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Abstract

The fins of some teleost fishes, like many urodele amphibian limbs, have the ability to
regenerate after injury. This regeneration process occurs in a sequential manner beginning
with the closure of the wound by epithelial cells and followed by the establishmeni of a
region of undifferentiated prolifcrating mesenchymal cells callcd the blastema. The
cascade of events that results in the reestablishment of the siructures lost to injury likely
involves cell migration, proliferation and differentiation. To examine the pattern of cell
proliferation iaking place in the difierent tissues during the regeneration process of
zebrafish (Danio rerio) caudal fins, [ followed the pattern of incorporation of
bromodeoxyuridine (BrdU) in the DNA of proliferating cells at various times after
amputation. Before amputation, the fin mesenchyme in adult fish was seen as a compact
tissue that did not proliferate. The epidermis, on the other hand, showed basal levels of
cell division suggesting an ongoing process of growth and cell replacement. After fin
amputation, epithelial cells migrated to cover the wound and to form the wound epidermis
which did not show any signs of proliferation at any time of the regeneration process.
However, the establishment of the wound epidermis was followed by an increase in the
proliferating rate of the epidermal cells lateral to the wound epidermis. Starting 48 h after
BrdU injections, labeled epidermal cells were found in the epidermal cap suggesting cell
migration of proximal epidermal cells to this region. Mesenchymal cells from the most
distal area of the stump started to incorporate BrdU 24 hours after amputation reaching a
maximum rate of proliferation once the blastema was well consolidated.

Growing evidence suggests that key molecules involved in signaling pathways leading to
limb bud development are also acting during fin bud development. Some of these signals
are members of the fibroblast growth factor (Fgf) gene family which locally regulate
growth and patterning in vertebrate embryos and during limb regeneration. I sequenced a
cDNA clone encoding for the zebrafish FGF8 protein and analyzed its pattern of
expression during zebrafish embryonic development and during fin regeneration. The
zebrafish Fgf8 cDNA sequence was 1958 base pairs long and contained an open reading
frame which encodes a 233 amino acid protein. The predicted protein presented high
sequence homology with FGF8 factors from other species. Genomic mapping analysis
located the zebrafish Fgf8 gene close to the centromere of chromosome XIII, in the
vicinity of the Pax2 gene. This mapping revealed a synthenic region between human and
zebrafish genomes. During embryogenesis, Fgf8 expression analyzed by whole mount in
situ hybridization was observed in a number of signaling centres including the germ ring
at gastrula stage, the tail bud, midbrain-hindbrain junction, developing somites and in the
pseudo apical ectodermal ridge of the pectoral and pelvic fin bud. This pattern of
expression, resembling that in chicken and mouse, suggests the conservation of the
function of Fgf8 during embryonic development in vertebrates. During fin regeneration,
Fgf8 expression was shown to be activated at the onset of blastema formation. Transcripts
were found in the distal part of the blastema where high levels of BrdU incorporation
were observed suggesting that FGF8 may be playing a role in maintaining blastema cells
in an undifferentiated and proliferating state during fin regeneration.



proximité du géne Pax2. Cette cartographie a permis de révéler une région
de synthénie entre les génomes humain et du danio. Au cours de
'embryogengse, Il'expression de Fgf8, analysée par la technique
d'hybridation in situ in toto, est détectée dans plusieurs centres de
signalisation dont la ceinture germinale au cours de la gastrulation, puis
dans le bourgeon de la qucue, la jonction entre le cerveau intermédiaire et
le rhombencéphale, les somites et la créte apicale ectodermique des
bourgeons des nageoires pectorales et des nageoires pelviennes au cours du
développement larvaire. Ce profil d'expression, ressemblant a celui
observé chez le poulet et la souris, suggére la conservation de la fonction de
Fgf8 au cours du développement des vertébrés. Au cours de la
régénération des nageoires, l'expression de Fgf8 est activée au moment de
la formation du blastéme. Les transcrits se situent dans la partie distale du
blasttme présentant un fort taux d'incorporation de BrdU; ceci suggérant
que FGF8 pourrait jouer un réle dans le maintien des cellules du blastéme
dans un état non différencié et prolifératif au cours de la régénération.



