is thicker than in the previous stages but its organization is similar. Mucous cells are differentiated (arrow). A muscle cell (M) is damaged but most of the dense dermis (DD) looks healthy. Scale bar ⫽ 25 µm. Fig. 26. The overlapping epidermal sheet is composed of irregularly shaped cells. Scale bar ⫽ 50 µm. Fig. 27. Superficial epidermal cells at the surface of a cut dermal strip, 12 hr. These have microridges and are elongated parallel to the leading edge. Scale bar ⫽ 10 µm.



Fig. 28. Central region of the wound, 18 hr. The pile of epidermal cells is attenuated, and the superficial cells appear to be better organized than before. Scale bar ⫽ 25 µm. Fig. 29. At a distance from the wound centre, 18 hr. The superficial cells of the healing epidermis are polygonal and resemble normal epidermal cells (compare to Fig. 30). Scale bar ⫽ 10 µm. Fig. 30. Unwounded epidermis, typical organization of the superficial cells. They are polygonal, juxtaposed cells with regular, microridges. Scale bar ⫽ 10 µm. Fig. 31. Longitudinal, semi-thin section of the skin through the central region of the wound, 12 hr. Where the healing epidermis is located at the surface of the SPL, the intercellular spaces among the intermediate layers are reduced and some differentiated mucous cells are visible (arrows). Scale bar ⫽ 25 µm.



that will interact with some dermal cells to regenerate scales.



irrespective of size either of the specimen or of the surface to be covered. This suggests that re-epithelialization may not be influenced by the age of the animal, or by the size, either of the wound, and that it probably follows a standard procedure. However, this hypothesis has to be confirmed by a larger sample. Moreover, the epidermal closure of the wound surface occurs at the same speed along all the margins of the operated zone, the final closure of the wound being always at its centre. This indicates that the speed of progression of the epidermis does not depend on



Speed of Re-Epithelialization A quick closure of the wound by an epidermal cover is essential for an organism surrounded by an osmotically different medium, to avoid irreversible damage (Roubal and Bullock, 1987). In our cichlid teleostean model, Hemichromis bimaculatus, kept at 25°C, the speed of reepithelialization is approximately the same (500 µm/hr)
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Figures 32–38.
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EPIDERMAL DIFFERENTIATION AFTER WOUNDING



TABLE 1. Counts of labelled (L) and non-labelled (NL) cells in the different layers of the epidermis in control and experimental specimens following injection of tritiated thymidine, 3 hr before sacrifice Experimental specimens Epidermal layers Superficial Intermediate Basal



Healing epidermis



Unwounded specimens (controls)



0 hr to 9 hr



9 hr to 4 days



4 days to 7 days



L: 0 NL: 120 L: 0 NL: 114 L: 0 NL: 90



L: 0 NL: 111 L: 0 NL: 133 L: 0 NL: 60



L: 6 NL: 75 L: 39 NL: 126 L: 1 NL: 121



L: 8 NL: 52 L: 13 NL: 101 L: 0 NL: 111



the direction of migration on the body surface (anteroposterior or dorso-ventral, or the reverse) and that it is not influenced by swimming. Published data on such wounds are not available for other teleost species but the speed of re-epithelialization in amphibians for similar wounds can vary from 60 to 600 µm/hr (Repesh and Oberpriller, 1980; Vanable, 1989). This large range results from studies testing the influence of various factors on the re-epithelialization process, mainly temperature, which importantly affects the velocity of re-epithelialization. This has been reported during in vitro healing of tadpole tailfin at different temperatures (Derby, 1978). The speed of reepithelialization increases with temperature. When the temperature is too low, there is no healing (Repesh and Oberpriller, 1980). In teleost, wound healing after small