Résumé

Les nageoires d'un certain nombre de poissons Téléostéens, comme les
membres de plusieurs Urodeéles, ont la capacité de régénérer apres
amputation. Le processus de régénération se passe de fagon séguencielle
débutant par la cicatrisation ds= la biessure par les cellules épithéliales,
suivie par l'établissement d'une région composée de cellules
mésenchymateuses non différenciées et hautement prolifératives, appelée
le blasteme. Les cellules du blasttme se différencient ensuite, pour rétablir
les structures manquantes de la nageoire. Afin d'examiner le profil de
prolifération cellulaire dans les différents tissus au cours de la régénération
de la nageoire caudale du Danio rerio, j'ai suivi le profil d'incorporation de
la bromodeoxyuridine (BrdU) dans I'ADN des cellules en cours de
prolifération a différents stades aprés amputation. Avant amputation, le
mésenchyme des nageoires de poissons adultes est un tissu compact qui ne
prolifére pas. En revanche, l'épiderme présente un niveau basal de
divisions cellulaires qui suggere un processus constant de croissance et de
remplacement cellulaire.  Aprés amputation de la nageoire, les cellules
épithéliales migrent pour recouvrir la blessure et former I'épiderme de
cicatrisation qui ne présente pas de signe de prolifération a aucun moment
de la régénération. Cependant, la formation de I'épiderme de cicatrisation
est suivi par une augmentation du taux de prolifération des cellules de
I'épiderme latérales a I'épiderme de cicatrisation. A partir de 48 h aprés
injection de la BrdU, des cellules épidermales marquées a la BrdU sont
observées dans la coiffe apicale épidermique suggérant la migration de
cellules épidermiques provenant de régions proximales vers cette région
distale. Les cellules mésenchymateuses de la zone la plus distale du
moignon commencent A incorporer la BrdU seulement 24 h apreés
amputation, et atteignent un taux maximal de prolifération une fois que le
blastéme est bien établi.

Un nombre croissant de données suggére que les molécules clés impliquées
dans les cascades de signalisation conduisant 2 la croissance du bourgeon
de membre fonctionnent aussi lors de la croissance du bourgeon de la
nageoire pectorale. Quelques uns de ces signaux sont des membres de la
famille multigeénique des “fibroblast growth factors” (Fgf) qui régulent
localement la croissance et l'établissement du patron des embryons de
vertébrés et des membres en cours de régénération. Jai séquencé un clone
d'ADNc codant pour la protéine FGF8 du danio et analysé le profil
d'expression de ce géne au cours du développement embryonnaire du
danio et de la régénération des nageoires. La séquence de I'ADNc de Fgf8
du danio est de 1958 paires de bases et contient une phase ouverte de
lecture codant pour une protéine de 233 acides aminés. La protéine
prédite présente un fort degré de similitude avec les facteurs FGF8 d'autres
espéces de vertébrés. L'analyse de la cartographie génomique a permis de
localiser le gene Fgf8 du danio prés du centromére du chromosome XIII, a

I
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CHAPTER I: Cell Proliferation and Movement During Fin Regeneration in
Zebrafish (Da::ic rerio)

I. INTRODUCTION
1. Limb and Fin Regeneration

Some animal species have the ability to regenerate a complete body part after natural
damage or experimental amputation. This process is widespread in metazoa and occurs in
a bi-directional fashion. When a planaria worm is transected, both sides can regenerate
the missing part, the head regenerates a tail and the tail a new head. In adult vertebrates,
the regenerating ability of a whole structure is restricted to a few species of fish and
several urodele amphibians. In these cases, regeneration occurs in only one direction,
along a proximo-distal axis. The events which take place during regeneration not only
mimic the normal process of cell differentiation, but also patterning, since the regenerated
structure is undistinguishable from the original.

Within vertebrates, the most intensively studied animals with regeneration capabilities
have been urodele amphibians, such as newts and axolotls. Although the whole
regeneration process is far from fully understood many clues have been found by
developmental biologists using approaches such as transplantation, ablation, tissue and

organ culture and most recently through molecular studies in amphibians.

1.1 Urodele amphibian limbs as a model in regeneration

The amazing capability that urodele amphibians have to regenerate different tissues of
their bodies, such as the lens of the eye, limbs, tails, jaws and neuromast organs, has
made them an excellent model to study such processes. The most intensively studied
aquatic urodeles in terms of adult limb regeneration are newts (Notophthalmus and
Pleurodeles) and the axolotl (Ambystoma) (Duellman and Trueb, 1986).

After limb amputation, regeneration occurs in an ordered process, beginning with the

closure of the wound by migrating epidermal cells from the lateral side to the centre of



the stump (Hay and Fishman, 1961; Repesh and Oberpriller, 1980). Later, a blastema
forms beneath the wound epidermis (Figure 1) from the different mesenchymal cell
tissues (muscle, fibroblast, bone cartilage and nerves) that de-differentiate and re-enter
the cell cycle (Wallace, 1981; Liversage. 1991; Ferretti and Brockes, 1991). Although,
both processes, formation of the wound epidermis (WE) as well as the blastema are

closely integrated, they present intrinsic characteristics.

a. Wound Epidermis

In newts, following amputation of the limb, the region of the wound is completely
covered by migrating epithelial cells from the lateral surfaces of the stump within 12
hours, forming the wound epidermis (Reviewed in Brockes, 1997). Before the epidermal
cells migrate to the surface of the wound, they change their shape and become detached
from the basal epidermis. The cells use the substrate provided by the fibrin clot that is
formed over the cut surface as a support in order to move. As this migration is occurring,
an extracellular matrix is synthesized which is also used as a support for cell movement
and as a signal which is able to activate gene expression (Gibbins, 1978; Greenberg and
Hay, 1982; Tsonis and Eguchi, 1983). As these cells migrate neither mitosis, nor DNA
synthesis occur in the epidermal cells covering the wound. This resembles normal wound
healing after skin injury of other body parts, however, one important difference exists: the
wound epidermis in regenerating limbs does not rapidly form a basement membrane,
rather it maintains a direct contact with the mesenchyme (Salpeter and Singer, 1960).
This direct contact exerts an influence in both directions from the mesenchyme to the
epidermis and vice versa and likely confers upon the cells of the wound epidermis, their
same new own characteristics which may differ from those of their progenitors, the lateral
epidermal cells (Reviewed by Tsonis, 1996). When the basement membrane begins to be
established it requires the synthesis and release of laminin and collagen type IV from the

wound epidermis (Del Rio-Tsonis et al., 1992).



Figure 1. Forelimb of Ambystoma maculatum before amputation and during limb
regeneration. A. Skeleton of the normal forelimb cf Ambystoma maculatum showing
the different skeletal structures and the level of amputation. H, humerus; U, ulna; R,
radius; r, carpal radiale; u, carpal ulnare; cl, carpal centrale; d3 and d4, carpal
articulating with digits 3 and 4; dashes indicate the level of amputation. B.
Longitudinal section of a 4 weeks regenerating forelimb of Ambystoma maculatum
amputated at the mid-humerus level. Within the first week after amputation, the
blastema forms beneath the wound epidermis at the tip of the damaged stump tissue.
Complete morphological and functional reconstruction of the missing part is reached
between 6 and 10 weeks after amputation, depending on the species, the age of the
animal, and the temperature at which the animal is kept (From Géraudie and Ferretti,
1998). b, blastema; we, wound epidermis; bo, bone.






Many different experiments have demenstrated the importance of wound epidermis
during the regeneration process. If the wound epidermis is removed, the limb does not
regenerate (Thorton, 1957) and epidermis grafts over the amputation result in the
inhibition of regeneration (Mescher, 1976). This clearly implicates the wound epidermis
in the initiation of regeneration. Different roles have been attributed to this tissue: The
first role is to release several enzymes that induce histolysis of the mesenchyme tissue
which may lead to de-differentiation (Schmidt, 1968); The second role is the induction of
patterning and maintenance of cell proliferation (Tassava and Mescher, 1975; Tassava

and Lloyd, 1977) by producing and releasing signaling molecules into the mesenchyme.