Figs. 32–36. Left flank of Hemichromis bimaculatus, from 24 hr to 4 days after surgery. TEM (Figs. 32, 34 to 36), LM (Fig. 33). Anterior is to the left. Fig. 32. Twenty four hours. At the SPL surface, the regenerating epidermis is organized into three distinct zones: the basal layer with large, interdigitated, rectangular cells, the intermediate zone with intercellular spaces surrounding elongated cells with cytoplasmic extensions, and the superficial with microridges cell layer. Scale bar ⫽ 3 µm. Inset: Detail of the cytoplasm of a basal layer cell showing small vesicles (arrows). Scale bar ⫽ 1 µm. Fig. 33. Four days. In the region facing the regenerating strips of loose dermis (LD), the basal layer cells have acquired a cuboidal shape and have a dense cytoplasm, (see details in Figure 36). Note the increase in fibroblast number within the dermis. Scale bar ⫽ 25 µm. Fig. 34. Twenty-four hours. The healing epidermis is often covered by electron-dense and elongated cells (K). Macrophages (Ma) are frequently observed in the epidermal-dermal space. Scale bar ⫽ 2 µm. Fig. 35. Forty-eight hours. At the surface of a dermal strip, epidermal basal layer cells send cytoplasmic extensions (arrows) into the collagen matrix. Numerous small vesicles, RER cisternae and mitochondria characterize the cytoplasm of functional cells. Scale bar ⫽ 1 µm. Fig. 36. Four days. The epidermal cells facing a regenerating dermal strip are cuboidal and interdigitated, with some intercellular spaces. Their cytoplasm is rich in small vesicles and mitochondria. Scale bar ⫽ 2 µm. Figs. 37, 38. Autoradiographs, 2-µm-thick longitudinal sections. Incorporation of tritiated thymidine during the last 3 hr of different stages of wound healing in the skin of Hemichromis bimaculatus. Fig. 37. Three hours. Two labelled cells (arrows) are localized in the epidermis (E) covering a scale (S) at the wound margin. Scale bar ⫽ 25 µm. Fig. 38. Forty-eight hours. Numerous labelled cells (white arrows) are clearly visible in the intermediate and superficial layers of the epidermis (E). Note that tritiated thymidine has not been incorporated into the epidermal basal cells. Labelled cells are prominent in the mesenchyme below the epidermis (arrowheads). Scale bar ⫽ 25 µm.



Wound margins (0 hr to 9 hr)



L: 14 NL: 146



skin incisions occurs even at low temperatures, but its speed was also related to the temperature, whatever the range of temperature in the species’ natural habitat (Anderson and Roberts, 1975). During skin wound healing in mammals, the epidermal cells have to move beneath an exudate forming the scab to avoid drying out, and consequently the re-epithelialization process is slow (7 to 20 µm/hr, Vanable, 1989). In actinopterygians, as in amphibians, the aquatic environment no doubt facilitates the epidermal migration over the wound because of the presence of a more appropriate moist substrate (Mittal et al., 1978). This hypothesis is supported by the fact that migration of the epidermis is faster in mammals in moist environment (cornea, gingiva, trachea; Ubels et al., 1982; Keenan et al., 1983; Wunsh and Ide, 1992). The highest rates of re-epithelialization are found in wounds that are not allowed to dry, as it is always the case in teleosts and in most amphibians (especially tadpoles) because of their aquatic environment. In mammals, this can happen only after the wound has been covered by a scab (Krawczyk, 1971). This observation has been related to the role of electric fields in wound healing, which could be favoured in a moist environment (Vanable, 1989). In H. bimaculatus, the epidermal cells located along the margins of the wound are ‘‘stimulated’’ immediately or shortly after scales and epidermis have been removed. An instantaneous response of the epidermis after limb amputation has been reported by Repesh and Oberpriller (1980) in amphibians, but not in mammals, in which the epidermal response occurs later. Wounding probably provides a stimulus for the epidermal cells to start migrating on a uncovered surface, and this instability could act as a stimulating factor as already proposed by Bereiter-Hahn (1986). The need for epidermal continuity is demonstrated by the fact that migration stops only when the migrating fronts come into contact with each other. In H. bimaculatus, however, epidermal cells pile up after the complete closure of the wound to form an epidermal fold. Such a fold was also described by Udoh and Derby (1982) in amphibian wound healing, and by Stanistreet et al. (1980) in chicken embryos. This suggests that contact inhibition does not occur immediately. The reason for this delay is not known but it could be related to the establishment of cell-cell contacts within the epidermal layers. In H. bimaculatus, the epidermal fold persists for at least 18 hr (as seen with the SEM) but there are no data on this persistance in the other vertebrates studied so far.
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Dynamics of Re-Epithelialization Our combined observations using LM, SEM and TEM have allowed us to interprete the dynamics of re-epithelialization in teleost (Fig. 39). The presence of two types of substrate at the wound surface (basement membrane material at the surface of the scale-pocket lining [SPL] and collagen fibrils of the cut dermal strips) does not result in two types distinct of migratory behaviour but only in slight differences that we will discuss below. We have chosen to illustrate the general phenomenon as it occurs on the SPL surface which represents the largest area to be covered by the healing epidermis, and which is the normal situation when a scale is lost. As soon as the wound is made and epidermal continuity is broken, epidermal cells are activated at the wound margins. The cells that initiate migration belong to the intermediate layers. The basal and the superficial layer cells remain in position. This creates space through which cells from other regions can migrate towards the wound. This is in contradiction with the statement that the basal layer cells detach from the basement membrane after skin wounding in Rita rita (Bagridae: Teleostei) (Mittal and Munshi, 1974). In H. bimaculatus, the sequence of events takes place as follows: the activated epidermal cells from the intermediate layers spread on the substrate and attach to it as a thin one-cell thick uninterrupted sheet (the wound surface covered by a spreading cell can be extensive or narrow depending on the type of substrate); at the same time, other cells from the intermediate layer migrate over the first layer of cells, which then differentiate into basal cells. The migrating cells arriving at the front in turn spread on the substrate, whereas the cells immediately behind them differentiate into superficial protective cells, and so on (Fig. 39). A few cells behind the advancing margin, the healing epidermis is clearly composed of the three typical layers: a simple layer of differentiated basal cells, a simple layer of differentiated superficial cells with microridges and, in between, an intermediate layer, characterized by the presence of intercellular spaces and composed of one or several layers of undifferentiated cells which are migrating towards the leading edge. These cells migrate under the protection of the superficial cells and slide and roll on top of the basal cells, which become cuboidal and juxtaposed. After complete closure of the wound, the intercellular spaces are reduced from the centre of the wound to the margins, and the epidermis thickens and differentiates. In the three layers of the epidermis, the cells are always linked to one another by a few desmosomes, even those cells that are migrating. This was also observed by Kurokawa et al. (1993) after skin incision in the flounder, a teleost. The differentiation of the epidermal cells in H. bimaculatus first takes place in the superficial layer (as seen by the presence of microridge ornamentation) and subsequently in the basal layer in which the cells become cuboidal and enrich their cytoplasm with organelles. The cuboidal shape implies that once spread and attached onto the substrate, these cells can not participate in the colonization of the wound surface anymore. It is noteworthy that the differentiation of these basal layer cells is not dependent on wound closure, because they differentiate at the wound margins 3 hr after surgery, long before the migrating fronts come in contact with each other at the wound centre. Thus, it appears that, in our experimental conditions (large wounds), the differentiation phase begins earlier than