b. Blastema formation

Epithelial-mesenchymal interactions during the first days after limb amputation result
in the subsequent formation of the blastema. It is well known that in urodele amphibians
the blastema is formed from cells present in the mesenchyme without any participation of
the epidermis, however, the origin of these cells is not well known. Two different
hypotheses have been proposed to explain the origin of blastemal cells. One suggests that
the cells come from a population of stem cells that are mobilized locally as a consequence
of amputation. The other suggests that formation of the blastema results from de-
differentiation of mature mesenchymal cells such as muscle, nerves, chondrocytes and
fibroblasts, which regress to an undifferentiated stage and reenter the cell cycle.
Experimental data provide stronger support to the second hypothesis. For instance,
Multinucleated myotubes labeled with [3H]thymidine and rhodamine-dextran (a
cytoplasmic lineage tracer) implanted beneath the wound epidermis are first observed as
proliferating mononucleated myogenic progenitor cells in the blastema and later as
differentiated muscle cells (Lo et al., 1993). An interesting observation is that a few of the
labeled myogenic progenitor cells are seen to differentiate into chondrocytes indicating
that transdifferentiation can occasionally occur. Skeletal tissues and fibroblasts also

contribute to the formation of the blastema (Muneoka et al., 1986).

4



Blastema formation is initiated by changes in the extracellular environment which take
place in the connective tissue 24-48 hours after limb amputation (Géraudie and Ferretti,
1998). Mesenchymal cells that wiil eventually form the blastema are thought to be
released through partial histolysis which alters cell-to-cell and cell-to-extracciiular matrix
components (ECM) interaction. Rearrangement of the ECM is regulated by different
metalloproteinases, such as collagenase, gelatinase and stromelysin which have not been
found to be expressed in non amputated limbs of newt and axolotl, but are up regulated 2
days after amputation (Yang and Bryant, 1994; Miyazaki et al., 1996). For example, the
presence of collagenase is correlated with rapid degradation of collagen following
amputation (Grillo et al., 1968; Dresden and Gross, 1970). Other ECM components
shown to be modified during limb regeneration are laminin, fibronectin, tenascin and
hyaluronate (Smith et al., 1975; Gulati et al., 1983; Onda et al., 1991). Components of the
ECM are involved in the stabilization of tissues by the interaction of the matrix proteins
with adhesion molecules found on the cell surface. This type of interaction can act as a
signal which activates cellular mechanisms such as ion transport and gene transcription
(See Appendix)(Matsumoto et al., 1995; Leliévre et al., 1996; Kanazashi et al., 1997;
Rudzki and Jothy, 1997). Transmembrane receptors such as integrins and cell adhesion
molecules (V-CAM) involved in cell-cell and cell-ECM interactions have also been found
to be differentially regulated following urodele limb amputation (Maier et al., 1986;
Tsonis et al., 1997). Although the participation of the ECM during limb regeneration is
evident, its precise role in the cascade of events preceding the release of mesenchymal

cells from the stump in order to form the blastema has yet to be elucidated.

¢. Innervation: a requisite for limb regeneration

Regeneration requires an adequate level of nervous supply. When the limb of an
amphibian urodele is deprived of sensory and motor nerves prior to amputation, wound
healing and blastema cell accumulation occur but regeneration is inhibited (Thornton,

1970). Conversely, if the limb is denervated after blastema formation, regeneration



proceeds but results in a limb of reduced size. This suggests that regeneration is
dependent on nerves during the time of rapid proliferation of the blastema (Singer and
Craven, 1948). Such control of the cell growth of the blastema by the nervous system is
thought to take place through the release of neurotrophic factors such as: fibroblast frowth
factors (FGF); glial growth factors (GGF); transferrin; ncurotensin; nerve growth factors
(NGF); and neuropeptides such as substance P (Singer et al., 1976; Jabaily and Singer,
1997, Brockes, 1987; Ferretti and Brockes, 1991; Dinsmore and Mescher, 1998).

1.2 Positional Identity of the cells in the regenerate

One interesting characteristic of urodele limb regeneration is cell axial identity;
blastema progenitor cells will only give rise to structures distal to their level of origin. For
example, if the limb is amputated at the level of the hand, it will only regenerate the hand
(Figure 2A) and if it is amputated at the level of the shoulder, it will regenerate the whole
limb. An experiment which better illustrates positional identity consists in grafting a
distal blastema, formed from an amputated hand, into a proximal shoulder stump. This
results in the regeneration of a normal limb in which the hand is derived from the
blastema and the intermediate structure between the shoulder and the hand originates
from the stump (Pescitelli and Stocum, 1980).