Fig. 39. Schematical interpretation of the dynamics of the cell migration at the leading edge of the epidermis. a: Cell A has spread on the substrate (SPL) and shows cytoplasmic extensions. Cell B belongs to the intermediate layer and is migrating on the basal layer cell. It has an elongated profile and many extensions. Cell C belongs to the superficial layer and bears numerous microridges. b: Cell A now belongs to the basal layer. It stops spreading, attaches to the substrate and changes its shape to become rectangular. In turn, cell B reaches the substrate surface and acquires the features previously characterizing cell A. Cell D belongs to the intermediate layer and is migrating between cell C and cell B. c: The basal cell A acquires a cuboidal shape behind the migration front. Cell B now belongs to the basal layer. It is attached to the substrate and will differentiate. Cell D has differentiated into a superficial cell and soon acquires microridges. Cells from the intermediate layers are migrating between the superficial and basal layers, by rolling and sliding. Anterior is to the left.



observed in small wounds, such as skin incision, where it starts only after complete wound closure (Iger and Abraham, 1989) but this could be related to the size of the wound only. In contrast with what occurs in the wound margins at the center of the wound, the differentiation of the basal layer cells is clearly delayed. This late differentiation is obviously related to the late covering of the central region which ends 9 hr after wounding. Moreover, this delay is probably increased because of the absence of a minimum of three cell layers at the wound centre. This has also been observed in vitro where it appeared that the basal layer cells start their differentiation only when they are covered by at least two layers of epidermal cells, including the superficial one (Koumans and Sire, 1996).
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The sequence of events described above in H. bimaculatus is roughly similar to what is known in tetrapods, and this could be related to the similarity of the general organization of the skin in vertebrates (review in BereiterHahn, 1986). Indeed, the type of ‘‘locomotion’’ involved in the re-epithelialization of the wound in H. bimaculatus is close to what has been called the ‘‘leap frog’’ mechanism in epidermal blisters in mice (Krawczyk, 1971) and in amphibians (Repesh and Oberpriller, 1980). However, this mechanism is not the only one observed in amphibians or mammals, and the concept was criticized by Mahan and Donaldson (1986), who worked on amphibians. According to these authors, each cell during re-epithelialization is actively engaged in locomotion. Even in mammals, the dynamics of epidermal cell migration remains uncertain (Vanable, 1989). In H. bimaculatus, our TEM observations of the epidermal cells located at the migration front reveal the presence of numerous microfilaments. Such microfilaments could be contractile proteins involved in cell migration, as found in the cells of other teleosts (Bereiter-Hahn et al., 1979), but they may also be cytokeratins, important in stabilizing cell adhesion and cell shape (Radice, 1980a). The latter hypothesis is supported in this study by morphological observations which indicate that the basal layer cells adhere firmly to the substrate. In the newt, cells located at the migration front possess cytoplasmic extensions which have been assigned different roles: the long ones may be sensory appendages (Mahan and Donaldson, 1986), and the short ones could have a mechanical role in the advancement of the epidermal sheet, as suggested by Bereiter-Hahn (1986). Our data definitely show that only cells from the intermediate layers are engaged in locomotion, and not the basal layer cells, the cytoplasmic prolongations of which are consequently involved in a role other than active locomotion.