How the cells can specify their location on a proximo-distal axis at the molecular level
remains unclear. Retinoids and their receptors have been proposed to play a role in the
determination of positional identity due to their ability to respecify axial identity. 9-cis
retinoic acid, a derivative of vitamin A is one of the signaling factors known to affect
normal regeneration (Viviano et al., 1995).

Like other vitamin A derivatives or retinoids, 9-cis retinoic acid has a teratogenic
effect when administered exogenously in embryos. The effects observed include
induction of severe craniofacial and limb malformations, and affect patterning in systems
undergoing regeneration (Reviewed by Brockes, 1990). This vitamin A metabolite acts

through nuclear receptors belonging to the steroid/thyroid receptor superfamily which
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Figure 2. Effects of retinoic acid on axolotl limb regeneration. A. Skeleton of a fully
regenerated limb under normal conditions. Dashes mark the amputation plane B.
Proximalization of limb structures by retinoic acid treatment during limb regeneration.
Observe the formation of an extra humerus. h, humerus; r, radius; u, ulna; c, carp; d.
digits. (from Tsonis, 1996).






activate transcription of target genes by binding either as a homodimer or as heterodimers
to specific response elements (Means and Gudas, 1995). Two different families of
receptors have been characterised, the Retinoic Acid Receptor (RARs) and the Retinoid X
Receptors (RXRs). Each of these families present multiple iscforms which differ in
binding affinity to different retinoids. In urodeles, five different RARs have been
identified, all of which are expressed in both the mesenchymal blastema and epidermis
(Ragsdale et al., 1989; Ragsdale et al., 1992). Although the biological significance of the
receptors distribution and function has yet to be elucidated, it is thought that the synthesis
of 9-cis retinoic acid is important in the maintenance of the wound epidermis and that it
influences the behaviour of the underlying mesenchymal cells. Treatment with retinoic
acid under specific conditions, of a urodele amphibian after limb amputation results in
regeneration of skeletal structures with more proximal identity leading to a partial
duplication of the proximo-distal axis (Figure 2B)(Niazi and Saxena, 1978; Thoms and
Stocum, 1984). Pecorino and co-workers (1996b) have shown that a specific RAR (RARS
2) is implicated in the positional identity of blastemal cells during limb regeneration. The
group constructed a series of plasmids encoding chimeric proteins containing the DNA-
binding domain sequences of various newt RAR isoforms (RAR: a1, a2, 81a, §1b and &
2) fused to the ligand binding domain of the thyroid hormone. These were then
transfected by particle bombardment into a blastema of a regenerating newt limb and the
transfected blastema was grafted to a proximal stump. Using T3 (thyroid hormone)
treatment to selectively activate a specific recombinant RAR, they were able to induce
proximalization of the transfected cells only when activating the RAR 82 isoform. This
experiment clearly indicates the participation of RARS2 in the specification of positional
identity and supports the idea that different receptor isoforms are associated with different
activities. For example, while RARS1 has been shown to be responsible for the synthesis

of RA-inducible WE3 antigen, a marker for secretory differentiation, which distinguishes



the wound epidermis from normal skin (Pecorino et al., 1994), RARa1 has been found to

mediate growth inhibition of blastema cells (Schilthus et al., 1993).

1.3 Fibrcblast growth factors in limb regeneration

Members of the fibroblast growth factor family such as FGF1 and FGF2 which are
known to act as extracellular signaling molecules that induce growth and differentiation
in cells of various origins (Boilly et al., 1991; Brockes, 1996) have also been found in the
wound epidermis (Mullen et al., 1996; Zenjary et al., 1996a).

One possible role of FGF proteins is that they may be acting as signals which stimulate
the proliferation of the underlying mesenchyme. The action of FGF proteins is mediated
through the activation of a family of tyrosine kinase transmembrane receptors of which 4
have been identified to date (FGFRI to 4)(for a review see Goldfarb, 1990). It has been
suggested that the wound epidermis itself might be acting as a storage compartment for
these factors as it contains large quantities of heparan sulp