Re-Epithelialization and Substrate Methylene blue staining has clearly shown that epidermal cell migration is slightly delayed when cells spread on the collagen surface as compared to the SPL surface. A comparison of the cells covering both substrates, at the EM level, explains the delay observed. At the SPL surface, the epidermal cells spread out considerably, as seen by their elongated, flat shape and they attach only weakly to the substrate (this could explain why the healing epidermis detaches artefactually from this region). The matrix located at the SPL surface is composed of materials remaining from the basement membrane which separated the scale-associated cells from the SPL. This is undoubtedly a highly favourable substrate because it is well known that basement membrane components favour cell spreading (Paulsson, 1992; Donaldson et al., 1994). Various extracellular proteins could encourage migration of the epidermal cells on the wound surface. One of the most important is fibronectin (FN), which facilitates spreading and linking of the epidermal cells in amphibians (Donaldson and Mahan, 1983) and mammals (Grinnel et al., 1981; Clark et al., 1982) and which has also been found in teleosts (Sire et al., 1990; Kurokawa et al., 1993). In our experimental conditions, using antibodies raised against mammalian FN we have obtained the same results as reported in our previous paper dealing with FN immunodetection during scale regeneration process (Sire et al., 1990). After scale removal, FN is located at the surface of the scale pocket lining but it is not detected (damaged or lost) in areas
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exposed to the exterior water for more than 1 hr (i.e., most of the wound surface). After closure of the wound, FN is detected in the epidermal-dermal interface 24/48 hr after wounding. This suggests that FN is not involved in the re-epithelialisation but could play a role during scale regeneration process. Collagen type IV, which is considered an excellent substrate (Paulsson, 1992; Donaldson et al., 1994), could also be present at the SPL surface (remains of basement membrane matrix) in H. bimaculatus, but tetrapod antibodies were not able to detect this protein (Sire, pers. obs.). Other proteins or glycoproteins have been reported to be involved in cell migration (Wight et al., 1992; Aumailley and Krieg, 1994). The SPL surface, by favouring a wide spreading of the epidermal cells, allows a rapid covering of the wound surface. In contrast, the surface of the cut collagen bundles represents a less favourable substrate. Indeed, TEM observations suggest that the migrating epidermal cells attach rapidly and firmly to the collagen network. They are not able to spread over a large surface probably because of the heterogenous substrate they encounter on these fibrils. This, along with the differences in the area covered by cell spreading, can explain the difference observed between these regions. More towards the wound center, the epidermal basal cells spread on the exudate. This substance allows the cells to spread as much as those spreading on the SPL surface. The properties of the exudate in favouring cell spreading have already been reported by Mittal et al. (1978). Skin damage and defense reactions. Despite a rapid covering of the wound by the epidermis, the dermal surface (SPL and collagen bundles of the loose dermis) are submitted for a few hours (9 hr in the centre of the wound in our experimental conditions) to an osmotic shock and other external aggressions (pathogens). Our results clearly show that the subepidermal tissues are able to survive or to resist this long exposure to the external environment. Two main types of defense reactions can be defined. They concern the SPL and the dermis. The SPL cells can resist the osmotic shock for at least 3 hr without any damage, as checked with the TEM. The first SPL cell ‘‘reaction’’ is only detected 3 hr after wounding, in regions which are not covered by the healing epidermis. This reaction consists of a process resembling keratinization or apoptosis, i.e., the cytoplasm becomes enriched with filaments and becomes electron-dense. These electron-dense cells are a good protection for the subepidermal tissues. This has been observed in various actinopterygian species by Whitear et al. (1980). Increased filamentdensity may allow the cells to resist a few hours of exposure until the epidermis covers the SPL to ensure a definitive protection. When this happens, the SPL cells can recover from the shock and undertake differentiation. Nevertheless, this defense is not sufficient in the centre of the wound where the SPL cells are destroyed, and the upper layers of the dermis are exposed to the external environment. At this time a second means of protection becomes active. The dermis shows two types of reactions according to the extent of the aggression, i.e., below the SPL where it is not directly exposed, or in the cut dermal strips where it is directly exposed to the osmotic shock. The upper layers of the dermis located under the protection of the SPL in a region exposed to the external water accumulate an electron-dense substance which is not found in other regions.
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The production of this substance (by the SPL cells or by the fibroblasts) is likely a consequence of stress, and the substance could play a protective role, particularly in regions where the SPL cells are destroyed. The cut dermal strips are not protected by SPL cells and immediately suffer from the penetration of water, provoking osmotic shock and death of numerous dermal cells. Nevertheless, these tissues react by rapidly producing an homogeneous, fine granular substance, called exudate, the role of which is to fill the gaps provoked by the wound and to prevent water from entering the tissues. This exudate accumulates particularly at the surface of the collagen bundles that form plugs at the openings of the scale-pockets. The exudate proves to be a good substrate for epidermal spreading. This substance apparently has the property to form a gel in the presence of water, and it is probably emitted from the wounded tissues. This phenomenon is similar to that described after a teleost skin incision by Mittal et al. (1978). Another important protective factor of teleost skin is mucus because it contains antibodies against bacterial antigens and proteolytic enzymes (Mittal and Munshi, 1974; Iger and Abraham, 1989), and it may protect the skin from osmotic shock. Mucus was not seen at the skin surface of our material, but this is a consequence of the process of preparation. Indeed, mucus from the regions surrounding the wound can cover this area; moreover mucous cells are the first specialized cells to differentiate in H. bimaculatus, 9 hr after wounding. As soon as the wound is provoked and during the re-epithelialization, numerous cells (epidermal, dermal, SPL) die, and much cell debris covers the wound surface. A phagocytic capability of epidermal cells has been reported in teleosts: Gasterosteus aculeatus (Phromsuthirak, 1977) and Paralychthys (Kurokawa et al., 1993), in amphibians (Repesh and Oberpriller, 1980) and in mammals (Kracwczyk, 1971). In H. bimaculatus, we have not observed such an activity of the epidermal cells, but, as early as 24 hr after wounding, numerous macrophages were invading the cut dermal strips and the space between the epidermis and the SPL surface.



Proliferation of the Epidermal Cells During Re-Epithelialization The results of tritiated thymidine incorporation clearly show that: 1) For the same duration of incorporation (3 hr), proliferation is more frequent in the epidermis of the operated individuals than of the controls. Consequently, the mitoses observed in the epidermis in the operated specimens are the result of the surgery. Wunsh and Ide (1992) have observed a similar relationship between healing and increase of cell division in the amphibian retina. 2) There is no proliferation in the healing epidermis until after complete closure of the wound. The lack of mitotic cells has also been observed in wound epithelium after amputation of the pectoral fin in Salaria pavo (Misof and Wagner, 1992) and after incision of the skin of Rita rita (Mittal and Munshi, 1974). Thus, re-epithelialization of the whole wound surface is only achieved by recruitment of pre-existing cells from regions surrounding the wound, which spread and migrate over the substrate. This is in accordance with the observation that, at this place, the



epidermis flattens while intercellular spaces are created between the intermediate layers. 3) From the time of wounding until the wound is completely covered (9 hr), the epidermal cells covering the scales located at the margins of the wound surface proliferate. Such an observation, that proliferation takes place far from the leading edge of the migrating epithelium, was already reported after the incision of rabbit hairless skin (Odland, 1977). The existing epidermal cell population in these regions is not sufficient, considering the surface to be covered and proliferation is necessary to supply the cell deficit. At the time of wounding cell motility is probably increased in these regions and it is known that high cell motility can enhance proliferation rate as shown by Lee et al. (1995). 4) Cell proliferation is mainly located in the intermediate layers, either in the unwounded epidermis or in the healing epidermis, after complete wound covering. The basal layer cells do not divide (at least during a period of 3 hr following thymidine injection). This is not surprising because these cells are attached to the substrate and differentiate early. This suggests that their turnover is low and that they are replaced by cells from the intermediate layer migrating downwards. Similar observations were reported in the basal layer of the apical epidermal ridge during pelvic fin bud development of the trout (Ge´raudie, 1980) and in the differentiated chicken wing ridge (Camosso et al., 1960). The labelling found in the superficial epidermal layer indicates an important turnover of these protective cells which is probably supplied by proliferation, then differentiation of the intermediate layer cells into superficial cells (Fig. 39). 5) After complete wound closure, cell proliferation within the healing epidermis increases until 4 days after surgery and then decreases. This indicates that once the healing epidermis covers the wound proliferation is necessary to restructure the tissue, which involves an increase of the cell layers in the intermediate region. This restoration is completed approximately 6 days after wounding.
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